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, . : ;.· _( Differential cross, sections for photopion production from protons·. 
·., 

.. , -.''were measu~ed for 32 photon ene~gies from 154 to 185 MeV with the Alvarez. 
·: ~ . :\ . . . : . . ' ' .. 

>~:·4-in. liquid hydr~gen bubble ch~mber in th~7b~~s~~at~~nlerkeley electron. 

,; :::synchrotron. High photon intensities of 1. 5 X 1<? MeV /pul~e were .used by 
' ,, 

.•1 ·~· /: /~-'· .. coliimating the beam downto a narrow "ribbon'' which was v'iewed on edge ~y 
''i .·.··· ..• · ··.'· .... · 

: ·'\the ca~e~a. Although the pion origins were obscured by the heavy electron 

· ·;~:', background, the remainder of the 'IT track was visible for most events. Of ~ 

"' 

5~00 'IT-J.L decay~ seen, 3400 were deemed suitable for· calculations. 

_, ... 

·-:.:--

'· 

The· results are in excellent agreement with the theoretical-' calculations' • 

' ., 
,'- ·:'.-' 

'• . ·- v 

. · '>by,, Ball, who applied 'the Mandelst~m ~epresentatio~ to the· pro~ess~: The·: . · 
·, ,: 

. ~ • ,',; '~ . I < ' ~ • -. 

.• -~ l .· ". 
measured values of the square of the matrix element, averaged ~ver c.'m'. ' 

. ~- ~-- f :_ ... : ' -. 

. • :. · · · .. · ·angles, are·.: 
-· ' '·: ~~· . . 

··:.·photon energy 
. (MeV) 

154 

- --~ .. ·-. 

156 160 

-. ( -~>·.: ·.;~ . - , . 
~.,- . . . . . ·,. 

~ ... ' . ; . ~ 
~:·' .. 

165 170' ;' .,: . . 17 5 . ' ' ·~ . 18 0 
-: ~. :' 

. . -
, , .J.Lb/s:r .... .16.6±4.815.1±0.8 14.3±0.4 15.5:1:0.5'16.2:1:0;.7. 16.3±1.0 12.9±1.2.·,. 

. { .. ~ , ::.: --.--; : : 

.., ... ·> .;.:::·All data a~e .subject t~ an additional correlated err~rof 4.1o/o bec~use of the 
'.o:- ••• I~'< • , ~- • 

'•· 
'·.··uncertainty iii t~e b_eam normatization •. The 'cross section for the p:rocess is· 

'' .. ,. 
... ',h: 

· the.product of.the square··<;lf the matrix elementfimes the kinematic factor 
- ... : -~-' \ 

·:~p*/k*/~~here p* and k*.are th~ c·.:~. ·momentum of the 'piortand the photon~·, . 
. :_ ' :- ~ ' ':- . - ' :· . 1: . " \. : . . . . ' . . . : ' . . . .. - _...... ·, :-.. -. '.... . ' ' . -. . .. . . '• . . . . . . . ··- .'• 

~Also a~vaiue of A'=- (t0.931:i:O~S9)'e·-was obtained;; where .A·_is,the multiplicative>· 

factor,.a~·.sociated .wit~ th:· ~at-~ix element for phot'opion~~b~u~tion fro~:.pi.ons 

• J. 
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I. INTRODUCTION 
,·i 7 .• ·r' 

.• -. 't' The theory of photopion production involves the least uncertainty 

; · · at energies near threshold,· where comparisons of theory 
{ '. ·:· ' ~: . 
• , .~.... ; and experiment involve the interactions in a relatively simple way. 

·~ 
~ • f' 

' / ~ ~:. -... -· 

;'.- ' ~ 

.!;::· 
j •1' 

There 

:\s an. intimate connection between threshold photopion production and other 

"·::·experimental quantities of the low-energy pion-nucl~on system which have 

'become known quite accurately in recent years. 1 ~hese phenomena form a 
: ' ~ ' 

. . :; ''t ,_;;,,; ' Closed system that gives some hope of Hcompiete;, understanding, if enough 
~: 

i ,, ., 

': f' ·:··: 
.· .... attention is directed toward the outstanding problems. The topic has become 

even more interesting since realization of the possibility of detecting 
.... , 

<<;ontributions from the two- and three~pion resonances, and determination of 

,. ·new coupling constants. 
i ~: ' 

!_·. ;' . . ·,'·. 

Current theoretical work in photopion production is based upon 

·'. 
dispersion relations. A series of papers is discussed to summarize the 

.··;,"·::;:-:>··progress of this theory. 1 - 6 In, 1.957, Chew and Low ~valuatedthe photo-
.. '/ \~ -~ ' : . . ·, 

. ~ 

'· i . ' : •. . ~· !_ 

production amplitude to order 1/M (where M = nucleon. mass),. assuming a.· 
',· . 

. , nonrelativistic Yukawa interaction between the pion and nucleon and the 
. . . ~. I . . . . 1 . .. . . . . 

·. ~ <:Iominance .of the. 3-3 resonance in.final ... state scattering. Chew, . Goldbergei'; 

. · .. ·,.··,.Low, and Nambu (C.9LN) generalized this:.t:rteatment by forming Loi'entz- · 

;· ·::· ·. and ·gauge-invariant amplitudes expressed in term~ of fixed:..momentu~ .... 
[ .' 

\'·. 

transfer disper~ion rel~tions. 2 Finally Ba113 extended.the CGLN formalism, 

. :using the double spectral representation of Ma~delstam .•. ·· '• 
.: ~·· . ·. 

..... , ,;. Chew and Low first calculated the amplitudes nonre~ativistically .. . 
. ' 

. ~ . .-· ... ; . 
. : ~ 

···.by using the interaction Hamiltonian 
', ! -;_ ·.' 

. '': 
.:. . :, ) .. 

-:J ., . 

· ... , 

, ·,• .. 
~ ~-- . -~- . ' 

.>. 

.. •. ~ 
.. t . '·. -~ 

r· .. 

· H = ·- f j • A dr. 
' ,• #lAtA ,.,.,. """" 

J.,·, 

~ .::- ' .. 
.. -.. '·· 

'· '. ··, .. 

. . ·, 

They considered the nucleon mass heavy enough, so that nuCleon recoil-is .. :.: . ' 
~. t_ ...... , • 

.: negligible~' . The cui' rent . j is broken into a sum 
'·:I .... 

; ' . .. : -: .. ' ~--

''·. 
"·;.'".''."if : ... · 

- . ~. . 

£ .. · .. · ... · ... :'i: 
·:·\ ... 

. . 

' '~.~ 

• .. ·.:' 



... \· 

,;:-~ 

.. 

, '~ .... j ~ .. ',..., " •,;,.._ .. < .. 

,:~~19ii~l:K~;ri~e ~~.· ':e s~n. ~~od~cti~.l ;~ly t~r~~gh. in:err~~i~p0~;~/(:e ~~l!n~t~c. r:ome_m.~· :t:~:(ii , 
"~~·~~~f~~~ .. :" ·"/--of the nucleon_becaus_e there is no ~ucleon~;rec'?ll.·t~rm._:L. ~ar1ty .and ·angula.~.;._/ -~r~·r:t··r' : __ i 
.··:r:}:~:;}J_;;:::::.: ·:_.: .. ·>:··,: .\··: .·_.-: ;:i:·· . , .• -;.- "'>··, ./> .• -__ ;. :··. ,._ -· .. ,~·:· :: 
:::;;_ ~ .-~~ :· '• ;:. momentum consideratlons· show· that thfs.i.~ a magnet~c,-dip_ole 'interaction~:;'·';:\:; .. :~~u·t~::~r:·~. i .• •. ;,_ -~··· ~- .:· : .. , ... · -~_: •. ·$~;~< ·-· .. ,·"·: .. :.;.... . .... 
?::'~<I+:~ ;::: witli'the final ste~;te ,having orbital ~ngular.mome,n~um!{::=!~-: Part of this ~-i~.t'e<- ·.f :·;":.:~_.;·~: 

. . . ' '";i-i;: .· • . . . ,, '-'· ' ; .. · ; . . '... (. ' -~ > . . ·•. ., ... . ,. i ;, . . . . , . . ~ . ·,. ·.. . '':).,:-';.-~\\,' ..• 
.. :;,.: . .-;•}::~~;~:~;J'.d·:::. has isospin.:i/~ and part has .isospin 3/2~ ···rt is assumed that the '3-3 phase' 

'.~:.--~~-·~ ... ~.:~\~~~<~~t:.~:--~~ .. ~-,~.-.<:. \·:·· __ ;_·~·:·:.~. ~-:~.~.<.,_-~-~-~•~;-',.··,·.:·~ '_.::.:: .··.~:-~:~ ~~ -;/.·.~ .~.~f• ·.~' \~~~f~.::I•J}'• ~'.;, ~~~, _;, 
'',:·.:i~.:5r-c . 'shift dominates. all others, so that only 'fina:l.:.:stat¢ 'scattering in·the '3 .. _3 :state_''····: 
~~;~>~l~:r~~~--~ .... :~~ -,- 1 ... ) .• 4 ···:~ :;(_,.-. , .: ... -~~\·. ... ~-.'~*:_ ·._.;:~ ": ~·,._ ·~~:11_~.-;·t~/.{::· -... ~-~-- -~ . ·-..:.~.. -... 
·:·;~···~·::;-/;·,;''-:is co~sl.dered~;"' ,, ··:.:·. '"'' :.:..· •'·' ~-·;·_; ·;>·: .• <' 

• -~ >~ --~ ... ·J_:._~./~·.'· }:_ .. ·.·.: ..... ;•~· ..• ~_ .• ·.,·~.~~.;•=_·_:_-.·.· .. , .. :···. .,, '•.,, . • i ·-·•; '. ' • • t'· --~ ·:·:-' :~.:~, ~ •.-;·.w,-... l_t<.· 
··, ,. -... "" .. ,. "\ v '. .... • ~· ~ •• lf ... :-- ·' '-,'' ... •· . ,. . -·., ·. '~' .. ~; .;~-~- '··~ ~ w: :· ,..,~.,. ,o;;·~. :~~-.,. :. "h~ l~.:. ~: .. ·_,.:· ,"; ~-\'t .ir ·.· 

..• : The 'curr.ent. j gives .rise:to th~·i~ter.action between. the mes.on .:-.· · · 
. . ':; ' ' . • . • . ' . -'IT . ' .•. ·j: ',. ; •. ,:;· i ... : . . ··· .. ' . ' . - :· . ' 

... ~ .. , .• ,.,.;cloud and the photon. · .. Near threshold, .the m~st ;~mportant production is' by 
~-- ~ • ._z'. 'f.'-'-, 1, •· • ~ 1 , "'•,1' . ,•' ·~·'t. ..-.y 'H',:'·.-... 

·.' ·.·-~·:. ~lectric dipole into an·~-\va~e final stat~. '.At.threshold~ this i's the',onty;· ... \'q,.) 
, .. ~ ':"' ·• _; 't: !'~ l . ·.,' ~ ~.,..·-· .· . .. ·.; • . ' .. ~-:_. ~' .·, ~ . . . • . ~ . ···._.>._- .J .. ' -. ~ ~ ·-~-' . . 

~ .. · ;, .:, mech~nisrri for production~ _. :9hew an~ Low wer~ no~ able_,to·· eyaluate secon.da'ry 

.;;': scattering fql'this ;amplit~~:· be~~ us~ 'the ·3-3. ~i;:~ls~~~~ -~s ,not ~n.V~lved -f~ .:t~~;. \'.:; 1

. 

-<t,' ~ .. -... ·.~.,, , .~ -~ ~ • ·,.·;. . ~ ·~'- : .. •. • . •. • •. ' • . • ,;;~---' ' :~) r •. --~- • • •. -;•1· '~- : /~ -.,_ 

};',. s.:;_wav~ dipole term and becau~e"the other,pha~e shifts were not~e:ii-kn~\Vlir; ' ',.! 

.; :; . ' . . . . . .. . . ' ' . . . . ' . . ; .•. ,. . . . : .• ;: '. . ' ' ,,';: ::-! . . . 'f.·.: . 

'' at this energy:· -~ ' · ,,' i ~- , . . : :( >;: ' · ·.·: . • • · ' :< Y';._:_:;{7 .• -.:. •· • .... 
! . .11-_ --~ '· ..... •• 7 .... ! .J- --

~-~\ .. ,·~,'·:·.;, -;',.Presently, the ~asic theory fo;· pion: photoproductio~ is th~~d~-s~e,rsio~-. 
'· .. r {. , ' , ~, • ~ ( • • • • ~ " , ,., 

7 t..;:._ .-' ... ' "_-r; . ';. ' - • • . .. -· ' - + ·•. :' •• i_ ' ' ·2· . ' ... ·. ,. . ~- ~ - . ·- .. .., ____ ,." ~ . -.. ·--~!. \ .•., !to·""-··~}~~: ... ''- ·-.~ 
· :·r relation· a ppfoa<::h d~veloped by. CGLN; f, > They <l's surn.e that microscopic: i: ~) .. :,.: 

~ . . ,· . ' ; . . ' . -· ... . .:··;;-,.·:·1$-.:.. '-·~ 

':,; ·:,· .. i '";, ~ . . . . .. ' ' '' . ' . . "' . ' . ' . .; . ' ~ •:ii ; ·.-:': .. _ .. :. ·.t·. . .. 

' ·' ;: · causality holds for ·the production process. and also that unitaiity of the· ·, ,... ; .:~. ' 
-r< ': -..~ . - ~ • \. ~--

' t ,,_,. • ',... ) 'i, ~ l 

of the production amplitudes;·:: To ~simplify the'·: 
. ~ .• ' . ~ ... . ~ j -; - . ; . .-.- ~.:, -.. . 

.. 1.'•. !.,'• 

made _ _; in ... · .· ... ,. 

.. ,~ ';-1}~_,.-.··.v 
:· 1:: . ,._ ., S.matrix det~rniines the: phases 
t~·-.t~·c .-'· .- . ··:-' 

< \' ~ ' • • •• • • 

·:. , · ;l:.· .... ·. evaluation of the dispersion 
• .·'•"~/~;~ .. ~~- -~: •. , I •·. '· < • '• • 

• ;Y: ;-.;.~1 :.-_;:. ·:'

1 

particular,. that the 3/2-3/2 :tesonance "exhaustsn the dispersion integrals.,,_ 
-~:;,,·~·~ .... ~~ •• -. -·. <- •• • ·-- ••• ·, • .• ~. • __ :. -·~;-~_.\"! 
(.~~·-.-,.-:, ',.·\'·~. ·-.-··.·".'r ; . .,-- ~-

.· .'· . , :., The results are expressions,<expanded to orde'r'·1/M,. that:contain the_,re.:..· .. · '·· • 
·,_. ;,.' :, .. ,'' .. :/ . .. • >· ·I· • ·. .. . .. - ·. . ·. . ..·.· .2- . . ' ,-_...:- .. ., . . ·,'' . . ' '~ : .. , 

I .· .. ;; · · ... i.;?>o~~tl~~~d Coupling Constant £ .. and the resonance ep,<org~ 0>0 ,·as p~ram~;;,r;·. · ... 

I . ~: ... ):_:~ .>·'~' . ··:":'<;:-';:~. ~~me calculational .uncerta1nti.es a~e ;~n~9::~:~ted; · p;rt~~ula~.ly..~~;'; '. 
l ··! · ; ·· .. the choice of the· smail p-:va"(e scattering_phase shifts employed.· , ·: .. /t':~ ':.. 
I '>t~:lf< ' ? .:. : <r;,f·:thegene;~lizatiqn b; 'ccLN ~led ~o ~,·~r~ss , ~ ectio;; ~i~ilir in';.<::! \ 

!. . ··~· ;. : ~ : ': , app·ef:~":fic~ i~ :';t of Che~,a~~. ~o:: ih: ~·.-~-~s_,_: T.~~:~-f_ .. ,ica~~-··_ .. a~di:~.on b~,.~-·~~·.7·· ._·_ ... 
i ... ". . " .;, . ~- :· . ' . - •.• ::r· .. ~..;~· .... "'--~--·--..... .....:. __ ~~-!~~-~~:;_· __ -~.-~-~-- . .-:..~~ • . . p .:~:~ \. •• ., -:"-

. --- ,,;_··· --~;' .1.... ' . J···· ~-· .. . ............ '• -· ~ ...... -.:..' • .:.:......~. ------- ..... -:.. -·~-- ..... ____ ..... , ....... , 

~- · . 

·~·-. . ' 

relations, .furtherassun:ptions are 

. ·, 

···--;·". 
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. . ' . 

anon1alous magnetic_:mon:ient electric -dipole term/ The final-state scatte:dng 

: cont'ributions in. the'· s-wave electric-dipole production were still excluded • 
. . . :. 

·' ': '· . The CGLN approach gives an amplitude for the reaction .. · 
. ·,-. + '' 
· •· y + p - .'11' + n · . (1) . 

whose :·dominant terms near thresholda;e given by the expression 

~(y~ .p- ~+ +;~; ~ . ef :{i ~. ~·[1 ~. gp + gn· w .·+·c.u.· 2N(·.-)] 
··· ···,:: .. ~.>·,.~:·.,·· · ·:-' ·~. · .· .. tJ2 (1 + c.u/M) .... ·. , . . ~M ··' 

•;_' 

/· .. 
; . .~ ·l. ' ., 

.• •.' l .'• .... . -~ ._: .. 

l • ;. i. • . ~ ~ '.>,., 

..... , 
,4 •• ' - • - ·~ •• • -_,_ ·~~: ~. 

.. -. ~.t •. _ ": • • ~ ~ ·-: ' . -: 

'· .'·" . • ... ·'' 

.. 
'I,; 

+ 2i [ 
~ • (~ - gl!! • ~ ]' 
(k- q)

2 + 1 ' - -

'1·. 

+ O(q)} .,., . 

{2) 

. r'-, 

·, .. 

( .·-

·; '< ;·: <: •·' ·. .: 

' .. · :where e is the electronic charge, f the renormalized pion coupling. constant, 
-: 

... 
~ •' .. _.,_• . . . ' ·. . ' . \i-

and w the meson c. m. momentum and total energy, M the nucleon mas,s, · ,q ·-. ·. -~:~~-· ·' 

-,:~l ,._:~ ~ . ·-., ' ~ _ ... _ 

: ·. :: ~ ~- :1): 

'• 

-·-i_:~.~--,.~-~~: . . . 
': (] . the nucleon spin operator,' k and . € 

' - - the photon c. m. momentum and. 

: . pola.r~zation vector, and gp and gn the full proton and neutro~ magnetic 

:moments • The leading term Within the first brackets is a Born term that may. . ', 

'·' 

.. · .. 
: ~. 

<<be inter.preted as arising "from th~ requirements of ga~ge invariance. The .... 
* : ·. - ~-

.. second bracket~ contain a Born term variously known as the direct-interaction, 

.· .. ter~, or retardation term,· and is completely analogous in form to the 

. ; : :··.: · ... · " expression for the ~rdinary photoelectric effect.· Because these terms are 
t • '· ' 

' ' 

. ·.' i:' 

. ' ... ';;.almost. classical in origin, their importance here support~ confidence .in these': .. ··. ' . 
f ... 

.. ~-· } 

.. ' ~ . .· 
. results. The second term in the first brackets is a Born term arising from 

' ' ' 

., ~;;~~·.: :;.::L:the'photon inte~action with the nucleon magnetic m~ments~ and N(-) is a t~rm ·· 
:0.' 

. . 

< believed to be 7 small • 
'· . . . ~·. 

A ••• 

. '\:t."~' .· 
,· 

':·, .,,·.·· 

.The complete CGLN amplitude for reaction (1) has been evaluated.. : . 

,Robinson, 4 in particula~;· assumecl N(-) to be zer~; andthe small p-wave .. ·:. · 
-... 

'' ' ·. phase shifts to be given by effective range forl'l'l;ulas. He tabula~ed his .... :- .. ',, ... ::. 

. . .. . 
,·,I '' ". 

'·' • 'A <; ~~ 0 0 ' 

. calculations for ,photon energies' fr~~ .. ~p.reshold to 450 MeV. The cross ,. 
• P', ') ', • -

. :,;c·, 

·. /-.. . 
,, ... 

. .,._: 

., ' ~ ". : . 

. ·• ~ f 

~ ·.' . 

t ' 

-~ .. 
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a~~- 'isotropic n.~i~~ ~~r~~~-~-ld·,· ~·~,- expeCt~dfl'om t~-~~·irn:po;t~nt . 
,_,.. ~ 

. . -... -

'"'~ ,• '• .j< ·-~~ •, ''·• .• '1:- I '"< < , • 

dipole-s -we~.ve ter:m,s inEq:. -(Z)~. 'and the hi.aii-ix ~lement squared 
- -_;.,-. . :._ . :·_ .;~·y _·,_,_~--- -)--\~-_-:< .. , ' ':..-.·_~:~- _·1 .-;. • __ ,·. ''"'·:~- ~~-~~--~~ ', ·_ ::-<~----: --:~~:,;: ,· .: .. ~-,.,-, .) 

nearly_constant, but_drops slightly abov~· thres_hold owing to interferenc~ •\~·::~. 

-t{; -~'jt\::.-~f.\to~ ~h~ ::di~ed,int.¢ra:cti~n-term 5 wi:;~:~·he-,:~l~·ctr/~-dip~i/te~:n·:~~:.:., :_ ::·.-:J -:_,~- ::.~ ."·:\~':<~·;::; 

-~~'~t?~,{~~~:~~·~~Edu;:;r~:nt~:o~:::~::~:~~:o~::2~~~::~;:i~:~~i::::~::::.~~~t.s;, ~>~ 
>}-' ~i\i:=:·~.!'f·These refinements involve.·cori.t;ib~tio.ns due t-o .. inter~ediCite tW:6L and:three;.;. ~--'.-·· . 

i' >fJ~::~t~~:,t::,t: ,.,'' ' •I ,,<. . • • ~ • ' . :,t. / >~' • '>, • • '•' ~ ' • ,_;::; ;'~.··:·. ; :.•; <, 1 '• ' : ' ,'·' ' '\:<•.:: ... I~i 
···::;t I.:~l"~t;\ '\';,'pion resonances. :. These states;· which were originally postulated in applying:-~ 
:~. ··._.~:-r_·_.·, .. ·~-•.. ··_1~--•••. ·'- '.·"'.· ~'- •. • -.. :. -.. .)' .: ~·-. • ~ ¥-·. ,, • • p··,. _ .... ~ •. ~· 

' r •' '.-: ,·· -:,: ', •,_":- ·";- • .:·.·.'.<~ '( .' ' • .",, ~ '~-,,'':,", :0_', < ;, • ... ~! J ,,· -~ :.·-~: .... ·.·~ '•: ~·-··~ '/. 

•• 'i ··t~·.; .. the Mandeista:m rep:t;e sentation to the problerri of ,the: nucleon eleetromagrteH~. • .... , 

'(~j;i~{,: · ·'2:·;~-r~ facto~s. 1 hCive ·-sin~~·been e*pe.~im~ili:~l~y.i:h~e;~e·d as the. :J . ~~d·· . . .:~ ;·:':,;:' 
~:·:··: . ,' ' :- :' a·' ·9' '····· ·:r ;'· . ·:.; . "; ' ·i .·• •. ·•·:'''· i.' 

- l l:~·.:;··'f.; ., . i .. ~ . . . .. .._ ~:·J- . ! ·."" • .-: ·~~-

. f·:~~:\ 1-~':;/~ meso~.s: · · ... '-· ··<~ : , . . ·~ _.· ·:_ •. \·:·, \, . -r ·' (. ;, {.:·: :· 

... , ; ~/- Ba113;has'applied the Mandelstani representatio'nto the photo-'' f\'i 
.. ;:(~;:.-·.':: pro·d~ction-~mpl~tud~·s:. and. ~nco;po~~ted.th~-p~ra~ete;: .A oi .wC>~Z ~.0 ~~ib\~.- .• ··:• 

-·--·:···~. ·. ~-"' . . . ... '·. ". -~- • ' ··~--- ,:·l ·:· ... ' ~ • 

. ··,characterizes 'the sfrength o'fthe photon-:three .:pion interaction.:·' The• int~ractlori .·.·~~ : 
• ' • ~ ~ • • • OA' • ' ' ' • ' ~ ..... ~ I ~ ·-··, ~-: t,; 

A\ com~ s . abo'!t th~o,;~h t'he, .~chan~~ Ofa p;e So;>~{':'~ en th~ ~UclO~n ~H ,t;~:.:::' c:,if; 
· ;'•>;ifncident 'phot~n~ ;., The ~co~re'ction to. the .. ·-rr. ·<i:rpplit.ude'.~mounts:to'the;addition ··. :·J,.:"J· . 

....... ~-. ~ ~. _,· .•• \;·;· .• '-, ,. • • . __ ,·_ •• ' ' ' • ~ ~ j ·,, ······./'; \.;.. -~~,-- ';~·-·.~~.--~_·.· •• ~. 
•. +~-. • )_. •' . ·• • :.~~- .• ' '~ . . ~ -_. . ·./;· ~- .... -~· ·"<"-~- '• '- .. . : . __ · ,c,.;"#_q..· -~--, ~ •• 

·of approximately·0.037 A to the, first bracketed ter'ms ()LEq. ;(2).:.:'Positive;·;: ·.' 't r:: 
•. •, ... _.: · . o·j~: · . .'.:. : : . . -<· >. ::, , .'~·. ,'' ~-~ _: ~ . ··.''I:; .... : .. :· '-~J:'~'' ··;_;.;'.:;.::--.·:hi~'·,,:: 
phot~pio# productiC>I?- is _notaf~e~.ted by:intermediate.· states in~olying' the_ w:~~:,~{-:<'., ... - <" · 

},/; pa~ticl~.. . '~:: ,• .' .. :. . ·.. ;,~-. -~.- :·'· ,; . . · :.+ .~'::~·-~{~:. _.·--~:_:.!:_:·:_-~f'<-.i<··<',• .;, 
··-~- . . ;.. ..,. ~ ' ';) \• . . . ·-.:, ... _·.~--~--- . 

' • ~-~ ~ : . . - • • • . ~ • . .. . .. _ ~ _: . ..,_j •• • (' ·f ... - .•. ' . --~ 

j\. .;:···. ·l'he.;~r·eatment by l3all using double-dispersion··r·elati.ons·re~~~t~fl-.. ;; .. 
'!'.•;~ j --~: ' ' ....... _· > ' <_', ' ~. ·( :1 . '· ~---~ :··<. -~~~... -~~-~ ·-,~ :-~. 

,. ,. ' . ~/in ·~ss.entially the·same··result as that obtained"?y CGLN, except.that a terJ:n <:-. ·· ·~ 
~<·::::'~-:': . . :- .',' ··,. . : ', .· . ·.·' · ... :" .... ·,. ..· '• '',, ····<,:}~-:: ·:; ':,,: 

:,;·;: ;~ •'· ··:: ;·:;-_;(·:l'elated to the .photopion production· from a p~on was added to. the amp~itudei.'~ -· t: ''-~:· -· ·" 
·--~- ~-·_;.~-; jj.. t. ·. ;: ·: - ..• • ~ . . ' .. . '. ·' ·~-- ': .jt . •. ;~-· ~' ' . ~ ·.- ... -"'"•\1. ·_,,;~ .. - .,\f~~ .;., .:... 

~~:-.'' .. ·'. Using. inethods ,char.ac~eristic·'of.the applicatio1l.of the Ma.ndelstani:r:ep~~.:J<> /)'' ,h~.~· 
;F::' .>.::\:.:'.·;:,·;,,_< -·~.'··· · .... ·. ·:· .. /: .. ·:· ·.·.· .. · . ': .. , ;-.;,. ·-· .. :._,-:_·~· ... :.;:' ·.: ··?f::rr:/.:; :.: .. 

> <·i.!.\'<~.<,sentation, Ball po~tulates that the arpplituc:Ies rep,resenting:the rea~tion~.: ~ .... " , .. , . ~· ., 

·: : ·.· ::!;_ . ~'~t';· :~;'~~f:i :· > ::·:.J : ·: ~ ~-:--:' ::}:::<, ,,_ •. \, .• ·; .·: .. ~.{tx:~1{~'1~Z:J~r;:~?;:~;~~-·r·: ·•· · · , :.,. 
. k• t.,;~>~'.~· .-' < I 

4 .:~ ',_ .~ ~ •' ,> ~ ,.J' , ·'I' 4o0"•' • o. ',,.{;,• 

<[; r: . ·';:it:~· :::· . -~~ :. , . · ---~-: t-:;·N ~- ~ · :i:it ::, _.; :; ·' · ·:::. }f_:~::::·,,~-t~i~:t::.:·,: .. :;_-._ ._,.: .. ~_~:_~.--·_'_i·.'~J~/:; ;, 
;.· ; ;,, , . ! ~ . . ·· · - ''f.' ·'" · . "~· ?:.}:;;':;·.·~~ ~> · 1 

J. "~:· ' : ' ; ~ t' . ' :; ~ • • . : :· ',' -;' ');~~~}l:?.:~:-:·:;:~·' : , .. ~; ~~ ~ ·: t . ./ '' ' ' ·"' .t'i' . -~- J . ::'. 
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are representations of a single set of functions that can be expressed in .,.l:. 

::~·~ ·.·· , terms of the two-dimensional Mandelstam representation. By virtue of this 
.. :~ ~ 

. . . -. ~ 

·.common representation, there are contributions to the channel y + N - '11' + N 

· from the other two ~hannels. According to Chew, these contributions are 
.... 

·. do~inated by the intermediate states of lowest energy. For instance, the 

~·,·reaction y+ '11'- N + N-is c~nsidered in the form 
~ ·. : ... ' - '.,;,. . -:~. ' 

- ~- . 
y + 1'r - '11' + '11'.- N + :N' I . (4) 

..• 
. : ~ L. 

· .. where the -rr, '11' system is the. ihtermediate state with the lowest energy. · .. 
·., 

Wong has studied the y + 1T...,: 1T + _'11' problem and concludes that at low energy,". 
;~. . 

the majo·r :contribution comes from magnetic-dipoie production into the state 

.,. 1. · = 1, I = 1, where .f. and I are orbital angular momentum and isotopic 

spin. 
10 

Because he had to neglect inelastic processes, Wong obtained a ll · ".•'' 

.. --

. - -:, ...... 

'.' 

•. ' j 

. ' 
\ 

-... ,_ 

-~ . 

r: ·•·: 

1-, 
•, ' . 

.. homogeneous -integral equation for this magnetic-dipole amplitude M
1 

which' _ 
. . . . 

required him to introduce a multiplicative constant A •. Using the pole 
. : - . 

· approximation of Chew and Mandelstam, Wong expressed M
1

' i~ none-pole" . 

and 11two.-poie"- formulas. The 11one-polertformula is 

_ . (1+a) D1(i) . 
~1 (s) -A {s +a} D()iif·;_ M1 (i) = A, 

1 . . . 

.' r 

. where s is the center-of-mass energy, and D
1
(-a)/D

1
(s) is thepion form 

~- 7 
·• factor obtained. by Frazer and Fulco. The parameter (-a) is the location of 

the effect~ve pole on the real axis, and is given by Wong as a ~ 5. 7, (1'1 = c = 1-1 = 1}~ 
Frazer and Fulco have studied the remaining process, 1T + '11'.- N + r;t. 

· .• Using a one-pole approximation, they were able to express the amplitude m 

. explicit form •. 
\ . 

By combining these results, Ball was able to calculate the 

.·.contributions from the y .+ 1T - N + N channel. In ·addition he was able to 

-. aV-oid the 1/M expansion used by CGLN; however, he did not include the· 

secondary scatte:dng effects in the s -wave state .. · If M' is.the amplitude 

.. , 
: . .. 

'' 
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:::~1~·;in~~·1~, Z; .' ,~:: .·' ·: : ; : :: ·:".; :. :' : . . ..•... ·. . . :· , . . .c . . , ,. . . . '. ., • • . . ' :·t::. ~~~~-H52 S: ~· . ' ; i : 
· }-;:;~(.:.::;~:·~:::·-·;;~:for·produetfcm withouLthe it-1T~effed, t'heD.:.~~ccordiil.g to Ball Jhe ,r ... 1T interaction" 

. -~>:~;~%!~~;~cfi;{~~~-.~.M' I 2. by a fact~;/ i +(0. o74 Ave:,·:~~~:~ Le_ '.·{; !h{ ~~-~tr~~i~ -~~r ge.: , ~;~· ' 
>;:~,-~1:,'J~,~:.:~;t<~'· . Ball esthnatedtheyalu~ ofN 7 ... to:be4-.SX10- • :His comparis~~-,::-.: <>'-~_ 

· ';"{.},~p~~~-:7~:-?::i~h .e~pe-~i~~~t~~·d:ta allo~e-~ va{~es _of ~-,-~-~1~,~·~~ ·~s :H.s:,·. . '' r~·_; '··,· .. :~: __ · :· 
•• :J' , '-'' .,. .t " • ~ .- • , ' r • • .i". ' · · _"

1
>; i. -~ ' ' ~. -~.~ ';l 'o._~)~':- J"' $.~~ ~ ! : ~· •/ ,._; • ' " " .. t ~ t ' • ' • ':', • ' •: , I ·~. :. ·. ·.•. ,. ~ 1 "• ~:·,. > • 

'-}_{·'~!' ~.,y~:~,-~.-~)::_ . _.; •':.-' -~--.' Othir workers have' cal¢ulated the effects of an- intermediat'e 'pion.:.'·: .. : .. ~.~ .. 
·l):{;;>;J;:~~.~:-· . . ,·'·:;. ':: .. ', ;·-;·_::. ·:·_, .·· . .: \_.• _· <':': ·>, - ><=~'::. :, '11': .)~-~ :~-·~ .· /~. 
-~r 'c:',f '·~ pion resonance~ and compa~_ed -them 'with data,·, particularly .w~th -R, · the<·: · · .. ~. · 

_. _ _n:·:··-'· ·,·.i "'''' ··., . ··: .. ·. ._, : •... - ·. -'-~ ·: .. ·.: .'·, . . ' '· . > - ,,· :-i-:-: .·.. .· -, : . ' : .. .._-.· > .. : .• ·.· - ~ :· :· ; •. ~ .. -: -' :; .•. ;.·.·· ': . :r ;.,_.·: 
ratio' o{ negative' to' positive ph~top'io~ production. fron{ deuterium. De Tallis . ~ ~ · :· > 
·:_;: ·._·,· .. f-2· ··,. . ~--. ·~·-) .. · ... ~- : .:. - ~ ~-·-~ ... ~-.. . --~·. .·., ·, -~- .. ·' '. ~--·:.~-._·-~;~.< ... ,: :-·~-"- .,, 
et al. ·._ .. _ found that A = +0~6 would produce, satisfactor'y agreement with·:.~>... :· .\ . 

ri ~xp~;:i~ep.tal values 'for :a· ~nd ~or: n-eutral p~o~ .pro~uction:· . . · >;.:(.~;.:f~:-~,. -::; ::'>-. 
> j > · .. , ,; -~ .:.. -:~ ~- . ' :· . . . ~ . . .. .· -' ' . . ; . : . . .· :' > . .· .. : .. ' : .. " . ·.- . . . : . . . . . . 

·· :· :···. . Besides the pion-pion resonance:contributiori, ·Warburton and,::·''~·.>; ... 

·):-~::,;:G~~rdin13 .have ~alcu~ated_the effe'~t··~f a,.;io~:-~~~leon.in~~~m~~·~=~:l:~:te:·.,. ).~, ).'. :._.·_,· 
. /' :--~ ---~ ··."~~-- :- ~ . .;,. ' ;' _.-·': "<>!. ,. :·.~ ~ ~ .. . ....... __ ... ' ._· .·.. . ·. · .... ·. ,_. __ , '·. ·. .·.=. /-, #.· .. _,._ : .. _:-:~·::{''_~·.· ., . 
:.··;~-~{-~:-~ _- ,• .• ':· ··- •. • . ,. • . •,' • .j-j ·..._.: "··v.~·· 

:·-';_·-~'with~= i/2. :-·Their results favor a val~e A ;;,·+?..O,.to.fit experimental v~lu~s _ 
;--~>-- ~=> - .... : .... .. _ .,··--._ · -~-· ·,_ .. · ... -.,~-:. f .-~.+ ...... ·~-~-J .. _ .. ~~~-v · 
. ', 'of R at highel:" energies, but state that. _the bipio~ and rescattering terrns , ) '. -

: .. ':~':can.cel at thre~~o-ld~: _ t'.~· '' .·: . . '· -· . ·-~-· . \.'-' :_, • · ~. .. . :_ ., <:.;Y -
.:. ' . ' -~:\ . . : ..... t:, -·:~· . · .. - . - . 

,.· .... ~ ..... ···-~~>-~.<(., . . . .. 14· '·.~~ ·._ ~1~:.5·.~~ ... :_·\_:_.~:~::. 
~ -~~ . 

' .• ~- _il 

. ·) ·, 
:·'.1, . 

. -~·. 

~; ... · 

--' · . ; 'J:' '· ;;\ · ) Robinson et al. , . using· calculations by McK~r;tley,~ · ~ -; > _, . ·' 
:•· .' ·-~~y·_.. "'"" ~ .. ··~ .., ' ,. •< ' . . • ,-· • • .·. • --:·· ;; ' '• . . ' ').. ' ·.,; • 'r "'' • .;oC: '.. • • ' 

~-,. '· >.;<:.have st~tedthat ~negative value_i\. = .... 1.?±0.5 was·required tC? fit their·. ->_-1;., :- ·;"· 

0 : ' .:-. ... ., ", '• 'o .'. ; ~ ,L ' ~ ' 0 0 ' '• { '" 0 0 * • ' • 0 0 0 •' 0 • :t< \ ~ ••• ~ ~ 0 ~ 

't ,_:·· -~- _,~ higher.-energy'iphotopro:ducti0ndataat backward angles. Th€dr: calculation·.,· ' 
• ~ .. }' "f ,; :· ~\ • •. • • . . . ·. .• ~- ) ' . ' . . . • •• .- • · .. -:• .. • ~ ·• • ,, . ,..,· ..... 

:;;~,,:, .: ':' di~ ~o~ i~clude t~7 qz, 1/2 rescattOring term ~£ ~.arburlo':.and Go~rdi';,,:})3\;':( • ' 

•. • / :, • •1• . -These~ re'sults _point 'to the conclusion. that the th._~ory incl-uding· :.; :·.:::, · ·. -· ·• 

>r·:;t , .· pion-pibh re .~~Le. is in. ~n-,m.atisfactory state at ;re ~~:t. · ~"~ t~e ? " . " ··· 

'

Ill <,;_·.--.-~-:·~-: .. ·_·_-~- ·. r·-.·. , ~ 1completeu unde~standin~ hoped. for .until ~ecently ~a~ not. y~t be.en ~~~liz~d/ · . ,:_ 
;:;~i. -~ ::-,It _appears that expe_ri~enta1 dat~ on reaction (1) near threshold 'agree' With.'::.; . ' ' ·' 

' 0 0 • 0 ' 0 -~ 0 - L • ' ' 0 0 ' ' ' • 0 ~· --' ;', :" -~ 

l· _·;· ;_·:,.; :. : ·: the' CGLN formulas with no pion-pio:n resona~ce-_correcti:on requir7d7 ·and· '; 
j t~"·:·-~ ",.- ·>...:'. . '· ~L . .··.h. • .. {. l. • • "··.,.. 

•. ' ·;that consistency ·with the other low-energy parameters is ~<;tisfactory._ ~ .' The , 
•. ~{'.~~~: ·.r~:_., .. • ,· ;· ' ' ', ·t,-~.~.· ~," ~ .~.:.I' ' ' .~-. ' . ._ ,: ''• •.__. '·, • ·,_._ .. ' 

effects ofcorrections.to 'the CGLN .formula_s have n~t _yet beEm detected near .. 
.. ,.~--{ • .. ; -:;: . . . •.• ·., ~-; -';_._. ~;:., ··'~·'·: > ~-~ -.- <~ •·•.•·•· ' 

·
1

;· . . , . .the pho~opion t?-res~old:, · · " .'·:, '· ': ·'', . !''>·,. · ···:· .-. ,':' ~"'·- · · .r 
·• (_ • j ·,: •. ' ' ... 

0 0 

;, ' ' ••• -f',. ~~ ' .. -~ •• ~.., ... 3\ .!·, ·.~ .···,:. ~ ~' \· i>: ;~ < .. ··,o' ~ : .. ,_.·,.,_._;_'·,_;_:_,)~<~.~~-·· ..• · .• •.·•. ·.( ( '. ;I, 1 
.,._ 11 l ,o ' .. _ _.''~- ' '~ ' ,·_ .. ,, 

:'·: .. }.;--.:·:·.:: .. _-~_:{_-.- '·.'·:' ,.-:,:;.t:., ;··.··-·,'.. ;. .-.- .. -.. ~;,.:'" :. i. -:.·.. .:,.. • .· .-:i····}:e__ , , .. 
. '-: :'' .}-> ::' ·- -~.::,;, .. ~ ... ·• . .• . '' - . . .. , .•.: .. 

l. l .. ·-::(_ ~- ·:._.://_.) .. : ,. _,·.;j .'.:;:-\}: .. :;_,· ~~:_:·.->·{; <L~'·r.,~ ;,~~:-~·- ._:~_)::_··._._ . .-.~_;,::·~~-~:_;:.;:.·_:.;~·:~. -.. ~i':~ .. 
·' ,· ·}- · .•. ~·-~ . ,_ .. ,.J..~.. .,....,,. ·-:'"-" -~~ ..... __ .·; 

':j~~---:_t:_--}~!. './.·· .. , ·t ::--~·:_ ... ·~--~--~-.i __ ; · .. h • ....... • .... ,:.,/ ..... 

• r ·• • • - · 'i tJ ·.,.;. · • 
1 

; • ~~ ,t-', "• ', 1 • .l·'t' o• _;-~ ·;·~ • ·:··,··,• ' ~ ... ',J ·~ I 
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The present work was undertaken in order to test the theory by 

measuring more accurately the differe~tial cross section for the reaction 

· "( + p - 1l" + n very near threshold. . The systematic uncertainties in these 

. observations, taken in a hydrogen bubble chamber, are quite different frorri 

. those of other techniques, using counters or plates. Our measurements are 
.. . 
.. :reduced to the energy-dependent matrix element for, the reaction under 

study, and a value for .A is found. 

II. EXPERIMENTAL TECHNIQUE 

In this experiment 180 000 photographs were taken of interactions 

. in the 4-in. liquid hydrogen bubble chamber situated in the bremsstrahlung 

. beam of the Berkeley electron synchrotron. The accelerator was operated 
. I; 

. at 189.1 MeV. Acceptable photoproduction events were restricted to photons . 

. ·in the interval 153 to 186 MeV. 

· · ·· The photon beam incident upon the bubble chamber had a thin· 

ribbonlike rectangular Cl;"OSS section which was approximately uniformly 

.:·intense. The carriera viewed. this lfribbonn beam edge-on .. The beam intensity 
•·j "' . 

; . . ' 

': ; .~- \ . ' . ; 

. was high enough to mask-a strip along the center portion of the chamber with 

· a ribbon of bubbles created by the large number of electrons produced in the' 

;forward direction. -·,.. 

The beam intensity was limited to 1.5X10
7 

MeV/pulse by our 

tolerance for electron background outside th~ beam volume. · This intensity 

· was, howeveri 15 times that used in previous bubble chamber threshold·.·. 

h d . . 16 M '11 . d H'll . . t d h. h . . 17 .. · p otopro uctlon expenments. 1 er an 1 or1g1na e t 1s tee n1que. .-:-> 

Figure 1 is a photograph of a 11"-]J. decay in a liquid hydrogen · .. 

·chamber. The uncertainty in the origin of this pion is on.ly the half-width 

·•. of the beam, 0.20 em. For a 5-MeV· pion at .90. deg, this corresponds to ari · 

uncertainty of± 0.4. MeV kinetic energy, or an uncertainty of 0.6· MeV in . 

· laborato~y-system photon energy. .. 

'. 
"t. 

: I, • . ~l ' 
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ii~d(, '·· i i• . ,_·.;_·· ... ·· .. .. .. ·.~-_.·. L;,,.·';; ·•.. ·'·~;: .. ," . :,:.; ;i_'c, • --~· . .. .. ~ . . . - . -~- . ·. ,:.~--~ .. ;. \, ~ .~:: ' . ./ 
, .. :·~·-; Jl,U:H1 J~~:;: ·.t: .. ...... -.... * · ... -~- .,:-· .,. ··:.~-;,"·. ~ • _. ~- ... ·· .--~:_, 

f1!~~t'·. ~: ::;,;· \ ,: ! "'! '.;: ' : ;· :.,';:':'} -~-
' 4 ' T , '# ~' ! • ' ~, .Jd' \. 1'~,, fA • ,:: ~- • .~ -~ 

~:~::::;s:·:,;;{ri;.~;3t,·"··= .,. .. . . . . _·. . .... '· .· ... " . . --·j·"' 
.:,-~.':·/}'-~"')/ir·:'}>.; The .tubes -of lithium hydride ~hown_in: Fig. 2-:we!e placed in;· the beam to··,. ··"··· '' 

. i.' 
··-· . ·, .. 

l~1
1

v~ • "1,~.;. "-\;~, 
,• ...... - ' 

. ·,,~~·;,J;3.::~>::: .· ·.: ·, ': ·. . • .. ' ' . ', > : ' ·_ .... ' : ' ' ... ,. ': •;, . : .. . ·:_ ' ·:· '?' .· 

. ;:·r:·.'[·1 ·: :}abs'orb selectively the .very-low-energy 'photons which prod~¢e'· only 
-7;~;.~:~:;;; X<· ·. ~ , .. < · · . . . ·_.· ·.. . ·. ·. : .. . · ; . - .~ . · · · .. . ·_; t , . • ,·: . . • , ,. ; _ 
,::-::?:,.·;~- '-• background: :-Nearly all photons beloW 10 MeV were absorbed,; whereas the'····· ·-

:'·:r; :·';'·~ . . . _· . ' . the'. . .', . ' c·,r .. < ''·. .... '. ' '·0:' .... :7 • ..• :-'··· .:-

·. ~.\:'!(; · ~transmi .. sion,of pho:on~ about/th~~~~old ene~g,y was ,0.5~2. '· ~ :' ' . ' ; },'.; ~;~ .;p· 
• .~~ :·~~~' {;. . . ·! •••.. The. ~hick-.wall ionb;tio'?' c~:mheTsh~~ ;i':' Fig; 2 wt• identical </ i:• ; ';' :· 
. -~- ,•.:;~.··. ·-~.to the chamber developed at Cornell,.. and~~-~ used· as the primary ~onit.or._1 .~ • .. :· 

J:I.i!,Y ::o~thehearn. Th~ ~;.g~~JS,bet~~e~t~b't;:~~l~s Oile~d ~h~Oldin~ ~~e~t ·:?: ·: ·,; 
-:~·}~f;~r'''t.l~~:charg~d partiCles f'rom the·_beam. >A.vacuum pipe',: c'oupled directly to the·.· · \ .... 

--~~:~t:,V\' .--·.: ._.··. ~--·:,··.· ·.·. · ..... ·. ·, .·_.·.·.: .··. ··......... . .·•- . ·. ';·,./. ,. 
,;(<!'r,'·;··;t ••. bubble· chamber_ yacuum s.-y:stem, was extended into.the final sweeping magnet " .. '. > > 

.··;· ~~:·!··-~ '-:. -~~-- -"~ . . ·/... .. . :• . '.:~ -~ . ' - •1 ·• · ..• ! . .. •• •' . • • • •. ·_ . h 

:\\' ;; ' so that electrons from its entra11ce window,: as well as fromt:he· slit collimato'r~ . ·": 
i' ,,·: .. ~--~-."~\-' ~~- ·· .... ;· ~-- ·:.· ·_. ·. ;' . .-: ; ·'.'. '• .·· : ,:: .. ·· ,.·._.··.·. ·: ~ .. , - . • ·.· >· "· . ' •,· >;·:_·:~ ,. ·1, 

·were also swept from the-'beam, allowing the pure ph-~ton beam to.trav'erse 1C: 
.. ·.: __ the ent~ance' wi:ndow ~~the bub~ie. charribe~>. ~~e ·~i~d~w w~~ a 7. 5•mil film\:. 

' ~-~ l, . .• . . • . . . • . . . 

·,, .of Myla~·~ .and the ·~lectto~ backgr.ound it'prod~c~d;was not obtrusive •.. T~e\t::,r: ,··;~' 
. ,{ .. · .... ,. ' ~ ., ._ :" .. ' . . ' 

... "size .of the. photon beam· profile -in .the chamber was 0. 37X 1.7 em~ · ··; ; ' ··; ':) 

•· .,_ ·." .. :;. · ~·The ~hamb.er rep~tition p.e:dod ~a's { se·c·~: w~ic~ affo.rded,~ufficient ... ·:: 
''.' ; • :.~:. •• . : ,, • \~ . • ' ' ' ' ·' < ,. ' 

· , .. · .. tlme be~ween pplses fo_t sta?le'Op~ratiort~ Pre:-expansion temp~:;atur·~ and'.·.'.· , '·· _; _: 
1 

. 

··r;~_!:_, :·pres.sil;e ·were !·.Z9.5QK and 1.15 ps.ia •. ~~e hyd;rogen. derisity.was. ·0.0552 ~fcm~~~. 
!. • ;. • , . ., •. •. . •• . . • '. ' . • 

~-;···~·· -~ . - - - _: ... _.~~-~---~ .- /'''.·. -~ .. -. __ · :.·.- __ -"'-·--~"' ·.- _;-.·.·· .. 
-_;. .: ;,.:· · (This was determined by substituting the muon ·energy and average range: into, 
--~- r:·~~ _,_:i' ' . ~.· .. ' . . ~} r .. ·~-' -_,~ -... _., ·._."' 

,. r ·:::~; .. ; :. a r~nge~~ne~gy r-e~ationship aildsolving icir ~ensify.:f ''l'he'·~hamb'e:r was",. 
) ..... ~:.. ·, . . ~ ' . ... ·, . 

:E;· · ;:, ~?:.:ope~ated ~o th~t the ionization o£ single ·relativistic· elect:r~ns' gave· a very· · 
.- ·. -, ~.. • +.. • .. ~ ·• ' . • . ... ' . ! ... ~:. ' -~- . ··. ~: -~> . _ ... f ·-

- .. 

-.' ; ' .. ~ 
.:_\"J." 

''·.; _- · :1owb_ubble density~. although tp.e more heavily ionizing 'pions~·leftvisible.:~acks; ·• . , 
'-l .'~:.: .". ;o'J.' • -~ _ .. ~ 1· • 

1
• • ' ~ ~- • ·. • -·· ' r 1. • ' •.• _( • .• • :·. ·.,, ". •r; ... ·~ 

;;;:·,,;;1 ... ~·::.. ... /,,•,~< \!'(r ·• '•:-:t"l,~ ··:~;;.~ •,r·•' i"' ·.,o·,<~ :~ .. · ( 
· · t ··,:. , . .: .-'i •.• .. .. ,- IIL;. SCANNING AND MEASURING · · · · · .· ' ,. 

: '.';liJ );;~ ',' ·-: T.he film waS, sca,;,ed three ~imes by a gro~p :~:sLe~ peopl~ u:i~~ .. 
. s ~ . .· : ~ .• -~.. '.·. '· . -.... . ' .··. - ,: ·. : . . .. I - J. .·, .: 

. •. ': \: .. ~.- .' ·: :':~- .. : ~· •·. . ·- ' . ... 

,_ . :.H:~ ~; .. : .stereo ._scanning devices~ It is- obvious from Fig •. 1 that.·s·canning .eff~cien.cy · ·· · .. 
-:, , ... "'~·~"' 1 r ., ~.;_.·.· ., •• "·~.0- ,'· ~j,· r .. · ·,._;~ . .' ~.·;. "~~·- .• • .-.._··~·' 

,L i·:·.: . :>·.close to the beam was below-averag~. However, .. the overall. s.'canning·'efficie'ncy . 
• • • ~.. -.. -f,i· - .••• ; •• ~ •• • .,.· • ~-.~- ' .... '.... • . .~ ·, 

• ,·,· .._• .•. -~ • • ' ' ' ' " '.' *'- ' ,-' ,', ~ • .~ ·, :• • • {\"•. • '", ·.;, r '':'> ::· • .. ,, ~·, ~~·., • ·' ' "\._ }.• ·~ • • ~- { • ~~. 

-~ '~- ·r~,;. -:·.:_·of three ~cans was ·greate;r than. '99o;'o:in all regi~ns _of the chamber'fe~.rther .than. 

,·./ •• :~1:•:·.::·.·,·~<·-~ ~-\~ ·. ·y·1 c~. fr~m the~ b~am r~~-~:~~-· '.>·~~·;_.: · .:.~: .· ": <. ~-~ :; :~:.;_t_/-f:. , ·:·::t:'· '·,. ·. ;·::.. ,_~ ,,· .. _:,,' ~ 
--;:-:,·: '/''{' : i ,>: o- · ~-:-;. •(_' I ( .•:. <. 

~~·;f'··.:-: ·,~·.1: -. ~~ 0 ~ : J<;_- ,'> f' • '"• • r ~ ·~ ~ ~~~- ~·~·j. ~-·~< ~··,,: -:~~-. •• • • ' • 
> '•.. . . ....,. __ ., ... ·, ; .. ·.:~~·. .,..r •• ~··~ ...... , ':~~ ;._ ... ~.L: .. ·..-,:~:..· ..... -_ _:,_:. ·-,: •. ' ..._.:.J.-·:_.-f;_,,;..., :---~-· 

'-f . 
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·'' The events were measuTed on a digitiz~d apparatus to determine 

··.:a. range of the 1T, 

b. angle of the 1T with respect to the beam, fJ, · 

.. ' 

. -- ,, .. , . 

' ~·: I. 
i!W 

Ill 
. lj . 

:[ 
lj 

il 
~- H 

' 

~- ' 

J' 

. : . ~ ·, 
' . ~ .. , 

... t '• 'l :_ ._. 
,•·'.;_ 

,·:: 

: ~. . 

c •. muon range, 

d. ·angle between the J-1. and the 1T, 

e~ . location of the event in the chamber. 

.·Items ·a and bare used to calculate the kinematics of the photo:production. 

· .Item c is used tO determine the density of the liquid hydrogen from range-

. ·.energy relations. The last two are used to ·calculate' the probability. of seeing 

:. and identifying an event.· The pion kinetic energy, T 1T' was determined from 

the range-energy relation, 

In. T = 3.056 + O. 548 1 n R ; R ~give·n in g/ cm2• 
v . 1T 1T \i 

' ·• 
' 

'·.: \ . 
T;he rms errors of the measured pion angle include multiple-

. I 

· .. 
. -. >: 

."£'. 

'I' 

scattering effects. Because the origins of the events wer·e obscured, there • 

.·~is an inherent uncertainty in a pion track length of more than one-half the 
. . ' ' . 

width of the photon beam profile. This constitutes an error on the order. of 

i MeV in photon energy. Actual 1;neasuring errors also contribute about 1 MeV 
. I 

error~ so the energy resolution is between 1 and 2 MeV. The angular resolution 

in ~he lab frame of reference is 2 de g. 
~4~ 

IV. PHOTON BEAM NORMALIZATION 

In order to calculate the photon flux that passed through the 

cha:mber the following parameters were required: 
·' ' '. 

• : :;-I '·• ~ •' 

. ' 
_;";· 

Peak .energy, 189.1 :± 3. 7 MeV; 
•.· 

LiH transmission, 0. 512 :± 0. 006; 

LiH in-out ratio, 0.484:± 0.007; · 
. . . 18 . . . 

·Cornell chamber response, (3.83:±0.12)X10 • MeV/coulomb. 

. J 

' . 
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'·• 

''· 1. 
· . 'The fii-st two items were determined by using a pair spectrom.eter~· .·. 

• ....... ~ . 
,'!. 

;' ~;· '.:. ~· t- ..'·.- .~ 

-1 1' \ ~· ·: . - ~ • ·' • - • ' ·• 

''::The LiH. transmission was constant in the _photon. energy interval from._.150. to ~ __ /"'·: 

·. :~f:1~:l~'- 185.MeV • .' The._thirditem, the LiH in:;.out r~tio:, was deter~ined by.monitoting 

.. ]!'~~f)_ }th~ ··~:~rot ron .beam with a thin~w;.lled io~ization c~~mbe~ placed in f",~nt ·" 

of the. LiH arid by me_as~ring. the increase in the cll.arge per unit beam, . 
~· ... , 
w . 

. · ·• · .... {... ~: 

· .. ~ :':····~/·'' '' 'cc>Uected from the Cornell chamber· when the ~iH was removed. The Cornell 
.. y.~'·l ... _ ..... ~·"' . . . ~ . . . \ . : •. - ... ' . . . ' ' - . ' ~ ' . . . . . . _.. -

.;·,-chamber-response was calculated .. from the data ofLoeffler et a1.·19 ~ .. ' . 
'• . ~. 

;· ' .. ·, :·-. . ,.'·;:_· -.~ . ' . The brems~trahlung spectrum was calculated from the b~ems~tra~lung· 

.;:; ;' ' ' . ;::.cross section.of Olsen and Max:l.m~~- 20• 21 )>v1ultiple scattering of. ele~t:rcms . - . 
.. ·;+ .:.·:·;· i' ·' .· .... •• •• . . . . .' . . • · .•• •. '22 
) }.~~ ;.~< -~_in th~. ~~~rge~ W:~~. accounted for by a method~i~~~~r ~~ ~hat· of Hisdal~ , . .. ·· 

,· }<: . Other synchrotron target ~or:rections were ~ade ·a~~Ording to the.rriethod _of. · · 
. ' . '23 · .... - .. , ·. •. . ......... · . . . . . : . , .. ·,. . . lt . 

•;- Wilson. · :~·.The rectan,gular· shape. qf the. coll~rr.i.ator was accounted for irl. .t'h~. 

'.:, ·:· .. ' ·· c;llcu_latio~ of the ·spectr~. · .. _ .. ,· · ·· , .'-: :·'-> ~- ,i ~ 
:~- ..._ .···~·r ·• • ... Jr.·.·:.".. ,.· ·~·. . \- ...... ~ ... ·. . .. ~<' .. :·:"!::~··~+-,,.: _ ... _ 

•· ·.;. .· .. ·· .. ,··.·.\.·:_l/··.·~·~,~-;~~.-;;-.~--:~.·~::;,,;1,·- ,.~.... .. .. ,:J •. ' .... : { ·,< ..•. :.. ... :•-·· '• f 

. ... : .' -~~_.>~~1' .. ~1_}_ ... : .·.~ :,\ ·. ) .. ·.;-'"_. ""tt - .... 1! 

-·· "· . ( -~ 
?. . ·. • .... . ~ ... ~ •• :~ :¥_ •· .. •• ··' ·... . ·;·---:--· ·l ... "" ' ... ~ 
• "':·:. ·--.'!"'r•~f.:.,. ('' -~";J.o.l ~'"l-·.,_,"V-._t,,.~ • .,·"t..., ,~:~·· ..... :.:.::::""~:""•'"',"'~·~ • ~';"" ~- f ~.• o\-
,"t ; -~· •• • j .. ··: :·?~ ;.~~ .·<.. . . .:";• .. 
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'. 
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. .. \. •. · · •. ~· .: · · . ! ·· · .:. · ·· ··; ··" •·· : . ··. laboratory : · .•.. ' ... ·:·:~ 
1 

·:; 

· • ' ., · -~ •: '.+he differential cross se-ction for/ photon energy k and c. m. pion. 
' f.·.! ~ ... • .:· .•• ;*· .. ~-_·,·.'.< ·, .,·. ; .·.·· .·. :. '. . .. :· . 4 ,· ; • •• • .: . . '., ~ . .:·_ •. .;. ~ ~ • ... · . _;;, ' ' ;·:. . •':_.. • : i; 

' ... ·:··.-.:-:>~.angle· .8 ·,.is related to.the number of e_vents. seenin asolici-~ngle inter_vaL:~·l·":. 
'\ ·f:'· ·:: .:~n*.a,nd en~rg~ int.:rval D.k as foll~w;~::·( ·, .•. ·:: ·-.~~.· ):<·:; .~~ ,· _'c! ':···.' ·:_·.:. ;_ • 

.. ;:__ . ·· .. ··• . LS.n*<t:.k::.·)(_·_d a <:x(protons) X ~ (k). X :.-Ef~ (k, 8) : 'l ,.-_·: • ~ ·. .~'. 
' . · ... , ~ •. • ·. • .. · ·I '; · * '· 2 1 '. , , '' .· ': •·· • ..... 
.. , '· •: "•' . -~ /• '.":•. i-dn ' em . . .• ·( ' ·.·: '_.;,... . .. ' .... 

~ _'--' --~ ·_ .. '~\·r',, ·.~ ... , • .. t.• , '• ~· .. · ~ ~ , • ;, 'l .. • ... •._.y ... :.;, --t· .. f.'· ··-· t,~· 

.'
·,·.'1:_·, ... >·,,· ··' . ••.. :-' .. ·.'.<.-; '·\·.·.·. . . ;·,-·.. (6,) 

·.·~··~·:··· r·,~- 5 -£ _,... "" ·" •· • ·!··1>~ 

, .. ·:· :·::- .. , ··.,·!· ·~ .;·. c··. =·-·.,·.·I .t _ .·: events seen in region r in D.kD.n*. 

.. ~-; 
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. -~ :j· .. r~ .· .· 

·. 
' .. ~ . 

.. ·-., scanning ~fficiency in region i'. 
. • • .:o. . ' ., 

·· · · · . ; ;:- r = ·1.~ ~ .: · : · l' • '··.· 
.. ; ..... 

f. "· 

.... 
·~ r 

· ·· .-chamber_ efficiency. Notice that allowance is made for uneyen scanning 
. ' ~1.. /•'. : <\. ~ .- ' '· 

.. 
. 'efficl.encies by summing ovei Yarious region_s in the chamber~ 

~ ' 
•• 
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·The chamber efficiency is the ratio of the pion solid angle in the 

chamber in which an event could be identified to the total pi.on solid angle 

· · in which the. event could be produced in the chamber. For this calculation· 
' ., 

. ! . . the beam region is considered as though enclosed between two ~lightly 

'. 

diverging planes at an angle of 8 deg to 'each other. The fiducial volume 

e'!=Cludes the wedge-shaped beam: It was required that each acceptable .. 

,,,·event have its "11'-f.L vertex within the fiducial volume and have its muon 

. \_: 

positively identified. 
.. 

An essential c·omplication must be considered. The latitude· 

allowed in operating temperature of the bubble chamber was approximately 

·· ±1o/o. If the temperature dropped more than 1o/o, the pions did not leave 

satisfactorily dense tracks, and if the temp.erature rose mor.e than· 1 o/o, · · 

·.the background obscured a large portion of the chamber .. Therefore the film 

was classified according to the appearance of the background near the.beam • 

These classifications were: 

Type 0. Chamber insensitive (cold}. 

Type 1. Obs
1
curing background within two diverging planes 

0. 93 em apart at center of chamber • ·' 
.. 

Type 2. Same as Type 1 except with a 1.98-cm separation. 
;• .. 

Type 3. Same as Type 1 except with a 3.40-cm separation. 

. '• .. 

The sepa.'ration for Type 1 was so chosen that 155-MeV events could. 

, be included in the analysis. .. )' 

Type 3 was set so that there was no noticeable 

·. drop .. in the distribution of muon origins outside the beam region for any type 

····of film. Type 2 was established arbitrarily at some intermediate position. 

Of the usable film (Types 1, 2, and 3), two-thirds was of Type 1, .one-third .. 
. I 

was of Type 2, and only· a few percent was of ~ype 3. 

.: ~ 
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' · .. · . 
. , · · ' -·· ' available events, 3400 were within.these angular limits and were usable 

.; ,' 

, for further calculations. 
: ·. ~ 

·; 
., . I· 

Figure 3 is the angular distribution at 164 MeV •. ' The ·ordinate 

·, -~ ". :·.; ... _.is the differential cross section multiplied by the kinematic factor k*/p*, 
. · · ·.- · · · · c. m. 

<c:· ~ ~ • · .: : :·. ,_ · where ~~ ;~nd p* are the/photon. and pion momenta. Figure 3 is typical of 
\ .; • <. 1;.. ••••• ' . • 

the angular distribution and is consistent with an isotropic distribution in 
·'' 

the center ·of mass. 

~- In the appropriate averaging process over pion angles, Eq. (7) . ,;. 

becomes .. ., 

5 

L 
r=1 scan efficiency in region r 

n(k, r) 

(protons/ em 2) .t ~ (k) • .6k; ·;E. ffi (k .. , 8) dO* .. 
1=1 

(8) 

'-~. 

I.. . 
I 

where i is the film classification, . r is the scanning region, and 

n(k, r) is the number of events in region · r within the acceptable angular: 

i \. 
: \-

' .. · .. ,, 

.·.·, 

' ~- ' 

' ' . ~ 

·•. 

' ~·. ·. ·~·; ~- . ,· 
• , L 

': .. ~ .. ·. ~--

. ·.·:' 

....... 

.( 

range, produced by photons in the energy range Lik. 

The results are listed in Table I and are plotted in· Fig. 4,. which-

shows the average matrix element squared versus lab photon energy. As 
. t . . . ' 

·• before, the ordinates are the actual cross sections multiplied by the 

.kinematic factor k~/p*. ·· The solid 
/ 

.line in. Fig. 4 is .the theoretical cross section calculated by Ball with A= 0~ 

The two dashed lines represent the cross section With A = ± 1.8 e, which 

•:_ are considered to be the largest reasonable limits. for A, consistent with.the 

expe_riment. Previous experimental points are included as noted on the 

figure. 

~ . 
The standard deviations quoted in Table I and Figs. 3 and 4 are 

counting errors only. In addition, there is a cor~ehtted beam normalization 

error • In Sec. IV, four parameters' were used to normalize the beam •. · 



.. affect the relative energy distribut~;)n of the ~vents· • 
.:-. 

' •' :. ..: 

ti ~- ~ . 
.:,_.· t.:·.: 
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This report was prepared as an account of Government 
sponsored work~ Neither the United States, nor the Com• 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
repnrt, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 





, ' 




