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Paul t. Reeder and Samuel s. Ma.rko'Wi tz 

. . 
Lawrence· Radiation Labora:tc>ry and Department of Chemistry, 

University of California., Berkeley, California 

The excitation :f'unction'foi- the reaction c12 (:n: .. i :n:·n) c11 has been 

measured for pion laboratory energies frotn 50 to 1610 MeV. The cross sections 

were found to peak at 200-!4eV incident pion energy corresponding to. the free 
.. + . 

·. pa.rtic~e n n (n p) resonance at 200 Mev. 

Because of the short mean free path for pions in nuclear raatter, 

simple nuclear'reactions of the type .zA (1r ... , 1tn) 'lf .. l and.: 'lf-(;c"" 1 :n:-p) Z·lA-l 

· e.re presUired to occur by single collisions ·on the surface of' the nucleus • 
-l . '· 

· ·, · ' '· · : · Both collision partners a.nd. any created. particles escape from the nucleus with .. 
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out transferring energy to other nucleons in the nucleus. If energy transfer 

did oceurJ other nucleons would be emitted.,· and the simple reaction product 

would not be observed. This mechanism can be tested by comparing an experi• 

mental exci ta.~ion , function f~r a. zA (!It ... ~ ,-c"' n) ZA ·l . reaction "lvi th the ex

citation fuhction for free-particle scattering of negative pions on neutrons • 

If the J = T = 3/2 resonance at 200 v~v in 1t•n 

A • • ~A•l peak a.t the same energy .in the, Z (rc , n n) z--

scattering appears as a 

excitation ~unction, then 
. ; ~H 
. .. <!· .. <H'· ·' the reaction should proceed by a direct pion ... neutron col~1a1on, in contraGt 

. ! .. ~ '"; . . . . · J ; -' to the incident pion 1 s interacting w1 th the nucleus e.s a whOle. The only 
' ·;·.;· ,·\. 

, : 1, · ·. effect of the other nucleons is to provide the potentie.l well 1n 'tvhich the 
,; .l 
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struck neutron moves." 
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·.··· ... · .. ··-·-; 12 
:') We chose C . as the ,target nucleus because . ot the: short half lif~ of 

f·:·· h.-

' . ..··. ~- ·; :_ '•: ~~+!·,·and ·'because 'a convenie~t eiectr6nic method. of detecting the. decay. of·, c11~· 
• :·.:· <f. 

I . . ~:, : ... ·: - . .' . - .; ' ' . ' - . . E -. • • • - : • . . • .. ·. . .... 

':'- ·. · -' ·: ~ · · 'NaB available. Qarbon-l2 in the t'orm of polystyrene-terphenyl scintillAtor . 
. i' ' :,:. ·', ·: :·: , ,.;. , . , ',' • • • . • . . " .· • •' ., I· I' 

· · . . :: . ·was bombarded -with · n 1 mesons at '$e l84 .. in. cyclotron and at the Bevatron: ... · 
'
f ~: - • \. • >. • • • •• l,'~-·. '\.-::· 
:. . ;: .; 'i'he pla.st:tc. acinti-~tor was. th~n mounted on a -photomultiplier t\lbe and the' ''''· ;' 
' " ' •• t ; •. •· ,4 
: 1, .\ •• :: ,· ll ... ---~-~ 

~} . ; :- . :positrons from C , ·-: decay were counte~· . , .. · .·_. ·. : · ·. · , :· . : · . -· : \ : . , . , .. · .. : . :" . : ~ -~ ; . 
. -'. . 

,J, ·,:· !" •. · The: pion beam wa.~ monitored by two plastic scintill~tor counters.. · .. ~ 'r 
~ . .,.. • • • .f • : • • • 

1). /,, · ,~ .. ';,_-il~ose plil.se.s-:were .ie.d to a. fast:coin~id.ence c1rcu1:t ~ 40-Mc sc8.ling ·sys-:-_; '· .•::·;·- · 
} ·.< 
~ .. ,_ . ' ; ·.;··tem1: The fS~cond.c?\lilter.defined :the 'beam.·accepte_d.by the monitor :system~ ... ,.). 

. ,· 

!the plaStic targets ·were ta.peid to the rear side of the second .counter and 
'· . . . ; ~ " . ' . ' ' .. '·'' ... 

. ·ifere the same d1~ter. so' that any pions passing through th~ second counter had 

'· . , . ·.-to pass_ thro~ :the targe:t a.l~o. Coincidence losses. in this system w~re .. . ' ' 
~ ·' ; -' :;_~ ... 

. , ': . ' ~neasured. at :the same beam level before .9J:ld. after target. runs. Corrections due. 

: i . ·_:' . ~< ·to coincidence- -loss typice.lly were less than 10%. . Pion beams of about 106 pions . 

I · ': .... ,, :per min., ~ve~ a. 31.7 cm2 area ,were! commonl.y used. The pions were produced when 
i :: •"! •• ; . 

.. , . 

. \-

. .. . ;: -~/;;-_-~e '730-MeV inter,n.al _proton.bea.m _of the 184-iti. cyclotron bombarded. a Be _target·; 
~· \' "· . :; . '-~ , . ; ; : . . . . . u . . ' . 

'_Muon contamination in the pion beam did not contribute to C . prOduction, f ;• 
~- ) '! . 

1.· ~ ~: '; .~-': ·6ut tDUOns were. detected by the counter t~lescope •. The corrections for muons 
~-~· -;: .J ;.·.,:. ·~ ·~.·~· . ., .· ·' .. : . - . . ' 

r _ .. : ···i ,:.,:>·:produced before the beod.ing magnet were determined by range measurements in 
. . .-:: ·, ; ... ; :~ .. · r;·_ . ·t-. • ··~ l . 

. ,, ·, .:~ · ;: Cu andC:H :, and the corrections for muons produced after the bending magnet , :- ,, -, ··;, .- r . . 2 
. !:;; •. ·, .. - ·.·. - · · , . . u -;. >·:, __ ·~fare determined by calculi.ttion •. ·.TQ correct for c .. . : activity produced by . 

. j 

stray background in the meson· cave, identical plastic scintillator targets 
:· ; . ~ ' .. ! 

. :. ~ '_;<·:were .placed. Just out of the be~m,- irradiated for various periods, and. counted in .. 

; ; the . c11 d~tec~ion ~ystem~ The c11 co~tribution from stray particles varied . ' 

_;_:;~ : ~~=·-~out~-5--~ at a. pion ~ne;~ o~- 50 MeV to lese than 1~ '~t 8.pion energy · 
. . ~1 . ' '• . . . . . . . 

i: .... -~~- y: '• 6~ 400 u-v·. : ·... .\. 
• • _l c . ,1. f!tJ;:; ' • .. 

~· ' ·' : ·~ ..,_ . . . . . 
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Since the targets were l .. in. o.thick, the cross se:ctiona uere measured 
' . 

. e.e a f'uno·tion of luci te thiclw.ass plAced before the target, in order to 

determine ~ etfaat of secondary ~1clea produced 1n the target itself• 

By extrapolation to zero target thiclmcss, the correction for interns.lly 

·" ·· ·· produced. aecopdaries was found. to be about 4% at 304 MeV. , 'rl:le dependence 

·' 

.. 1 

·. '···:. f 
. \:" 

, I I 
< .~ ~ 

•. : ; l 
· .. ·ll 

· · of this correction on. energy :ts not known, so that ~ t was assumed ·to be con• 
., 

su,.nt for a given e.tnOunt of beam through the target. 
·.· 

The de~y, ~urve obtained. by positron. counting shmred but one component 
· .. . . ll 
· --a· 20•4-min. activity due to C • Thia decay curve wa.s extrapolated. to. the· 

· · .r~ · :; time at the end. of bombardment to obtain the initial activity, from 'Which the 

."J '. 

·.!· ,. 
"' . . ~~ 

' } 
.I 

< i· · .. · .. : cross section was. calculated.. 1be detection effick:nc;y for ell vas dt1termin.ed. 

• .< : ··;.}· .: .. ,._ in a. aep:JU""a.te eXperiment in vhich the source strength of c11 in plastic 

scintillator \laS· measured by a 'beta-ga..llltna coincidence technique. The counting 

::: '· ~ ;, ·'" rate of' this source was then measured :J.n our positron .. d.etection system, and. 

. ! :r;:;); the efficiency '<ms found. to be· 83±3%• . · 
. ~ ~;. ·' '' ·' ... . 

.. ; 

~a.sured. cross sections are presented. :1n Tabl.e I. The u.ncertai11ty 
!·'· 

in energy is due to the energy apread. of the bea.m ard to the ane-rgy lost in 
.. 12(- .... u . . . 
!he c n 1 ~ n) c excitation function is plotted ll1 Fig.· l 

\ 

- + · ·; ~) along with the total cross section: for rc n scattering (equal. to the n p 
l 

; . ~ . . . ' ' . . . 12 
. cl'oss sectionS by charge independence.) Tho resonance for the reaction C 

(;t", 2t ... n) c11 i's broader ~ lower than the fr~-pa;rticle 'ff .. n scattering 

resonance. 
·~ •• f 

This may be attributed to the neutron ~ntUlll distribution with ... 
•.o '12 · . 
. · . , , in the . C. nucleua .. 

. 1-•• ~ • 

' . .t 
·.'.; _ .... ~ . th 12 ( · . ) l1 12 ( .. .... ... _n) Figure 2. WJ.VWB a eOtll'pSl"iaon ot e C · p, pn C n.nd C 1t 1 •• 

Cross sections 'plotted versus inoident .. psrtiole !tiOmt::lltUtllo Tlte (p, pn) 

· .. , . ,, · ·· ;"e-action ·is. lmm-in to proceed by a d.irec:t .. collision mechanisro abo·ve 250 ~y.1 
+ ~ ., < 

-~. ! ) 
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1a ( 11- 12 .. .. u · Because both the .C p, pn} C and C · (rt 1 rc n) c reactions show the 

same momentmn de_pend.eilee1 the reaction mechanism must be similar. The 

o12 (st""1 ·,t n) 011 reaction foJJ.o~ro a. simil.$.r ene~£W <le;pendence as the tree• 

particle· r.:""n cross section} therefore this mechanism must involve a. direct 
. . .· . . . . . . . . 12 

qollision between the incident particle and a neutron o-r C • · This is true 

' . 

· · f~r proton energies as l?w as 'tO r.re'V e.nd for aJ.l pion· energies above threahoid. j . ~ . 

With sUitable approXimations, calculations show that the lll9.Ximum ~..:-obab111ty 

for this t~ of reaction is for e. collision to. ta.ka place on the . surface of 

' 

-·.""·-

2'3 .. the nucleus. in .order that all ~ollision partners escape 'Without :rurther intera.ctiont.h '· · · 

:~ . 

: - ~'. 
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· October 24, i961. 
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. 12 . - .. .11 Table ! •. Cross .sections for tlw reaction C (1r , r;t n) c . 
.. , 

:tncident ... pion energy (MeV) . . cross section .(mb )' 

·'', 

:: : ..... _>....,.. _____ _......,._ __________ 1'""-_"':'"""' ___________ _ 

J ,. 

~ ·. ..-~~~ :,;.: .. ~~~.~· >~. '"•. 
! ~· ~ . 

. . . . ; r: ~ 
·> . ' 

•' > 

; . 

,i ·. 

•,' ., 

··'. •'j ."J.,l . 
. "·' . ' 

'. 

'·,'. 

~,;i·, 

. . . . ~: 

•. ~> ·.· 

53±., 

.60 :t 6 

8o .± 8 . :. 

245 ± 10 

304 ± 9. 

342 ± 10 

. 373 :t: 10· 

·. :423 ± lO 

1000 

. 1610 :t 20 

o\ 

. :.,-.,· ... 
'' 

~ ... , '· I .•. ·, . . '.,. ~ :. 

~~ ... 
·.' .. 

. " .,. 

3 ± I) . 
: • ~ : "'' C; 

... 1l:t2 

. ' / 39 :t 3 . 

. ·,56 :J; 4 

I ~·· · .. 68 ± 6: 

68 ± 6 

61 i '6 

.42 ± 4 

37 :!.: l~. 

30 ±"3 

26 :t 8 

18 

21 ± 5 

,, '· ·, '.· 

e. 

. ( 

c 

. ,.· !'·,· 

' .i 

.··.'· 

.. 

.·~ _...._ __ ~ ____ ....;.... ________ ..;.... ______ ...;.. ___ __. ....... ...;.. _______ ....._. ___ _ 
' , ·; <;. . ~ ... ) . 

: i; J 
. ' ;, . . ·~ ~ 

a.The Pion beam was JDOnitored. by llleElf$ of a. calibrated ion chamber• . ' . ~ .. ! i 

. b . · .... 
~is cross section t?a.s measured by A. M. Poske.nzer1 J. B. Cumming:, 

;·( 

< 

' ' 

; .. . 
~ :~:. ... ' G. FriedJ.ander~ .J. Rudis; and s. Ka.ut'm.s.n [Bull. Am. P'nys .. Soc. §., . > .'!· ' . . ' 

·' ,· 
j . ·~ .. 

. :~· .. ";; ·.· 
~ ~ ' cTlle cou..t.ter teles.cope w.s not used for this cross section. The pion 

. . . . . / 
flux vras ca.lcula.ted from data supplied 'by Segre gl~oup expel .. imanters . 

! ! 

t. 

for the pion bee.m at the Bevatron. 

: .. 

'.' .... 
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; · ~ FIGURE LEG:Bi1IDS . 

. 12 .... - ll. . . . . ·.· 
Cross section for C .. (it·.,. 7t .n) C. rea<;tion pl.ott~d versus .... · •,·. 

.. ;, ' •••• i' ..• " 
- • 1 • 

~-· . .. . 

· . fo-,;- 1t b. free-particle sea ttering,. · 't-rhicJ:l ia equa.l to the total 
' ; . ' ,·. . '+ :. . . . •. ' i 

cross section for 7t p scattering by charge independence • 

:F~s· ~. ·=cri:>s~ ae6tt~~ for, c12 'cti·, 1(-~> .. ~1 ' r.eact~on.plottea. versus 

··' · · the momentwn of the incident ·pion. The smooth curve is the .cross 

section foJ. ... c12. (;; · :pn) c11 · ·r~a.ct;Lo~ plotted versus incid.ent 
. ;:-..,_~-r ~~ . )! J' . ·. . ,; 

prut~, :rnomentum. . Data are taken from J • B. Cumming, ·G •. Friedlander, 

therein. 
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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 
report, 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. 
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