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ABSTRACT i' 

' ' ·., •.: ·I·, 

'.·,. 
,.· i._i 

.... ·. '.' ..•. !· ·• ,-.:. 

>, In order to test the univcu.•sa.lity o! the V •A Fermi interaction 

and the-presence o£ the induced pseudoscalar term hi the Hamiltonian,- we 

' •• J ' 

. _ have measured the. r~te o£ the reaction tL"' + 1ie3 -~ ~-~+_· "t.L· Thie reaction , :· . _ 
• • • • • t. • ' • • 

-. · '·is· elosely analogous to the- fundamental muon•captur~ interact! on 
i ~ . ·. -_· ·' . ' \ 1 

I, ,. 

. . .,. • +. p - n + y ...... . v_; e have alS~o measured the total muon•captu.re rate a ln ' .. ". ' .: ' 

He3-a.nd He4• that h,- the ratc:e £.or the reactions ........ + lie3 -ali final states . · 

and~ .. +' He4 ~ tit-U' final atg;tes., Negative muons were brought to rest ln ~ ' 
•'. •:; '. ... . • .. ',··:·1·: .• -.··.: . 

' . 

high-pressure helium-gas target. The capture proceeses all yield a 

charged particle whose energy was measured by obseriratlon o£ scintillation 

in the helium gas. ~apturee into the a 3 eh~~nel,were' recogni1'4ed by the · .. , .. '~. 
unique energy ( 1. 9 M~ V) o! the triton recoU.;. The total captur• s-ates ob;,; ... -! -. ,, ·. 

I .. 

tained weret A(He3) = Zi70d: !!g see·i, and. A(~4) = .375d: 3~~ sec,;;ti 
l. 'l• 

The· 
'• . 

partial capture rate to the triton ground state was mea$ured as 
~ . ... . 

1\(He3 -H3) = !505dt46 sec .. t •. These resul~a are lngoodagreernont.wlth .':-:.'.-:;·: 
' . • :- l"IJ 

theoret~c:al. predictions based on ~ universal Fermi interaction, and on a ., .: ·'· ·;. :. .. ' 
·_;.;:. . ' 

conserved vector cUrrent. They also lnc:Uca:te a positive ··lnducec! .. peeudo.i . : ' ' ·· 
. . 

acall.u·•coupling coefficient, but interpretation ot .thete results 1n tert;ns Of <· 
-~ '. 

the fundamen~l tnuon•capture process is so~ewhat ambiguous because of : · i· 

. i 
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•• • 1 • _., !- < r> 
·.· I. INTRODUCTION 

·. ,·t..: : . f;: . . . ', . 
: .', • .. -~ ... ·,: .... -~.--·,' \._ ... ·.~. !. ..... . ~·:: ... -~ ... - ... ~ ...... ~. ·::_;~.' .. '• • ~ J.J.~. ,: 

-"1 • ·~. • ~: .. L);t_ r:y .··~··.~~·! :;-i' ··_ · __ : . .t ~- I ', · 
' ' 

< ·:. .. ,.~,. * ..... ~ ....... ~~~- -~""''''-" .... ' 

, ; , • I ' ,· ' I ' ' ( . ' • ' ' ' , , ~- :·1·, :, ', j • • ... ·.: ) ·l ', ~ • • • , 
~ 'i ' 

·':•·; 

;.-.' 
·.When a negative muon comes to rest ln matter.it goes lnto a. · ,··· i'• 

Bohr orblt wUh n.l. :::s 15; from which it cascad<tS down by X•l'ay and Auger 

proce~ses to the !a atomic stat~ ln ~ 'to•iO ~'e~. i When the ~uon reaches .. 
I , : ~; ' ' '• I• • ' 1 ' • • • f<,' 

., . . the ground state lt eitheso decays .. according ~o .. 
1 .'·'· • • ; ~. : ~: : .~ , __ ! ···,··-:: : • ~ . ··-

...... -e"' +.v· + Y.· · · 
..... ,. _. ·.·. ·tJ. ... e ... , , . . . . .. 

• •:,t, 

. ' ~ -\:. ··: >:·:"~- . . .' . . ' ;> :' : ' . . .'•,\:.~·~:-·· . .... '"~~ 2 . 
or it interacts with the nucleus according to .the baste· re~ctlon •.• : 

(t) 
.f· 

,. .. ···,; '' ' 
:• • I• 

·· .. 
··.! '];: ', 

.: ...... 
! i. •,, I ·.,! t . .... 

. ' r •, .- '' 
'r pri~eipal reactions occur: 

•. I' 

,, . ,, ' . 

l '· ' ' ~ .. ·~ He3 ... ·a;)+ v , 
·,·. . . ' ~ 

'. •, ,•. 
'·' ... ,, 

':' . 3 . i .. 
'!·P."r .+He.·~~· + ~+vp; , . ;_:.,,··· 

.·.•,' 

'· 
,. i \ . ~ . . \ 

1•,; 
·,· . . . . . .. ' . ' .. :· .. } . ' . : .·' ~· . ' 

:;:::··,:·: : ,.... + He3 - H~ '+ n + n + v11(i:'~i'-:; · • ~ ' I I ' ' 

l • 
' '. t • 

. l 

(3). , .. , .··; 
'' 'r I 

(5) .. 

' ' > 
·, ' 

: '· 
',·.· i,· 

') 

.. :, ' :.:'~ <:.· .-··, '' •, • '·. , ' <.' .: • ' ' •!: ~:/( .' !- "'I '. ,' ' ·,· .; ' ' 'I ' :- • • • 

>.··~ ... ·since there ·are no known e·~clted states cf the triton (H3) 'nucleus. :re~ction · 

· (3) pres~bly gOes diJ:<ectly t~ the ground e~a~ ·ot the ·tdto~. The ts~- · ... 

; . doublet. (He3~H3) ~1~· ~pint/a,.:· called tho ''~rl~n. '.' As-~logoua to the .. ·:· ··~~,~·) 
. . · .. ·,-;· ... · · ·. · .:: .· . . .. ::.<\_~· · . ·. :F(~-~~)-.··} . ._·. . , =. ·"" •· •. :':: ~··!t:: ;~ ··. 

,:.') proton•neutron doubl~~· and J:q• (3) closely:.~e:.semblee the basic muon• . ·. :.~~; ''· 
~· . ' ~ ' '., . ~ ' ... ~ . ;~ i.' .· .. .!, ': - ' ' •. • ·.' ~ • . ~. l 

.: capture :reaction (2)•'.,. Since ~eaction (3) has a two•body llnal state. energy. · 
i. . ~~ ' . ' .· '· ; ; .J :· . I . \. . ' I . . . . . .l ': ' :··.: -~·: 

and momentum conservation show that the triton wUl reeoll with a unique · , .·, . ,, 
. ~ • . ·.• . • • . . ' • ' . ·: .! : : • • 

I ' • • .) " ·:' • . • >t- ', • • • •.,_ • -~. 

·. · energy (t.8959 d: 0. OOOt MeV)• : Our expe:rl~en.t let d.eaignoc! pdmadly to "":; . , ·.· 
t I .. . : ' . . . , . i : . . : .~ • t • • , !:·.:; ' . • • : ' ' , ' . . . , • · . .. :. ·j~ . ·.: : ~ : . : ;. • .• 

• 
1 

measure ':1\.c• the partial capture rate to the ,triton grotUtd tJta.to. by ·obeel"• · . · .'. 
to' ) • ! ' •• ' ' I' ' "\ 01, 

· •. >. · ~atl~~ .of thls mono~ner~etic~ ~eeqll.· . ··.~ :: ·. :';.·~ ;;·: '· 
···:·.·i·-~.} ' i 'I ;; ''! ·.~:,. ~··~· '\ ~ i I i· ,,. j,l.: ;_~t ·\i~. ;,. 

,; ,\ 

I\ I.;,;':: ; \I .t' }• \~! • •I 

'' . 
... •. ~ \ 

' I I ' : ~; • '· I .• 

·· ... 
''·i'.' •.. ..r 

: ~ 1, • 
' l 

;''• 

. • '~ .. 't,'; .. 

·'• ,. 



.. ,_ ... ·"· .... - •. ,. •. '·' ' .. : ;,; ·:·" ''"· •. rr.o"'"· '·--" . '·. ··"'· ·:." ' .. ' "" ''"'''.~· .• ·.,·-· ·--·-".,.·-··~·:··-·'-····:--· '-1-"''"""':·-';:'':,_·_-"-"'::::::.:: -~-."'_-,,.,.;·.:·~·-... -~- ~~·::·:·;'f];;~ejr--~~~-- " ~~:~ 
.. , . ·; , UC,RL ... tt004(.R,~v);;,'l ."~t·:;, . · 

. . ·. • ,, . . . < • . , • . ·~z~ . ; . . <• , . ; . . . . .. ·.·•·· · .. · . . .;~1;~~I':~~~;i·;· 
. , · . Reactions (4)· a~d.~S) tep~,.,~nt ~\ion ~apturea tha.fre~W.t ln_an ;,iJ(;~',~: ~\.)":{'-~::·~•;:; 

. . .. ·.. . .. ·: . \ . : . . . :: '·' . . .: . ' ·,\,_·.~~-~~j~~~;·~~~i~;~->~:.t<<;~~~{l·.-~·.J 
unbound triton: $nd are' refe:rred to aa the bt"e.akup -reiae1;ions ln thlar pape~~:· ;,",'\~:,}:2~,.;z:;:.:~ :~~;t:<.:'.: 
. · ·. -.. · ... .·· _· _ .-.:· · :. ·· . .-_ '-.. . -l:_·.<·->. . . ;.· · ·: ·. . .. . ·.:- ... -.> :.<·:/~.::);:~::;~~1!~\{F;·:~~- -.~<·;:-:~1;_~;;;\jr.:~-~ 

_.· The sa breakup. r~aedo~s. invoh:e three.• ·.and '!o~·bt)dy flna.l'. tta.te~ · ~.~~ /: <M:.i':~~}ij ;:}(~/~:J!.;7l~ 
. - : . .. . ·:· , . . . . . :; . ·:."(::·~""::_·~\c-~;P't:·-.:_·.;:~.,.-.:~,::l.:.r··,~-~ 

the charge~ ... partlc:le momentum rangltlg '£rom 0 to about ·350 Mev I c. Tbe,::.:~_,'.~f"i:L~~·<,~-:.:I_\5:i·;: 
_: •• .. •• • :. .. • • • ••• ' • • • \ • • • - .... • •••• :· .- , - - '-.-': :· ,

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

· bt:e.akup. events, constitute a :Oackgt~un~ ~o th,~ 1~asu.rement of the ~·-'· ~ H3<:):~~~>~.·s~II·~~~;;U; 
. . . '.' ;::- ' .· '-~··:. . . . ".")'.~r.t~;·:·<;_,lt·!:t·'~--~~~:> 

·~vents •. ·, ~he 'bl"eakup capture rate A.a is almo measured in this expex-lment, ··J •• \~:~·:·1 :'-f~~··?:.;i 
r·'· ' ·.·

1 

, 

1 

•1, , ><· :, ' ·. ·· ... t -~(t_,,,· . · ~· .' •, , ._.';•_.::~1J+~~h.,::;)._:~.::.~t~~-:~.~ 
•.. although with much less accu.rac:y than ls. Ac· ·.· The the()retical analysis of : :·.!:;::;~:/~.:;: :·!\·:~ :_; 
:.·~: '·. ,· • , • • • • ; • , 1 ' , \ , , 

0

( 1'' , '• .·· ,· , : .',, ' :I ; . , • " t ; ,; . '', ~' 4'.•1~~-~{)•~_:·,.:~{;·~·/.;;~::·;::,'·~':~· .. 
. ~-·,the breakup reactions iS not so·~learcut a's wbh reaction (3); however, Y~no ,_:~'.;.::<;j;;{~:;·}\' 

. - ..... '· ~~ .-_ .. · . -:-: -~ .. : . _.,I.·_·.::.~~-:..:<·._ .. ___ ·:..:_:: .. -_-~_-_.-: --1 =- .- . _· . -~ .. _---r>~~:.:~~} .. :-~·-_;f.)~:±::-~·~<. 
has recently.complete~ a detailed analysis of reaction (4). It ie' interesting···;-':;:;.,;_;.·,;))~~;.: 

. . . ... ' . -~·-.. ~ ... ·. . . . . ---- ..... - .. . . · .. · -~;:~ ·i;~;-::: ~·.:_f.:~·.-~;: __ ;..-:-
' :: to compare 'the· probability of capture from th~ same nucleus .into various · .. · _:t;;;_q_/:::;-;:~~: 
' ' ,' • • < I · •. I . ' · • • !, ',\ .. ~:. ·:It ~ .; · _, .• , , ·. i ·'.J1! 

', ,.. charuieis b~,c~u~~- on~ can tes't the coupling ~·~efti~i~~t;·,~~~ the nticlear-wav~ i:n.:l,>":··~;:z: . 
' . ' .. : ' " ' ' . . ' . . . ' { ... ' . ' . ' ·. ' . ' ' . .. . . :;'t!f .. t.f.'-. 

· .functiozfbettcn:: w~en,'ee,er~l cha~els a.re i~~~lv:e_d tha.~.w~e~ ther~ ,ls onl~·:/:·~ .. ;:~;,;:~·~.:~:iJ:/~~1>::~ 

·one fh~S:i state. . .. , .. ' · ~·:;-·;;,;:· ' '· · ; . ' , ' : ; ., , , ·. ·_::_·~~t~AI~~;:'~.:}~.'~.;;,: 

. . . ' ·. To deter~ine Ac' .~e ·~asured th~·~_ratio of stopped muona gl~i~g ··i,X{·;!+~;;)lJ~(/ .:~ 
· .. <. . . . . .. ' . ·. . . . . . . ':. ; ' . l {, •.·' '; .' :··. ·.:' •• '; ' •••. • ··.'· :.~··:··-r._:.:·:: ·:.::·~}i:~),~:-.:.:~-~·,:-~~t;~-::t:.:: 
-~<.· ... a triton recoil (T) to· the total number of stopped muons (St~-). The eaptur~f ••/• •;· ;q>:·.~·.: . 
~ -~ . ; \ ;'! ., ' it . (~ ;f ;·.~·;:;~;f.:; 

·rate· is ~omputed from the p~op~:rtionallty · · · · ·· 
., ' \ -~ .. 

,•.•': 

;• 

.. :_;.. A -/AT ::: T/Su. :1 . ·' • : ._ .. ,,.; ... ~ r 
·~ \". (.. • '~ l·.· •, :z ~::.\"-. 

!, : 

: . . .., 

~ \ . '·' 

.. _ . _' AB ~ (B/S ... )h.T•., 
·, .•. · :· .. .. ,J.' 

• ·! • ~ . j.; \·.-_.,;,: .. ,. : 

,·. ·' .l I ' 

. . ' . .. . . 

')"r·:.'., ::: :·:\· ~, '~.·.: ,:-;-:_.·:~' ~·{, . ·' 
• ., .·'. ',: ) -'•1. ' •,; I "t" 

·.<·· .. · .f~~;: where~: is the number_ of obse~ed breakup :t~ent~._:-, Only about-~ m~on_:·;'?! .. ·;C~;·~~.)~.J~:;};'i: 
in. 300 is captured to the triton ground state~~-and about t ln 600 le captured ··';'-:(::·.,~···':: :~;;_v,.,~ 

.to the breakup atates. The r.,malnder. clecaiaccorcllng to reaction (t). o,;~;·~~~~~~!.~~~ 
. i ·:;; .. of the experimental problems ie to diatlngwsh the decay electron !1•om the· :_.:~}}!':,:},::k:}.;:t~~ 

, ·' :.:;.relatively rare capture events;, . > ••. ~:>: .. . •' . . ... '· ,;,;<1~~.~-·:.·.1~~1'~tl.: 
1 •.: . \· .. ' . . .. ,-,, ~. 
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Most o£ thet ezperimental tests were. performed wlth ·He before 

He3 waa put in the target. .Conae~u.ently a measur·o~ent o! the muon .. · 

capture rate in He4 was m~de concomitant with the He3 ·m~as\u-e~~nt. 

The principal reaction in Ho 4• 

(8) 

iB very simila~ to the broalmp reaction (4), and the .experimental analysts 
. . 

ls very liimUa.r_ to the analyslD o£ tho bre.a.kup reactions • 

. PrflviOUG measurements and theor•tic:al pi'edictious of the muon

capture rates a.re listed in·Table I. Our expe.rlment is an attempt to.make · 

a. r.nore pred.ee meaauromont of .l\C by the use o£ h~llwn sclntlllation. . A 

preliminary account of the He3 - H3 capturo•rato measurement wacs 
. 6 . l 

reported previoualy• the experime_nt is d.escl'ibeci and analyzed in greater 

detail 1n thio article. 1 ·The slight sh.l£t in the value ~£ Ac reflects a more 

careful analysis of the correctlona. 

II. THEORY 

The main emphasis of this theoretical discusslon is on the calcu• 

lation of the ·tranoition rate of Eq. (3), .since the main purpose o! the experl-~ 

ment described bore io to measure that rate. 

A. Tho Interaction HamUtonian 

. The interaction Ha.milt~n!an reeponeible for p decay· ta25 

3C = · 0 [u(e) (t .. ~sh'~ u(v 8 )][~(v~)- (t .. Ysh'~ u(t1)] + .. H.~: . {9) 
if2. 

Here H. C.· means the Hermitian conjugate, ihe U:'~ a_re Dirac'.rapinor~, and · · ... 
, r·· 

the y's are the Dirac matrices. The weak-interaction coupling constant a.·' · ·· · 
·'· 

evaluated from decay rate of the positive muon. is 14 ·'' '• / 
. ' · . . .. 
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;:, .. ·.:·-·.. ,_. . .',!~· ,·· ... ;· • ~·· .. : ~· ".·-······+·· ~~":\·.~·-~:· --~.-· -;:·· 

·: : . .. .· •. : .. ·· ··· • • > • . • . • ~4~ :?·· . . · . . . .. :Y·:~i\;Itf~:'.; 
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_ - . _- . · .. .:.~.--- ._._ -_ ,._ ·P ___ .... <,~-·- .+·/\;~: -: >" • • --i: ·:----~-- .,.;_, :·._ •• ;- :·:j:/:_:·\~)f3;1J,I-c(t\.~ 
;; .. ·_where nip 1s the_ p_rot.on mass! .';T~~ basi~ po~~te of th_e ~1V:ersal _Ferm_l,:~,;J1:kt;;;.;:.~f{J(;}~·~r:~ 
:~ .. > .. ~ ,··. . ' ... ··· . .' ·.· .. ·.:':' -.... -~~~: .. .. :·._ .. · ... ~. ~~·!.'">.-":·.~ _·. , -~;·· . . ··'~: ;. ~ ·.:. /'~··' r';; .···::;!~~:~"~~{~i"ff-~--·t,_:·~~-;i.;fi\~ .. '(~t:~l·:~~:-til 

_ ··_._ ·.' interaction (U:Fl)' viewpoint is that the same Hamiltonian and the same• ·-_.:;~':;'/~.:.<-;J_1D~;:J~·-,:·.,:(:,;>· 
·~ . .··_.·,. ' ' . ·: '·, ,· .... : . .: .· .. ~:::;. ~-·-~:-',~1·~:::;~~,,.~-.. ~~:~-~~: .. .,.f-\~~ 

... coupling con~tant G describe the; we~k interaction between any four .f~Srmions. · -~ :1:: :;;;·~·:· 
' ' . . . . . . ' . ·.. ' : :' .. . ' . . . :' . . ; : ',' ' ' . . . . . : ... : ': ·: . ;_-;' ;_ ·:· ::; ;! 

_ ~- . ~e has just to ·replac!! iJo, · e•.:''f.L• ~nd v e by~-~ _relevant pa.rt~clee. _. Unf~~tunat~_ly,>··;> '\ -.. ·-
. i · . . ~ , '• . 1 

:. ' , ' ';,-, ·, • .. :. I . ' . - ~· . 'I .._ '•, . ' •• : '! : \. J a .. ,-.• 

_-.- -except for_ muon decay an.d neutrino scattering, strong intera~tiona come into\· - ·• 
!/' .; • • • . . . ' . • • .. , ' .•., : . ., •' • '. . . . • .·. •:.. . • . ·.: •' ' • ;,' '•; ·~·· ' I 

.::_. play !!i ~very weak _interaction and '\rir_tual pion effects must be eXpected to:: 

alter th~ effective i~teract!on. :I~ the .particular_case.of nuclear·f.-decay; ·the· 

.• _:;···': •I' • .'·',·'·,•' ;•: 
J . 

G . . . . . . ,· -·_ . . . - -'~ . -_.:_ .--- _·_ -
3e = tJZ· [il(e) (i .. Yshf ~(v 0 )] [a(p} (V f5 ~- Aj3'VS~~ u(n)] + H~ C;' •."", (i t)·L~~-

• • ' ' " ' • ', ~ I ." ~:: • ," • ,_ ,; :'_'l: 
•.. ' • • ,, . .\. • ·.·, ,. • • t ~· '.., • 

·~ .. 

inteX'action ls modUied t~ a~ eHective Hamiltoilf.a.n .' 
·, •: .. 

' . ' . . . ~· 
'' ~: ' 1' • r . 

·. ~ '~ .... 

where V fl.~ 1.0 an~ A~~ .. .-~~Z- are the vector ~nd ax~~~vec:tor coup~_l!lg_ (: .- · 

coef!icients. that.take strong interactions lnt~ ia.c:count~.<· :Thhl ~.;.dec:ay.lnte~.; 
• • ! ' . . •. • . 

action [Eq. (it)] is ~ufflcient to describe the situation 1n the-limit of'zero~_·:''; 
i. . I'. ,.· .• ·. 

momentum' transfer .. In muon capture, however, the momentUm transfer 
' ' ··.:~ ,. ':.' . . : . . 

is-~ 100 MeV /c and this further ~od~iee tbe.HamUtoillan. The Ha.milton~n 
,'·:I'. •,, . 

that is effective in muon-capture wa's fir•t p;~eented by Cioldberger and·' <_' 

Treima~26 but later modlfied by Weinbe.rg27 to the form: ·-·· __ -_ · · •. _· ~ · . .'.: .>~/y;. 
;-r ~·. • f {.' • .• /-,,·_~1 ~ 1. .. ..... ·; 

. . • t• . • : '~ . ~· 

-~ 

. , 

. .lj 
- I 

~ .,,· ' ! 
' I 
' ... 
I 

' ·.... :· ., . '.,: . . ' . ' ~~ 

JC = ._Q_ f~(nl ( Vy,_ + A~ 
5
y,_ + M<7 ~ -~ 1 ~ f<7 ,.· y 

5 
~ ··~·· s i' ·;F: : 'L:·i~[/ :,\ :.:,·' ' 

. .,rz '~ . . . ... ~ ~p . Cl "'~>;,,;;. m~, < \. ~_t.' ':} ', ,{ .; 
+ p Ys ~·)~<Pi]·. ·Ju(v~) (i. -~ Vs)y~ u(fl)r· --~--H.~~-!-~>':::·,'·:~-~-<-~ .. :: : : .. >~>-~-iz.)_::.;<:~~:;~_. -~-~. ~-::'·.A 

mp . -. . _· .. - .· ·- . · ..... : ~~---,'-,,-· ,.;_.,.·., ._; .. : . - .. -_,; --- - -_·_:. . "- <~: ~-: _·:.-- . -~- .. J!:'~,.-H·:.· ·>:-~-·--~·.~~;~·!. ;z·\~.;._j: -.·::+:· J 
·-' · ... , This is the most general interaction Hamiltonian ·that (a) ls Lo~entz ·;.:· ,·.;<:~Ef..-t;··~•J.:'·'-~ ~: ~::' · ·~ 

I· • ' • . • . J" • , '' ~·. ' , ' ' 'r ··~.: ··,;•':·~:~~;;,_,:·:::;;·~-~~···· '~ '·~.:~----~:~~r~t~ 
.-.,,,invariant. (b) has no derlv$t~ve~ in the leptolilc:,flelde. (c) :reduces_to_-,,, ~\i:.'il::::-·,,::;:.'>1 

• • • .. • ' • ; : • • ', • • ~h •• 1-:·:~ ~:~·~.--.~~._~:~:_J;. ~. ::, :~.~~ .. i-~··:·"'·,~3 
Eq. (9)'_1n the absen~e of strong int_eractions. and (d) r~duces to Eq~- (U.) ._·:: · '.:·~ ~· .·..:.?'':!, 9: 

. ' _· ' . . . . . .:-· ' ' .:':_: ': ~: ":j:•: :1 
in the presence of strong interactions at z~ro•tnomentu.m t:rans£er. · _In", , .. :,._; ,,_- .. ·· ·. '•'. :_1:1 

< •• ~~ ~ \ • .~ l 
: ~ : • ~ :~ • \1 .. • • '; ' ~~ • 

': ~I.·..::;~/...-> ·,.: 
.. 't ~·.. ........ ..;1 

. . .. ';< -· ' . : :~.:. __ -_::.·-~; ~<- ; . \;' ;.,; / J 

. ,·. ·' 

. '. . ~. . . 
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this Hamiltonian. a . = p -n = · v · • 51 is the four -momentum transfer; 
"Q. a. (& . 0. ' ' c. ' ' ' . 

a·o.f) = ~/Z(y~yi3.;. ~f3Yo.);,and v. A;, ~; T, ·.s~>~!l4 ,Pare ~e coupling ·~oef~·-·~:~·~:. ;.:. 
. t, • . •' 

.ficlents ·of the voctoJ;". the .a.xia~,~vecto~. the weak .magnetls,m, ,the. tensor,-··,. :.; . I 
' . ' .. . . ..... '. ·' . '. ' . '. ';· 

the induced scalar; •nd the in(.luced pseudoscala~. terms, respectlvely. . . ,, • :·~ 
. ~ ' , ' . ' . . . . ' ' ; • '; ':/'I ;• ; · .. ;·;, ' 

Tllese coupling .coei'£i~ients ar~ dimeneionles~ £unc:tlons of q2 ~nd can all · , .. ·, 
• I . . ;, ,• ' ;~; ",, .' ' ' ' , ' ' ;•:·.• ~"f~/ 

,, : ' be chosen real if the interaC;ti~~ la ,time-rev~~sal-l~var.ian;. ' .. ' . >' .: ·.·. '· .· . ·.··· 
., . ,. . ~. .· 

. "''. 
.• .. ,,, 

·r,. ',\)·.· •' ! ( . ; . ' . ..;, • ,' .. . .. :· .· ·• : l ~ . ' 

·B. . foupllng Coefficients 
., .... ' ·.· ··:· 

:.,-·. .•"'~1.· ' •• ~.··,. •• ' )·.{'·.:~.·.: ••• ,;:1: ,1.:~· .. .'· ·,·.:·~:-.. ,,\1/"'l.t\.~.:·:'.l. 

. i: .. f • • ' • • •' ~ •. 

In this section, we evaluate the coupling coefficients of Eq. (tZ) .::: .· 
• ; ~ •• ~ ~ -,:: :- .• I.• ' _',.: 

· so far as is possible. with present theories. The trion is treated both as 

a single Dira·c pa.rticle14.• 28 ' .... <(with all.nuc:lear-structure effect4 ab.;. .. ::.., 
. ,.. . . . ·· ... ·. . ·. . 1.6 
sorbed into the coupling coefficients) ~nd as a composite of nucleons. 

• ' . • -!- ·~.~ : • .. :_ ' '. ( :. 

i. Vector and "W~ak .Magnetism" Coefflciente 

The vector V and weak·magnetlsm M c:oefficlente in the 

.. ! 
.·; .. _,,. 

·" ·'· ··'. 

... 
- ~ ' ' 

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

l-Iamilto~n Ui) are the only coe£!id.ents that can be determin~d with some 

·,··· 

. . . . ' . 
degree of confidence. This ls because the conserved·vector-current (CVC) 

29 . . . . : . . . 30 . . .· ; . 
theory seems to be valid in nuclear and pion•beta. decay,· · and thus 

should also apply i-n muon capture. The coe£ficlents V and M can then be 

related directly to the electric and magnetic lsovector form. factors 
. . . . 

.measured in electron IJC&tterill8· u He3 ~nd a3 electron ec:atterl.ng is 
I "• ' . , I ' . 

. used, 31 one obtains. for the trion 14~ 28 . 

.... 
z . · _

2 
· · (trion) 

M(q = 0.27 F ) :: •2.39=t:O.t0. · 
(t3) 

. ' ..... .,~ 

··~- . t . . .. 

~On the other hand. ~lectr~n·~nucleon s~a~t-erl~g ~iv~e32 ~ ...... ',I ., ,.,;, ~ 

· ... 

1 I 
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• . .·.'·! :.. • ·:~ <'. . ·• ·:·~ I' _;.. .._ •. <.~~ . .:o~ .. ;:~:. ·\ · .. ~ 
·. · ~· ~ ···f. ·~ , .~· ,'•• '"" I • . . ,.,. .:; • .-:•· • ~··. •,,_;·,,,_\;<":·~· !;': 

'· ··.. . i . . . .'.' .. .' 2 ·. I.; . >:;:;:;,, '· 1.,'':;·:::-i.: . ;.), " 

.. : ·. . . . . :·' :, . . .. , .. : . ,. :::~.: :.~ ·: .. :; : :::\( ~!~~~~o.:> ,, : .. ;. . :. ·::;' ·., .. ::~ (t:·~.x:JJJ}},,jn~ 
<' · .. , >\• ; ~~te' ~t til~·· siP 6t ~~~2) for ~~,n~~~.:;. 'iii. ~P;~slt~, ;~/~~~ .{!}_~;:r4H~ .•~!.:~! 

... / _;:' 

.. •' 

the trion• · One way to understa~d thls oppos~te;· sign is by·c:onSlde:r'1ng·He31:·::~;:·: ..• ~ •. ···.·.'~:;: .• :~··~. ;, 

, . a~d H3 as a· elosed.:O'~hell nucle~e~: He4, ~inus· 8; ncnitron' or a p~oton'. 33: ·. · ·: " ,, . :.;<·t·:{.;; . 
:··.· .The mi'ssing particle (hol.e). gi~Eis He3 .and H~~ the'p~operties· ot~n·a~tln~~t.~o~:> 
; ;, ,. and antiproton; ~eapectively:·,· ~in~e the ·~~netip moments of the antinucle~n's 

' • • • • ot '!:~.... ' ' .•. ' . . . ···.:... . . : . ~ . . . .. ' . '. 
. . . ·,;:;. ' ' ,._ > 

,. are opposite in sign !rom those of the nucleons, ·:the weak•magnetlam · · .·. 1·'·L' 
·,.·. ' ) , . _. ., . :_.··'_j,

1

f, • ~ \ l • ·~, _\'_,, ' .. ' ·-~ • , 1, \ 0 ,~, )',.'· 

; . · coe!ficient must also have opposite sign. ·: · ':·~:· \< . · · ,, 
.
,. ' • ;•.' ',, . '-.•!" -~.~1 _.,·;. '-.".:-~-1 ;.;·' ,1· l·::·~··-.:· _;_; .• .'.;t.~.;:.·., 

' . . . -~ ' 
!'., 

. ; · 2. Axial· Vector Coefficient .. · .,. · .,.. 
f ' '\ 1-i"· .'·. -. • . ;;-,_· 

. ~ . p . .-~.-.~ ;!<. ' :f / . .,: : \ .. '/ ''·.;., .., ~ :· · .. ·. ·::~~-~)' ' . 

The a.xial•vec:tor coefticlent at zero-momentum: transfer A(OJ!j'l···\' ;' .. ' · 
c.· •· · •.·• · •·· .. ; ··is 4:· · · · · ."'., ... ,_ •. ::,.. ;,; ..... ,.<· :-.:~'~· 

ean be found from the !t value of tritium: •. 3 · · · · :. ;. ... · ' :· 'i ;,c; ;i.:·i'.:;· · • · · ·.·'· 
. . . -· .. . _.·. · .••.. · ·.~(. _, ~ •· .•. .r_.:· ! . ··.-·· ';;· ... · ..... ; . - . . / ·- ';-· - ~ ··;~-· ;_'; .• .--:_ ,' . , .·::·; . ··. , ... · ... : 3 ~. . .·· . : . . ... ·. ·. ··m, 4 .. : .. ,. . , . ~ .. ·. ·. . . . . . . .. ~ :"- .. •·:. .··~·_:,' ··.~. ,. 

tt ·= · 2 1t · ln 2 · · ,. · ··(·2} ·...:.: fl · ··.: .• tt3Zd:4o 'aec. <; ·(tS) ·· ... . .· z 2 2 . z . . m. . . . z . ' . .. ' ' . . . ,,, ' ' ' . 
. " ~. :(Cimp) [V~ (0~ + 3 .A~ (0) 1 . , . e. : .• ~e ~ ... ,:<":': ... :· .. #. : ~·~ < ; . ~ >( :: .. ·::.·~·!I: 

.'> ·;·,:\ :::~ -·-.. ~:-.-~~.,:·, .\:~ .... ), '~-···:-:. ··.· .~.-,~~·.: ... ·_ ... · .. :·· 

By the hypothesie:of.t];).e CV~ ~eory,·Vfl(O) ~. 1.0 ~n~-~n-~.m~~ solve~~~~):\··>\~:; ·x ..... 

. I Al3(0) I =· i. i94 7 0.03:~ . By' the ~-rinclples _o,f. u~. AE3(0) t,~ b~ta d~~y 1~ .. 
. · • , I ., ,-, '. 

the same coefiicient as that in muon captur~.-·.· Therefor~ for.thf!:triob. we 
''.~. ,' ·' .'. -. :··.;:~:: ~ '4 ,.; ,·: ~ ·-~ ~.-··,.-· ... :.'' ·,·· ···.~ !'. .·.' ~:-···~·· 

·. .. ' .·' ...... 

.· .. ~ ' 

·,, .. • I 

' 

; ·'l':,.,d·:~ • ~~ '\ '. t J-•, ·._,.·~;_ ·,- • \.! .~ ',· \, . < 

J. ;- .;l . ' ~'.. ~~ ~ .. -\ .. ±~.:...·· .... .-·· ·, :·.> ~. ~ 
... . ! '- '"~!'t' ........ ·:·~ ' ., ·', • .~ .... :,.. • '" • • . 

have· 

. · .. ;-·. . ' ' .·- :.,:\·~ ~-- . -~-.'~_.~::;·:<· ... ~--.. .:·-~~ ·~-~-- t·"t_t· ~ ...... ~ /.:· · .. ~~ _~,~~~~- ·~,..;~~-~t·:-;:~ ... ~. <: ':.-~::._. 
':' . ,. jA(O)j = 1 t94:!10 037 · · ., (trion) ~· · ·· ··· . ··· '· : · (t6), ... ··:~ ·.· .. · · 

, ·. ·. . . . . • .' .· .. ·, .. • .... ';,, .· . ~FJ' ··.·.~··.i ';\ ,~. ·;. ~~ .~ .• ~; .. ·,;:);,;'~.:;:.~.;<-./~::,;, ·~ 

Similar analysis using the ft value of the. neutron· glvea · . · ;,.,., , )\-' :·; ,> :· .. ;, ,'·! · · :::'• '.;:<'~F: :·; 
. ~' ' .. ' . ' •. ·. :: :' . ' . . . . ' >, f. ·•. >::. :/,'.J li'~ 

fA(O)(= l.ZO:t:0.04.' ·. ·(nucleon) ·. ··..-· _:,, .,· {i7) ·: •', · ··: .. :•. 
. . . . : ' . . . :·::·.-... :·.~:;,.~·.:.: .. · _: . _.\·. ·: ... ~~··::,; · .. ''~: .... 

. The ~xp~riments on muon c:a~ture ~in ~ydrog;n~ have ee~bUs~~d·tha~ for"·~{~/ :<<··.~; ;;:;.;:- ·· 
• ' •• • • • ' • ••• '" • • (_ " ••• _: ... :·,,· •• ~--~'<.· =>.:. . .'}' .. /' ... : ·: .. ' .. · -~- '·j. 

. ( : . . . ' ' . . . . ' . ~ ! . . .,- . ~ . . ... ... 

the nucleQn tho slgn of A 1s opposite to that of V, l, e • ., we have a V·A '·.'· · ·. ;. · : · ... ··• · 
• . .' • . . ! . ~ • . . ~ >:~-·,;. ··;~ f ''\v ~~;; 

theory·. . For the trion. A must have the slgll: opposite to_ that. of the A of~-)::.'::;!:~ ·::~ :< r. 
the nucleon, again because of the correspondence He3 ...... He 4 . + nand ...... :, ...... ', :~ ;· .' .. ' . 

' • I ~ ' • ._, : :i .~ ~ ' ' .. • i 
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the trion. 
' ;' f:' 

t ,. ,.. ·., l··' , '.' '._ 'I • I 

There is no proven theor'y or experianenta.l'lnlormatl~n for the ; 
dependence of A on qi in th~ cas~ ~i th~·· ~~ion~ . One can h~~~~eeize that, 

• ' 
0 

• ':'· 
0 

', • ~ • ~ , • ', ' ' j ;• ./ • I : ' I , ' , I I' ' • • ' I ' 'J : i > " 

. ' . 

since the a.xial ... vector term and the weak-magnetism term in the HamUton1an . 
· ... · · · · · · ..... · · ., · · · .. :. · :· ·· .... : . .':::-· .. · '. ·. ,_··;. 'z· · · ··.· ·a · .. :,.'_. 
· · reduce to the same form in the· nonrelatlvisttc limit.; A (q )/ A(O) = M(q )/M(O), · · 

... ' • ", ,·_. •; • •:. '·· ·, •l • • ;;· I • ·,, ... ~> 'i ,'. '., · . ...-:·l·~'z·;';. ·, '· .. , _'; f' • ,.'••, 

An alternative choice le that this ratio is. equal to V (q )/V(O). In the case of· 

.. \:. ~~ ~u~le.on ~ dis~e~~lon-tb~or.eti~al ~~g~e-~t ln~i:c~~;e~·diatt6 · :. . . . ' , ·, 
~' ' . f I , • , ' 1 1 : • , '• , •; ' •' i , • ' . I • ; ~ \ •'\ ' ' ' ' ' ~ ;' : ~ ' 

,: t 

: ,· . : ~ ' 

z z . . _ .. ·-~~W· = 1.-~ = o.999 .. ·> ....... . 
4rrm . . . .·. , .. ' . p ' 

. '. 

(t8)_ 

. '·.,' 

However, bec~uae o£ n.udea.r•struc:ture ef£ects •. the momentum. dependence. 
' ' ' • ' ~ ' ' ' • I 

· of A of the trion shouldbe greater than that given in Eq, (f.S), and A ls 
• • . '. • ••. • ' • • ' • • ., ' l. '. • • .: ' • • . • • ' • • '·. • •• ~ 

~- ·.expected to be within~. 10% o.f +1..0. 
. . .· ·~ . l • ; ,, ....... -·: 

:·· 
. ' 

., 
' 

... 3. !nduced-Pseudoscala.r Coefficient 
•' ~' '·~,; !' ' i ·,, j' '•vi •: ~! .:,r,••!:r:•' •'· .:,';:.., :·~.' 

'r' . • . . , : I . . , .... 

.·'Even lees is known.about the value Qf the lriducec.i pseudosc:ata·r· :. -:,·: 

,._. > ·coefficient P(q2) than is· kn~~~.'~bout A(q2 )~ :.~ispers!on~theoretic:al ··c. ~- ',~'· ... );' .. ·. · !.· 

arguments, 26 which use the o~~ ... pion .. excha~g~ ~odel~ glve for the·nu~~~o~5 :·.)·. : 

m 2 2mm ., . . .. ,., 
gp = ~ _P(q: ) ~ .·. 2 t.r. P2 A(O) ~ 6.6 A(O) = ~1.9 .. :(nucleon) (i9) ,. 

mp . q i- m.,. . . ... . . . . . . 

one obtains . '. 
. . ~ 

'-·:.' 
For the trion, .the proto_n ~$~· __ rnuet be rep~ce,d. by ~e :trion mise ~ a~d · .,' .. · 

: . • . . ..... \'·. • • • .. 'J s l ;,. . '·.'~· ,. . ' • \ t' 

··,··:: 
~. • ! • ' h.·. ,· .. . ,, .· .. 

• . 2 . . ' . . . .. ;' : . .. k.' . ~-i, ;' t \: ' • . 

rn1::(9. ) =· '· -~. A(O) = t9·.1 · ·A(O) =\~+Z3•S~·.· , .. (trlon) 
· · p ~ +m ·. · :- '· · ::·• .. ;·, ,i . .. , ' w 

•·' 1, ·•tt/ ,._ 
. ~ ·". ·' 

' . . :. \;:,:,: .. ~.:: •. ;· 

(ZO) .· 
. ;~ } I -t_' ' ;, 

.. , .. ' ·•' 

'· '
1 

,' l'/ ·, I, ,I ~ ~ ' '..., "{• , , I'' 

· .. ;An additional correction for many-body eflectsler,probably also ~eeesealt'y. ::.· .. ; . a· .. ,· ,.·. ··., .. ·. .. . . . .... ,,_ ... ! .. .-· .. ·. .·. . ... 

£or ·P(q > ot.the t~lon. but since the dispersion argt.unent 1e. so unccu-taln· · 
I • 

this additional factor o! 0.8 to 0. 9 has been neglected.·· Measurements of the ~ 
I ·•. 

. . : ~ . 'angular distribution of neutrons frorn muon ·capture ln calc1um35 and. 

:.of, . · .... :. 
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' ·;· ... '•. . ,.·. ,,.· .. _.; ·-. ·:,~--· . -~~;;~-~~:: ... :~·(~/-~;_> ....... · ... ·::'; .. ;-> .... -_.:,'-: .>, ·'· . 
. . . . .. m~a.sur~m'erits36 ~f muon C::ap~ure '\n ot6 p~pt;l~tins discrete l~~els of .... 
. i . yield vahie& ?.liiJ?lA! (nucleon) ~e~een s··in~j'.o~::~~pen~i~g 

and its int~~p~eta.tlon •. · ·1\!ost tl1(;la~urem~nts::a~e·,~o1ut.$tent Vlith ~18 ratio' 

close.~o.iO.'.·· .. '·, .' ;. •. ·.··_'·· ··.·• ... . ::·: .. •··>.;,'<ii·.·>::'':•. ·: ·· 
'. • . . . .. . . . . . . . . . .· ' : :,;1,:1:.~.··.~.:_¥.::,.-: .. ·•.·•.. '• •. ' :,·: . ' , . .. ~ ~: :~ ;· . '; 

4. ' lnduced ... seala.r :and Tensor. Coe££icierits')W'·::·:t 1 
'.··. ''. • ,· • 

. _ . . . . . . -~- -. . . ·r:~~-:·-~~; _<~x·· -~- . , . .. -.. .· 

Nothing i~ ,.known about the values~·or' thia signs of the S and T .. 
~·-'~ ••• \.. • ·~··. :_. ... ,·,: ,·. ··-~-~---.-.~- • • .... J ·:·· .-.~?~~ -r:~.:~:_··:-~~-·1:.·:· .~ .· .· .... -.. / .":,:·~: 

coeffichmts of Eq •. (12). · These' a:re the "second ·class" .terms which, ae ·· 
. . . ~. . . ' .. . 

'2.7' ·;: ·_,--·\ ·,; ~~"• ·.:1 ~ !·~~~.: .. _',-;_.-::·.·~.-\' ... ,·,~, 'I' 1, '.: . 

Weinberg pointed out, could also be prese.S1t).n ~e. Hamiltonian •. ;Mo~~·. 
. ; '. ·. . . {" ....... · ··. ' . . ' . : ~· 

autb.o:r.~ as~ume.that, the.wealt curre!lt~.have'.::a:,definite.···G•conjugatlo~ 
. . ·- ~ . . . . . . ... : . ~\ ·. . . ' . 

<· (that of the V ,and .A. terms) and .that. therefor,~ S ... =: T::: 0~ .. If SandT .a:re . . . . . ... ·.: .. :· ... ·: ,_,... . . . . 

! . . not zero, ,thetu1.second-cl~ss terms. c;ould r~~cally.a££e~t 'the capture .rate . 
. ·.. . . . . ····.. . .,• : . .. . . - . .';. . 

1\i,; 

in both b.ydrogen' and helium. .. ·: .· . . . . ' ': ,• .. •, 

~ . ' ., •, .. 

· .. 
. , •· 

·,·) .. ·.'.' ' .. 
··_ consisting of the muon and the nucleus is initially formed in: a stati.stical : : .. ·>·· . . 

.-·,1 

. mixture of I.:!:, t/Z. ~pin states (i 1s the:~pin of the nueleush: Thcue tw~ · ... 
! '' ' ~ ~ f ·~ t.. •, ·

1 
: , . . I ':~ . 

angular.~mome~tum .states are ealled hype.r£1ne s~t~.P!.i.,b<tcause they ~u·e/:, 

analogo.ua to-~ype~·~ln~ states ln a ·~or~l atom~ :.~·F~r :~n I~. t/Z .nucleus, 

and with only V and A coupling in Eq. ·u,z), the hyperflne singlet- and :: · 
-.·! .. 

triplet•capture·rate~ reduce in:.the ncnrelativh~c limit to .... ' ' ... ·, ,.,: ... 

' ' .. \ . . ~ ' . :· \: .·· .. · .• •i): ~ ... ·-~ ~-l 

. ·:!_. '· ·Thus if _the_ ~~efficie~.t _v ~ •A '(as·.~ ~u~n ·eaptur~. !:ft'hydrofl~n)~ · A.t·~ o~ ·· . 
.. .. .. ·' In the(ease:of capture in Hti3, iV =+A '(see Se~~·:U. 1 Bh. arid.the'~o hypet~ 

··.:·.fine ~at~~.·~~~·approxi~tely ~quat.· Detaile:~·ealcUlatlons g:tve3~· . 
'. • • ~ c ·~ ~ 

7 • ~ • • :· ' ' ,, •. ;. •• • 

.. 
I • • ·~·, ' •' I •. • o ' 

. ~ . •.· . :;;·_ . ' ., :· ·'·' :. ' . ·, ~. ... _.,. . : .. ·, .. :, 

\ ' .... ·' 
.. , .. ' 

· .• ! ·, · •. ''I I ; ·~ 

. .~ , ... I ~- · .. ~-· ;.. . .-.' 
. ' {'• I, • 

·, . '_.. •" r:· ,' • ' 
·;.;, ·. ;.:···,,. :,,,: 
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As :; 7i3 see-.. 1 and At l: 1.6.9 e~c .. _11r1 hyd.~ogen and A
8 

=· tS06 ~ec•i ~nd 

At = i3tZ s~e~i for ~uon captu~e in' He3 •. ' This -s~in 4ependence makes· it'··-~ 
, ' ·' ' j • :· .f '. ', 0 • ,· • • ' I I 

1 
• .' 

bnportant to know the relative populatloncf oi singlet and triplet state's at · .. < 

'· 

timeofcaptui-~~·.:.:~;· ·- ·:)d_ ,_;:'':·."' • : .. ;··._;,;:· '. ·• · .·,·_';:-·.':_! . .' .. '•_.- ·, ,l:•::.) 
,... ~~ 

'. Win's.ton.and Talegdi3.8_ have 1~~e~~igat.ed ~ype-~£!~e transitions ~ ';"··: · .. 
t o , l I'< 

--~··" .... j,':;' I\ _•· .. ·, ~ ' ,J: / ! .. l ·(~.·.'/,:_.,-,·:=··~ ;. 1 J :~.·-. l' ... ·* :-- .·.'I._;;.:' ··> 

·· .. > muonic atoms both theoretically and experimentally. : 'I'hey fln.d that ln the-
' . . ' . 

' ~~· !, _·: , , • • , ' '_ ·' , 1 ' , t 't . ..::·. " : ,' !, : ' , , • '. ,
1
f· , ~ i ! ,/ ~: ' , ' •,' i j J ~ 

.\~ ·lighter elements_ transitions talte place by l~~rnal conversion (electron 

.,., ~J~dti~n) ~t ri'i~~ comp~rabl~ i~: ~~ ~~~~·~ iueti~~::.:.,:;H~~~v~r~· ln He3 the ' ' 
j :'· I ' ~ .;l·: <.' ' . ,. ; ' . :·' : ' . I,.: 

· 1 :<- hyper.fine splitting i~:::s i.4 eV, "and this. is not enough energy to eject the · ".;< .,, 

. ·. . . ·. . . , ... . ·r~:·~,, : ·. . . . : .. ~ =. 

single K elect~on· that m.ay eur:r~und the ;,a..;.He atomic system. ·Thus. it ··,. :·' ' 

·,_,·.. internal conversion is the major cause o£ J:iype.~iine transitions,' ·there' . 

. .. -. should be- no 'transitions betw~~n the hy~erfi~e: lev~la .in He3. du:dng the -· 

muon's iifetime'and the hyper£ine states .sh~uld have just their orlgbial' ': .. >:.: 
. ';',' 

.. I,.',, ' .. · ' ~:' : .'·' 

statistical population. It should be emphasized that this is not the case in.·~·-
: . ' ' . ~: .~ . . : ' ·' ·~ 

hydroge~. for which exchange· cpllleions prJ;ide .the mechanism for:hyper;. .. ":'~ 
. ',. · .. •.· . '. ' .. ·' . ,·: ' . :\.: ~~\.··,,~·: ·:·' . ·, '•(' ,· ~~:- ' '.:: ·: .·.·.··::~·.· . 

fine transitions (see Appendix). . ' ·. · _, •. :·::,' · ~ .. 
' ' l,.i·' 

'. ·. D.:, He3 - a'··~a2~~~e hte ~· Me~od 1 
.··· 

I·" 
' •, ~ ': • ,'. I ' ' 

_,. .:.~~ .. ~·~·5.::.~ .... +.!:. 
· ~ • 1 i ; : , .... , . . .. : 'r , ., :,· 

i-

' -.' 

·.·, 

·::·. , '-";. ~ Thi~'- meth~d of calculating Ac~. th~ capture rate ot reaction· (3)'/·<t\ · 
wa~ :re~ently prop~s.ed -~Y FujU and_ Yamaguchi t4 anct 1ndepeDctently by .-: ";: :.: . · :: 

'·. ··. . 28 : . . . ' ''· ' .:. ',, . . . .. : ' ' ·. ·~ .i .. '·._ 
Drechsler and Stech •. ·In this calculation the. free trion ie'aeeumed to ·. ·'· 

eatisfy: ~e Di~a~ equation and the' DUe leo~ ·.~-t~o~a o£ Eq~' ( tZ) are repla~ed.\~.;i:.;?': 
,• •' 

'i ·, ·:t : 

by trion splnors. -All the nuclear~structure:.effects are absorbed lnto ·th~ -::,·; .. -·,:··' 
.· ·. . . . '·x ,..'.····:. 

coupling coefficients' analogously to the way ~ucleon struct~re ls abs~rbed ' : : 
;,.J 

· ·into the •electromagnetic form: factors ln-ele~tron~nucleon ~catter~ng. Thus· 
,_. 

·' 'r. 

. ".," . . ~·~., . 
.. • ; 

. . . < . :. ' . ' ' . . . : ! .~ .•• · ~. ' • ~ :• ·-· .: ; • '·· . 

. the ·calculation is completely relativistic and is as. accurate as the single•.?:::·::~~> . ' ' · 
' ' ,• •• I ' ' ' ' ' ' .. ' : ~·.·: •• \~.t~' ~ .'\''•~ .· 

.·-.proton calculation. The difficulties that remain are (a):tO !lx the COUpling :· .. '·/·'._ ... '' .. 
. . " .. ~': 

·~coefficients for the trion and (b) to interpret the trio~a results in terms of. ':•. ,_i.;' 
·~ . 

.. . . single-proton capture. 
·,. ... l.'t.·.··~:.}'·:,; . 
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·. The cap~ure ~ate can be ob~in~d c.Ur~ctly f~om the c;alculat1on of. : :'. . .. . ·. .· ' .. ··. .· ' :'. . :-. 
' . . ~ • ' '1 ' . . . 1 

Ada~s fo~ proton 'captw>e. 37 . On~ 'has me.rely to interpret hle results fo~. 
. . - . ' . . 

v = 0.80 

,. A= t.oo ··-;''· 
· .. P = Z08.7 · 

···.' 
"'_ :· .. 

,· .· ::, 

. are used to calculat~.:·th~ :capture ~ate~. one:~~·~bvd~e:':a8 = i.806 s~~-i 
·and At.= tltZ. sec·io· wh.ich eombbie to give ~C ·~ i/4 A~+. 3/~ ·~ = .1435 

for a stta.tlatictal population. If each ~O\lpling c:oelftc1ent. is ~aried one ·~t a' .... 

time !rom the values g!ven in Eq. (Z2)0 the effect on the capture rate .is· ahew.n 
• • • • ' J • ~- ' '. 

· in Fig •.. t. · .. Note. that Ac b not especially sensitive to V but 1$ over three···:;~: · ·. 

tb:nee mere seneitivG to A. Also note that/:h •. ie especially sensltlve to 
.· . ~. 

,. . changes m P •. It would be interesting tc> induce t.ransltions b~tw.een_th~· hyper 

ii1:1e leveb in He3, fer,. U a measurement .of. the He3 .. H3 capt\lre .rate from 
, . .,.· : 

' ~-t ····~· •. ' ',_ •.. ., ·' 

the hyperfine singlet state we:re possible. P could be determined rather 

accurately a ··;· . . :: 
,1' 

.. '· ' . ·~ •'~ •. ;·J .' -.~: :~-~- .' •. ' 
·"·. ,, . . .... ,. . 

·.Eo ~~3 -+ H3 ca2tu~a Rate ~_.Metho~ ~ :;~ ·.·, ::.;: · 

Thl.s ~ect!on cutUneo the metb~d ~~ calculating·~~· ~3· .. ·al 
cap~re rate given by FuJH and ~rimakofl. t~ · .The ·e~~ential teat~re · ~~,: 

. . . '·.. . ' :· - . . 

... 

·,. -.; 

method la that the ratio of the 11\Uclear•m&t!'lX element for mQCID Capture 
'. ' . . . .. 

. ~. -, 

and flor tr!~um;,.beta decay is uae4 to elimln4lte some c£ the uncerb.inty due. 
. . to nuclear structure. The calculation h nonrelatlvlattc. treats the trion · 

. . . . . . 

a.s an sggrt!gate of three nucleonso and does not.~nclude tb~ SandT 

- ,: of the Hamiltonlan .[Eq~" (tZ)] ••. ··. < .· ' . " .; ''. 
~ •.. ~·. f' ~ 

. ~ .._. .. ; . . ~ .. ·" 
... '. :' ' ! ·~·· ·;:: , . 

. ~·. 

. ...... . . . .~ ..... 

· .. ;.;.. 

. . · Th~ first step la to calculate the capture r~te Ac. ~n terms of the 

· ·nuclea~-m.atrllC element expressed aa a sum ~vel' .the three n~leono in He3. 
. ' .. :. ·.·· ·. · .. 

; .. :. ·., 
. ' \._. .. ... t . 
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The seeQnd step is to calculate the tdton-beta•decay-transttlon·rate, in 

· whlc:h the roles of the He3 .and H3 ~uclei are interchangccl. The third step 

' \' 

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

is to fonn the ratio of the two tranaitlon .rates. For this ratio one obtains . ' ~' . ' ,.:·. ; 

1 i . 3 . · 
Ac z \. Pv ~~ (Zam .. l -1rp i . .-x;- - v .. mf.L + ~c J ·. !m 5 
~ . I e 

(23.) 
.'' 

.• •. ~: • :: .:~ "t 

~ .~· ' . . . ' 
where R. is the ratio of the. nuclear-matrix elements• 'The problem. now ia to'.,.< · 

evaluate R. Fuj 11 and Primakolf obtain the following formula 

.. R: ~ (t + .x)-5 [ i .. ~z~~ (!:.)1(~ ( t .. Sx/18 }]l'v2
:+ 3 r! J; · 

.. ·~ •.. .·· . P" 4 .. \ i-x/6 . ' l~cv; + 3 A:) · .. ·(24) 
... 

where Oy/0 e V(t + P,/2mp)• 

2 z I 2 · .. ·. 
.r. A .. ra 0 A + f. 3(GP, ~ ZOpO A)'. . ··.: (25) 

Q A/G a A - V[t + i.. 79 • (• 1.9:)] · Pv/Zmp•. , . 

. Gp/G a(:: P • A • V[H i.79 • (• t.9i)))~~;~, 
' • .. 

•· 

X= pe ~2>: . .,,; .. ·~,;·.;.;··;..· .. 
. (r2) c Jrz. ·p(r) .d3r · . 

... 
•', 

is the mean-square radius# and p(r)le aom~ density dlet:rlbutlon of protons · 
3 ' ·. " . 

in the He. nucleus. The ratio R is close to unity anci relatively independent , : · 

of the nuclear mode!,, but the interpretation of (r2) (or alternatively .of p} 
. " . ', ' . 3t .. · 

is ambiguous. In elec:tron•sca.tterlng expel'im.en~s, Collard et al. .. · 

obtained 1.97 F for the charge radius of .H~3 and~ t.69 F f~r the magnetic· c. ' · 
. ' . ~ : .. ' ' .... 

Th!s ambiguity !n the nuclear radlus is related to the .. 
,., .. 

uncertainty of A(q2) for the trion. 

mom$nt radius. . ~ ~.. . :· . . ·· .... 

·,_.J. ,. .• :' 
·' :· ... ·_, :. . ,·. 

. ,••'· I' 
' .~ ..... . ' ~ ~ ' .. 

. .. · 
.... ~ 

·~ i~ ~ 
' ;_,.·' 

·.c .. 

~ · .. 
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'. -~< . .:·; ,·-,.-' ·.'·:_~-. . ·. 
' ' 4 -

· · :,: ~ · ,··~ac =.s~o~xt~6 1n<~'>a/!t •. · ~sta o~~L( I 

•.. !'. . ' • 

·.,,:• ,,· •· • , , , , "• ''•, I ', ,·';,3 ,~ .. ·.,:: .··:,, >'' ............. , ,·;·.">·.·,"·,''~.· 

· · Several authors have calculated the He. - H capture ·rate, but _they ua.&Avoll' 

,. 

., ~ .. 
. ,•I. 

:_:'·: 

·, 

·.·in the choice of a ~~ve func:tloo us$d to evaluate R,.ln the ·cholc~ of the\· . . . . . . . . . . ' ·. ··., . 
. '* . · .. .' 

· coupUng c:oef!icien.taf ex- in the value of the nuclear r~c.UtuJ •. Figure Z. ·.•···· 

. . ···.,y 

' .. · { 
' 

shows the depende~ce ·of A c. on. the. n~lea.r ttadius and on the various .·. ·. 

coupUna coefficients •.. · · i · · 

_. '-·: 

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

. . . . ~ ' 

' ' ··,. ~ ~ 

·· .. ·· 

· · .. m. · DESCRIPTION OF THE. EXPERIMENT ' . ' 

'• · .. 
"·'. 

:_The ~in purpoec:a ot tha experiment ls to measure Ac •· ~T T/~·,; 

To ahow how this is cioneo v.te flret outline the experimental metho<l used ~-.\' 
. . . . : . 

. triton recolbo .T. '. 
,• ', ' . ·, 

"''": ' 

·.· ... 
A. Gene.ral Technique ·H./ ·;.' ;~ · · ·; 

: f '•.::'.-, "o -~I ' .>~",;. ,/ 

... Figure 3 1a a ·J>ough schemau~· diagram of the syste~~ · . A beam · 
. • : '.•::r 

.. of nesa.Uvely charged particles, extracted from the. cyclotl"on,. ~as ~omentWn .... 
·-.··,;· . ? ..... 

·>:c.·:·.. . ·analyzed and focuaed on the helium. target •. The muon component of the beam 

. :, ... · .. · (~:··was identified by a time-of .. fl!ght eolncidence (B&&) anct.by range. ,;The hell~·:: 
., • • • c • • • : ~ • 

·gaa served three purposes: (a.) a.a a target for the muon-capture proceSJSe . · 
' ' 

. ' 
: ·:. :~: ' ~ .. 

'-·.· 

" . • • I "' ' ' ,~ ; '~ ; ~ .. <:" .,• ':' • "-. ' 
• ..-· ·'(4- • 

! .. 

·-' 
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' ' 

(b) as a r.u:intillat!on detector for muons that came to rest in the ·aas, and· 

(c) a a an enoz-gy spectrometer (or ~easurina the.· energy of clelayed eve~s. ' . ·. . ·· .. · 

, A eup-ebapsd plamttc sclntl!la.tlon counter (5) enclosed the gaso leaving only 

the beam-entrance direction free, and signaled muons that paesed through .. 

the gas without otopping. Thus a stopped muon ·(SI') w~e ldeio.tifled 

olect:ron!caUy by .a prom.pt coincidence of Bt£ and the He co\mter (4) with 
.... 

an anticoincidence signal (veto) from the. cup counter (5), l. e.,. SlJ.· = BI'He 5. 

Delayed pulses fa-om the He counter,- occurring ln the Interval 0.2 to 6.4 &J.&ec 
. . . . ~ 

a.fte~ sv.. triggered the coincidence circuit TR and were then sorted on the 

basis o£ pulae height and timing. Counter a 3 and 5, which surround the gas,· 

were used to detect iJ. - c decays, and any TR event that was aoaoclated with 

a pulse in counter 3 or 5 was vetoed. True triton recolb have a l"ange of 

only i. 7 nun (at Z8. 9 atm.) in the gns and were not vetoed. Thus. a TR event · 

lo of the type TR-= SJJ. (delayed He 3 S). Such events opened a gate and 

allowed the He puloe he!ght to be measured on a pulse ·height analyzer (PHA). · · 
.. 

The resulting entirgy,epectrum and the number of counts Sllo form the baelc 

data. 

Since ~ determination of the capture rate depends on how well 

wo can distin,guiah the t.9-MeV triton recoils frC)m backg:round evento; an 

lm.ponant part of the expel'iment was to make the helium acintUlation .. :, 

proc0ss as efficient as possible. The results of our gas scintillation teats. 

are described elsewhere. 39 A description of the layout of the target ls - ' ' . . 

'·. ' · .. ~ . 

.. · .,, . 

·' 
.-! '. 

given in ret'erencea 6, 7 • and 39~ and a s~. not repeated here. ·:. , .. ,•' 

/'. 
·.··. , .. 

·B. Muon Beam _-._....-.,.;,;,..;;;; >·. : ··',. . '~ 
·· •. ··:. ··:· ', .. 

. .. .:· 

.•.:; ., 
. ' 

·. Mesone were produced by inserting a 2·ln. -thick beryllium 
' .. 

·~ ..... :, ·~ -~ ' 

target into the 720-MeV internal proton beam of the La:wrenc:e Radiation·· .. · ' •! .• 
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U:CRL·i H>O~(R.ev) + .. • 
.., ... 

·~ ·' . 
' ' 

.'·' ' 
·.·,·· .. 

·, •'·, ,· . 
. '". r'- ·.· .... 

. . . ... . 

·,,( • . Lab~ratoiry0 e i84·hr.ch syn.e:hrocyclotron. The particles we~e deflected 

' ~ ... 

out :of the ~cydotr'ori.by_' its:magnet.,i~-1 fi~ldi. into a quadrupole mag~t. ~ This'' 
. . . . ' . .. . ., . ' ' 

degraded by ~Oo6 i~o ot poll~tbylene. A bending magnet Ulen selected a 

momGntum of i09 MeV/c 00 tA~t thG muonli wotild have the co:r!'ect :range 

·.· to travenrse f£he ~tertaiAlrA ·_front ~the bq:U.um g~o~ 4° Fl~lly a ~~co~d :·, 
. . ' . ' . 

·. ,. · electronics amalyzed tho beam into pions, mUQns~ and electrons •. ··The 

. '-~- ... · f&at colncidetace ch"cult4i. B·~ prod~ceo an output pulse when~~er ~- . 

' ' [ 

;~ : '. 

' . 

' Btt ·a! r;e•·. ~o~tered independently of Wh11!ther or not 'a coincidence is £.11~~0/iA.V 

TheBe!!. mmll!tor signals are l,lacd to start and<stop a fast ~!'ansistorized ·· 

tlme•to ... pulae-helsht convert~r4Z whose olUp~t goes .to a PHA. 43 Th1o· .·· 
. . . . . . 

time sorter allo\v$ ua to measure accurately the aumbe~ of pions. 

and electrons in the beam~ 44. · ', ,• 

.. ,.. 

Two critaJti~ W.:sll"¢ ~eel in cxpedm.entally opUm1z1q the beam: 

·· .. (a) mu.otl im:enaity" and (b) thG l'a.Uo of 1-1 to (11'Hce). Ondcar th~ beet con•' 

. ditions we obtained 650 m~ns/ sec (:::: 57·'1" of the bGam partie~~ w~~e m\&Oil~ 

lncident on the target. A mom.ontum. diapersloa of Ap/p ~ 4.4o/'o resulteclln 

~ 50 muox1.s/ aec stopping in the he!ium gas (at 28.9 atm) a~d to ·an ev.,nts .,; 
. . - ' . . . . 

rate of :::$ iO triton recoUG per minute •. · The beam duty factor wao typleatly; . ' 

0.55. Positive muons were obtained by the reve:raal of all·the magnetic 
. :·J .. ·- . ' l ,. ·' . ·' . .·' . 

. ' .. field$ and the use of the particles emitted in the backward d.h:ect!on irom 
·,. . ' ~ . ; ~ .. 
· · ... "··· the cyclotron target •. Typ!catll>+ mte1!1$itles were~· one q,uarte~-oi the. · .. ' 

.. 
..,• ... ··.' ·: ... ., . 

··' . ,' 

' .~ .. 
'r' 

. _, ........ . 
:. ·.:. 

.·-·· .. -~ .~· , .. t .:. ' 
·': .. ' 

... ',- ·.. ~ .. , .. 
,. ~ ,:..,_; 

~ .. '·. . 
,. '· ' .... 

.," ..... 
'1.. . , • 

. •'. ~ . ; ' ; . 
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ldentlfica.Uon of m:u.on.G stopping l:t1 ~e helium aaa proceecla as ·;· 

.··follows, · The pult.'h~ !rom the B~ coincidence 1's -.mpU.!iedo scaled, and 
.. ' '·.~. 

fod into the coincidence d:l."cuit s..-.·. 45 The dynode pul$e fJ~om the He co~er 
(4) il!l splitg amplified." de~yedo and fed !rom a dlaerlm!nator into Sfl. Thus· 

. ' 

a He--BiJ. cobt.ddence ®i'UlUl"tHi that a' muon reached the helium saa. To ensure 

that the muon did not go beyond the helium gQ;a• the eup counter's anode . 

signal (S) is used as a v0to ins~; Another anticoincidence turni the circuit 

Sf.'. c!i for ZZ J.\tliCC aftce:r eve::y be~am muon enteve the system.. Thh lnb.lblt .. · 

keep·e the ~<est o! th~ el2ctronice lrom belng "conmsedu Wben.there ts a 
' ~ ' 

·'t•' 

'; ~· . 

..· > 

. To prevent the posa!billty that a good event might not be. analyzed . ·.,· · · ;' 

· bGeau11:e the analyze~ ls already busy, the PHA.also inhibits Sp.. ~urlng th• · .. 

time 1t is analyzing a pulse. To first· Ol'der these two ·lnhiblta do not afieet .. ' 

the T/Sf.'. ratio since· they inhJ.bit equally muons that azoe solhg to be·capt\Jreel 

. or those that will decay. ._ ~ ' 

' ·"" 
·. : j .. :. 

··, ~ 

\,'. 

Some good stopped muons 4e.c:ay almost immediately; their decay_·:: · :·· · :· · .. ;.· 
' . . . . ' ; ·- ' . ' . ' ; ~.:...- .~:··., 

electron then has a good chance of .ca.ut~!ng ~ pulse in 5 to veto the coindd$nc~ '. . ·· ·· .·:, 
''' 

S~&. · This would tend.· to increase the ·T/Sfl. ratio ednc~ thla effect prefer-· . ·.· .. 
. ·. \.... 

· · enti&Uy vetoes those m1.;on.a tb.at decay into electJ:ons •. From a measurement ·: .. · , .. 
·;· ' ·t··· :: 

calculate that 0.55 o;~: o. 11% of ali stopped muons are vetoed. by thell' ow11 decay . 

electrons. 

~· ' 

.. ~ ..... . 

;I ;, 
j. ~-~ 

. '~. !' ' ... ·. ' 

The output of the circuit Siio is scaled twice, once directly out of , .. · 

Si' and once after a d.iscdminator set to flre on all S&J. pulses. Another output · ': .~· ...... . 

ot ~ sta:rts a. titne-to•pulse-helght converter that ia etoppecleithel' by a 
. :·•; 

>.;, 

tt .. e event or by a TR e~l$nt. In addition. the circuit 51' generate a a 6.Z.-&Aoeec. ; : . ~. · 

·,, ·. 11., ' 
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. . ·· _;; ·.·. ·, .... 
' I • • 

·., ,.· :_·.:. ··,;.-
.. ·.~ 
;r·t 

· I<now!0dge o£ ~e ·spatial dbtJ>lbutton of muons stopping in 
....... :. 

· ·_. tat>ttet is needec\ tor one to properly Claleu!ate -the followiDg o:i~~u~~-••~~o.a." 

ae The fraction ol the nuwn beam stepped m the tara;$t, 

:· · .. ' b... _The traction of the muon be$m $topped hl the. <lead la~r cf the c~p 
. - ·~ ... ·.. .··. . . . . 

/ ·.: · ct:cw:Ateg> (Ge~ SGC. IV. A), . ·: . __ . 
~ . . :".: :·: :-.' 

·. · · e. The £g>a.ction of muons otoppln.g in"'~e gas _but clcce enought to 

. . _:·: ~: : .... :: .. wall so that the triton recoil collide~· with the: ~all'" (see S~c.IV. I)~' -~;·· ·_·.> 

-· 

. ~ .,.· 
·--;,· __ 

·, 

.,. 

_ .... 
.• • . •• •1'-., 

.· .. · '· 

reacti9nt~, Eqs. (4) and (5) (aee Sec. IV. F),; - ;, .. :: .: · 
... ·· ... 

. . • .·:·.:- ':.<:t_:·!_;;_;z-"" . , . ,. 

The etopp!ng•muon d!strlbution is mainly determined by the. 
. . . . ' .• 

. . 

multiple scattering e.G the muon a!ows down in the material before the.gu. 
. . 

· Tiu:t' distribution vt~as both calculated and experimentally meaanuecL In ·. 
>-! 

· ... calculating the multiple Q!Ca.tter~ng we i'ollowed.th(J method glv«tnby ~- ,~· · .. : .· .. ·~:. . ,,,. '.;&,·:~:-: 

Ste~nheimer, 46 -aBel obtainod the density dletrlbutiona shown by the da~had \:.:_~··::/:~> '._:':_::--1~_;/:j 
• • • • . • • • > • • . . • •• ; • ' .~ ; {t;' f5;:;;::,: ''):f;. : .:• -~ 

linea in Fig .. 4. Bec&l-uoe of the Gprsad.ing o! the beam, about 50% more·· :/:t.\.::f;;:· >:•}:·::-;j:;,,:~<l 
. . •,; ;.' ·. :_ .·• . _.'-~-- ·. : . . .: .·· .. ·,_ ·::~·:·_:_ .. ·.~-_~:·1~(._~;.~'.:·_-~·~fi:~.::.:,t·.::~.· ·'··~:-;(-~ 

moontJ stop in the fro:U o! the sa~ th~ in the ba.ck. · In ol."der· to verify th~ :'::~:~;~:::{~i:~"!~;:i·~:i··h,-~z"~;l; 
• --·~ .~ ',•.l ·,.,t~·,:;., _ _.~;-'~:..··.<, .. j··.·-~·~:-:",J'\~'1 

mult!p!e.oscattering calculation, three Dfo~4 K•S Aucleal" emulelons .· ·: ·:;t\i;l;.£:::;ff:-~!:~,t·:~···;l{t!'iit~ 
. . . . . ' . . . . ' . . ' . ·:.'. · .. ·f·~-·:\~.\~-;~~f.~·.:t~~:':·~~f~~~:;:-~·:,=;i::~~:~~;-.\~':\j 

(-.f:>OO && thick) VJ&~e expor.;ed. lnaidt! the target.: Within the Umlted ocanntrig_ · :·~··:~~CJ'.~:;{l··:~~:-~:-.j 
. . ·. . . . . . . .. ' ~ . ··.) /.~~~~d~;\::~fft:.!~ ~~~:-.~~\:j~~/;?j 

statietics it appearQ(,\ that the beam v.ras cylindrically eym.metrlc ~nd ~t :.:J:H};·;i)~~~!~.;'~~~i;·.,_,:{j 

.• i 

. ' . ·'. ~ .. ·. ·:.·.:.,· ..• ,;.-:.~:-·'-'.':.':il'~~-.-,t.•~-··-:·.~~:-· 

.. ·: .·:. ,tho stopping<llstribut!on checked weU with thG multlple~ecattedug calcu•::_~;;::·;;?~I_f:.[y\U';~::,_~~~'.f:·_'j 
t'. 

. .;. 
·' · .... ·'t·: · .. ,:. 

;.· .. ' ..... 
''! ' 

",.· , . lation (sec _Fig. 4) •. 
'··. 

· .. ~ .. ··",·.· . ~ ~ .. · 
• ... · . . t j • ~. • • • ., • 

-. 

. ' '··. •' ' 

... ··. .' •·.· 

•.· ·.:~ 
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-; . :~. . 
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Most of the otopping :muons decay into electrQna. Some of therie.·· · 

electrons au-e detected by tho tJ. .. _e coincidence circuit a.a follows. A pulse 

!:tom S!l. elgn!fy!ng ~ stopped muono ii:reo a d!scrlminatozo that generates a· 

i0.6..p.sec pulse •. Tltia pulse makes a coi~eidence in the fl·~ circuit45 with· 

. .. 

a "ignal coming from. eithe~ counter 3 o:r cou.nte.r 5 •. Since all beam. particles 

triggo:r a pulse in counter 3 as the m~on"etops, the. iO.o•f.l.tec pulse from St.' 

is delayed 3~ nsec from a. coincidence with e~ch prompt pulses. Thus tJ.-e 

'·. 

·' 

' is sensitive from 35 -:};.7 nsec to iO. 6 ~J.sec after a. muon otops, and will 

detect only 9? .6 :t 0.4% .oi th~ electrons because of th~s time gate. The·. 
'\ . ' ' ~ 

geometric efficiency .for detecting a decay electron i~ counte~- ~ (computed 

by the Monte Carlo program) is 85.6 ::l: 0.5% of the SJJ. count~..'_ Ta~ing into 

a_ccount the finite -time gate a~d the amall.fractio~ of captured ~uons, one 
. . . . 

expects to observe 82.8 :t- 0.6o/o decay electrons in counter 5. ·Experimentally 
. . . 

82.. 5 ::t: o. 3% decay electrons were obsl'!rve~ if i. i o/o ra~dom event~ are sUb

tracted £rom the JJ.-e coincidences. The two numbe·rs compare well and 

give a useful chec_k of the Monte Carlo program and S efficiency~. 
·, 

,·. 

Because of its 'small solid angle and because many of the decay· .·, 

e.lect:rons stop in the front Lucite window, the cripper elbow, or the pressure-'· ··. 
. . . . . ' . . 

vessel flange, .counter 3 detects only 1.9::~:0.5% of the decay electrons. Con_-.·.~/. 

side ring that counter 3 has a rate of randoms as 'high as 3.1% of StJ., it does 
., 

not appear that counter 3 is very useful as an electron detector, which was 

its original purpose. As it turned out, tho main reason !or using counter 3 

was as a veto in the circuit TR. Here it vetoed about Z~o of the bea~ ·· 

particles that otherwise would appear as random background on the TR . 

. pulse -height apect:rum. 

·-;., 

.. ~·.. ' 

· .. 
•' i 
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,,'., The ~J. .. e circuit has three outputs·. ',The first goes to -a scaler. 
. -:~ } 

which countea ~-e events; the· second goes to the ~-e logic system: and ~e 
\ . " ' •, .· . 

' ·third stops a time sorter started by> an S~ coincidence •. Fr_om the time_ 

analysh we obtained a muon mean U!e of 2.t9::t:0.03 ~sec, which agrees 
' < 

well with the expected z. 1.89-tt..eec characteristic of negative-muon dec~y < 

< < - 3' ·- ',. ' '· 
·;._ in !-I® o .. . :;·: 
·, . ~ 

-) 

} . ~ 
' ; 

' V, 0 0:' 'o ' 

" . ~ . 

', · .... 
' 

-The rationale of tho QA•e logic system 'follows. 
. --~-· 

. ~an 11die'i only ~nee. -, Therefore-p- if a muon decays into' an electron · 
~ ~ . .'' .· . .. . 

' .' ' < can be no capture event and one sh~uld not look for such event~ on the 
l ·', ·:·· • ..... 

' • I ' • • 

•. 
-puleeaheight analyzer •. Ideally on:e could not get a Tl\ event and _a 11-e 

• < 
, event for the ·aar.ne S~. _ However. ra.~dom events not connected with an 
s.,_ do occur !n both TR and f.L•e •. rhe v.-e logic ayste~ is clemigned to . 

·'· .· .. , 

.... ;. 

. eHm.inate ~ 84% of the :rra.ndoms occu1rring in the pulse -height 

by requiring that no TR event can register on the PHA if a IJ.·e event 

occurs. in the first i0.6 QJ.sec after a stopped' muon. -

ThU logic· system was used only on one short t .. · rial · r~ fo~ .:two.· 
< < 

reasons: (a) randoms in the pulse-heigl_lt spectrum wer~ smaller than 

expected and could be measured in ,any event (see Sec.~ IV. D) arui (b); • 
' . . ' . ' .. . ·~. 

random events in 11-e itself led to the cancellation of good triton-recoU 
' . ~.. . ·' ' 

' . . ., . 

events._ From the measured random events .in f:L-e, analysis showed 
·~· ., . 

. . . ··.that we must correct the observed number (}f T.R events by the 

. ' . . . .. , ' 

. ., ~ . ' 

t.04 :~: 0.01. if the 11-e. logic sye-tem were us~d." 
.. . . .. . .. · .. ·. 

" ~·' . . 
' ' 

< ' 

·' •, 

. '. ···:y_, 

.Muon .. capture events are detected .~~ the trlton~recol~ 
... ,. 

'". l· 

a.s follows. ; The 6.Z~tJ.sec pulse from s.,. t'orm• a delayed coincid~nc~

-the c!rc~it45 TR with pulses coming from the dynode of the He ~ounte~. 

r.·, 

'.: 

'' 

' , .. 

'~-. 
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(The He anode signal is analyzed. according to pulse height if th~re is a 

TR coincidence output.) The 6.z .. v.eec pulse ie delayed from a prompt··. · ' 
. . 

.· coincidence to pr<:lvcmt the stopped·muon puise in the helium counter from . 

fegistering in TR. Any 3 or 5 pulse oc~urring within.::::::·zo.nse¢· of·a.H;e··.!:mlse 

vetoes the TR event. This anticoincidence prevents many of the decay 

electrons and all second beam particles from registering on the PHA; · 
. . 

.some capture events in which the charged particle has. enough energy to 

leave the gas a~e also vetoed .... Triton. recoils· have a small range and are 

. not vetoed .. Random 3 or 5 pubes veto ~ 0.025% of the true Ta events. 

There are three outputs .of the circuit TR. The first goes to· 

a scaler •. The second output !e a· 160-nsec pulse that gates the He anode 

pulse going to the Pii.A. The third output stops a time sorter started by · 

s.,.; thus we· can measure the cha.racterhtlc time distribution of .TR events • 

. Of the normal TR events, almost 80% were .actually low-energy pulses 

due to de~ay electrons that missed being vetoed. Usually ..i,e measured. 

the time distribution o! all TR events simultaneously with the pulse

height analysis; however, in one run. in order to measure the time dis-
,· 

tribut!on of nuclear .. capture events only. we set the TR discriminator to . · 

bias out events witb.energy·below 1.2 MeV.·. In this run we obtained a 

muon mean life of 2·.23 :t 0.08 t-L~ec, thus· verUying that the effe~t we 

measure is related to a muon otopping in helium. 

It h important to know ·between what time, ti to t 2, after a.'.· 

etopped muon that a He pulse will register 'in TR. ··Since triton recoils· 

follow an exponential law with mean life 'T = z. i89 fl&ec (the inverse of 
. ' . 3 . . . . 

the muon-disappearance rate in He ), one must correct the observed 

events for those that come before tt or after t 2• We measured the time · 

t{ by "doing" a delay curve between the prompt stopp.ing muon He pulse 

, ... 

',•' .. 



• "'.< ~ .. oi'J :.·-
.. · -

. '•. ~--' . ' 

. . ' .. 
'·.' .· ·-.· 

t". .... ..:. -· ... 

. •·.. . .•. • .. ·.. ,zo- ·' .·. ·• · ·. . . ... · ·.. . . '·l;· '•il:j.(:i/&~~~ 
and the. St-L coincidence p\1,be. ·. ~n addi~ional delay length of<ZOZ·t.t: 3 ~s~c;·~.~·.;;:;),~(,·_··::<· -~~:.·f:;p{;;:;;J 

•. • , , - - . r . . , • ·~ : .·. . •· : ' , . . : ' '.·. • •• ~:.: •. ·--.-.~~ ' ..•. '<;~ ~7i: ·.:."·_.;:.·· ~:-l~\· ... .":.J 

was then added to d~lay tho 851- pulse from the point where TR counts at :·<.·: · .. ·\, .. ;,: ~< .. : .. ::!:(~ :j 
, , . :· , ' ~>; ,"'"r~\~~:~~ .. ;,1"t.f~/~~:,:l-r~~1}i~~\;!.~t/~~ 

hal.£ effielency~_ The time t 2 • ti .equals the StA- pulse iengt~ and.was· .. .;:.::'~:·.::_·<::,_,::,!<:.:·:(::~.~.--~~~~~:~li 
' • - I • ' ·, ~ ':' ;~~ \~ '\-";~' .~ .... ~r"~~~·,~~:.-.,:,<.:~'~,}j~\~ 

measured on a calibrated oscUloscope._to be 6.2 ~ 0.1 ttsec •.. The fraction .~.:'t':·~::.:·~·:\/·.; .. ~.~~>~:.;J 

. ····.· ·• ··• of muons disappea;:: :~~::~/:: :~:x:Z~~~/7)• U58 ~·0: ~~3, .·.·• ' ' (~8;ii!lliti~ 
and the total number ()f events occurring over aU times is the observed -~~{;:\'i ·:-i; 1};~~:·is>'· ·· 

.:::,·. events dlvid~Hiby this _iract!on.;~ .· ' < .- ;:~ • 
. ,_. ~~ . ,. ··• ~-.w~.;~t:.:~~-;~:;:~~:-:.:~ 

:. ' \, .... . ' ' . ' .. -, ' ~ ' ;: ..... 
·. '·" 

• "" ~. 0 0 ', ; 0 • : 0 ," 0 , ... • • t' r ' 0 

.: .. . 
. · . '·.Delayed pulse·S from the He counter's anode are sorted ac..:~:f,:;·'.t.·.~;~L·.:·,~;:r .. ·:.)ti::.;:,;l 

. • , ... • : • ·•. . . · · ' • , '·. ' •. .: . • • ' .. - ~ • • ·.-·. :. · . ' ~ , ·. · .. ,.· .... 1 , ·:· ~ ~·-:-:~?;~~···.,'~~~~~~\~::·,:,~.--~.~lf 1·;::~_~;;.:: .. ~~~<~-.\·,_·.:·.,: 
cording to energy (pulse height) in order. to pick out pulses arising· from>'·' .::;;\ ::~''.::-_;;('· .... :i. 

. . . . . ' . . . . . .· ' ·. . . .· ' ' . : ·· .. -. . .... ::;:'i·~;f;~: :.: . .;:·<:\:.~:·:·.i 
·.the 1.9-Me:.V triton recoil •. · _To prevent saturation o! the pulses in the last ·.:•~::? ::·.>';':~·'-':::'<_··:: 

• ' • ,'' • ' • .".. I. ,' I . • • ·: ', • .. , .. ·. . :: .. ·;~\·f·:·.··~\;-~;~~:.t~'>'-';:·.:~ 

. , . wtagee of the photomultiplier tube, the voltage_·of the H~.counter was kept.-~,~~fD::;~~:·;~(\:~~;:.·::~ 
.. ·· ~-·.. . .. , . . . -~ ~·. . . - . . · ... -. " .· .. . . ~.-<::::~~·~·:~·~;-~~L·.:-;.';_.~:{~~~~~~:;·.~~-:·:~-~ 

·-•~· · relad.vely low~ .. An amplifier compensated fo:r th•s low voltage in ~rder t,o ,>·:/·',,),~;.::iD~·;>;~~>:·~: 

· ... 
. \.··:··: 

. make the pulse through the gating clr.cuit an optimum volt or so. . . 
. . . 

·· .. anode signal :was delayed so that it fell within th~ gating pulse provided ·.· 

by the TR ch·c~t, which in t.urn was generatedby He' a dynode signal. 
47 . . . . ' 

The integrating am~lifier that .followed the gating ch:cuit integrated 
·' 

the area of the pulses, and produced an ·output-pulse height proportional ~;.H:!\:?\:· · '''.t:\i :.!'<;,;.,'\~ 
- . . · . · . . · · - -.: . · · : · - . . .· .. :-~; · .~.-/,/~-~t~~{: -~ ---:~c- ~~.;~~:~~t;~;~.-:~ 

to the total amount of light generated in the helium gas •. Finally the puleEut · :t'": •. :!;.;:.:.·'>>t;~;::·l . . •. · . -. . . . .. . . . - . . . . 4l '''"'' . . .. . :. ·' ·;_;;:_;.;;.~~:\ (_~;:~i}~~:~ 

'. were analyzed 'according to pulse ·height in.the PHA. ;· ; . The resulting'' .. ;.-.~:·;:Cj.::~?~?t;:;:':f.:·:;;i~;~ . .J 

. . .• pulse-height spectra, &long with the S~ .•caler coui.ta, y•. th~ ba~lc.~ia-:iljj{~~;~~~~~~;J) 
- · of the experiment. . . . . · · _ . ··.. . ···: · .... : ..... ,;",)><;~·::":;"+'· ·<·~, ... .':;.·.,;: ..• :· 

' • ' • ·~ • A ~ ' • ' ~ I • : ~~: ' _; ' ~~ • ,; ./. ' ,. ' t ~ ~:/~~· ~~\~~·: •• :·L~rt~~~~~~.:'-:~~ ~\~~.~:,\·~ 
i ·Frequent energy calibrations of the PHA were macle w!tb an .. ,.._·/·,~:~_\\~"}·i~:'}v:;~ 

·: ... ·i. > ,", 2.4i .. ·. . . . ·<: ,. ' .'" ', ' , .,. :: :, ;"' .. i.;:: ··<' ,:/; 1:" 
· ··, :. , , Am ·. G source .. The pulse-height-analysis system was linear up to PHA '<·.' .·n>:·.~:·r::;<l"·i 

• ~· • " ~·· • ..-; __ ~: c ~:-:-·~·~~ ... ·.·,_., : .... t..~'·' ... -~;; 

'· channel 1 tO, where the integrating amplifier &a~~rates (see Fig;·f.S of ~~~t{)·i 

.. 

. ···: 

.-·.: ~ .. ·...... . - ' ... ..:; 
... ~-· . . ...... ' ~ ' . 
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re!erence 39). Because of the .electronic oatur.ation, large pulses. ~hicll 
. . . 

normally would be off-scale on the ~HA were instead otor$d in the PHA . · 

betwe~n chann0ls iZO and i34. Thus no matter how large the He puloe, it 

still registered on the PHA. Theec saturated pulses v1ere used in obtaining 

the capture rates £or the breakup reactions. 

· Figure 5 (a) th~ough (h) shows the raw pulse-height spectra !or 

each set of data.. Pulse-h~ight Gpectra with He3 in the target were taken 1~ · 

five main runG. during which the experimental conditions were varied to 

check for eystem.atic errore. 48 Run A wao made at the beginning of data 

gathering and Run B. about· 2 weeks later; otherwise these two runs wore 

made under identical conditione at 28.9 a.tm ~f He3• The only change m~de 
. . 

during the LP (low-pressure) run wa.s the lower gao pressure at t5.4 atm. 

During the logic run the ~-c logic system (see Sec .. III. E) was used~ In 

addition. run B3 waD made without 5 in the T.R ~oincidence and with a 2: i 

attenuator be£o:re the linear amplifier. This made it possible to se~.t mor,e 

o£ the breakup reactions [Eqs. (4) and (5),] since the breakup proton a.nd 

deuteron have relatively high energic~ and many normally veto themselves 

in counter 5. 

Two main runs were mad~ with He4 1~ the target. The first, B4, 
- . 

wae identical to B3 except for the gao used, and was an eflort to observe· 
. . ' . 

capture events in He 4 [Eq. (8)]. Since the objective of tho second He4 run 

(C) was to study the electron and breakup backgrounds, it was made under 

conditions similar to Runs A and B. In addition, a r~ with positive muons 
. . 

waa made in order to check the shape of the electron background. 

triton-recoil peak .. We want to know tho number of counts ln thitl peak ln . . . . 

ordor to calculate the He3 - H3 capture rate. Three major backgrounds.:-, 



~ 1 • 

. . 

~2z ... · 
.; ,··. 
l 

l·. 
''{ 

complicate the computation of the. capture rate •. The sharply. rising back~. 
',... ··. " 

ground at low Gnergios is £rom t-1 t~ e decays in which·th~ electrons ~iss:. 
~ . ' ~ . .· ' . ~ . .· . i • ' 

.. ·'·"' . 
. ·· th0 veto cou.nt®ra (s~e Sec. ·IV. E)~ \:·Random background (the dots bi Fig.: 

' '•. 

wao ~eaaured to an accuracy ol ~ iS·% and hdlsc\lSfHi.!d in Sec. IV~ D •. The_. 

remaining background h due mainly to muo~ .capture resulting in many-body 

linal states [E~e. · _(4) and (5)). Th!s breakup background contributes the 

largest uncertainty in the determination of the number of triton .. recoil counts; 
- ·. } ·, .· . ,.. . . . 

however, a. measure of it dete~lnes the total capture rate in He3.. The,: 

·.~runs with~- stopping in He4[Fig •. 5 u) and fg)] of course do not show a~~:-

·' •:. . . ··.·. _,;. since positive l'l'l,Uona are .not captured. 
·.\:,. 

; . - ., . : ,' 1~: ... · ~~- . 

.-.··,. 
··:-

. -; 

Initially an attempt was made to scparat<! the triton peak fro~ the· 
. . . .· ' ,. ' ' 

. . . . . . 

backgrou,nd.by fitting the spe~tra to a ahape .. conalstlng of two Oaussians plus .. 

.~.~linear background..' The:low-pressure data form the only•spectrum that >.:~ 
i-: . : . .. . . . . . . .. ·. . . . . . . . ·. . . . . ·• 2. . . . • '.,·.· 
fitted wall. The log~c data were on the bord.or Unej but the X for runs A · 

. . . . . 

~~nd :8 rap1·el!ilent espe.clally bad fits. A close insp~~tion_ of the spectra in 

Fig. 5 (a) e.nd (b) reveals that th~& triton pealt in asymmetrical for A and B;·:··: .. . . . . . . . . . . . 
. : . . . . 

and thus could not be expected to fU:·a·Gaussian shape •. A·Poiseon shape :. 

fits the triton peak even less well~· Consequently,. except for the LP data . 
.. -c' and possibly the logic data; shape .fitting does n~t lead to trustworthy ,, 

·. result~~ and was not used in the final data analyolsJ., !t 1s comforting. to note', 
' .· t}. ·, ' ' . 

' . . 
however, that the results of the LPand logic.;.curve fitting agz:ee exceedingly 

well with the final triton-count determination (see line Z ot Table IV). 
. '~ ' ·. . . . ' : . '< 
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IV.· DATA ANALYSIS 

In this section we describe how the data were analyzed and calcu• 

late the capture ratao in He3 and He4 • We first describe the xenon analysis 

and then compute the number of muons stopping ln thehellum gas £or each . ., . ~; '·• . 

run. Ne:::d we discuss the backgrounds of the pulse -height spectra, and give 

a short description of the Monte Carlo program used in analyzing the breakup · · 
. . 

events. Then we calcultl'.te the capture rate in He4 and the breakup-capture 

. rate in He3. Consideration o£ event a arising irom muon capture in the walls .·. 

shows these to be a factor in the breakup capture r;ates. After maldng a 

correction !or triton recoils that hit the wall of the gas ·container, we finally 

arrive at tho He3 - a 3 capture rate. 

A. Xenon Andyda nud the Dead-Layer Correction to S~ 

Not all of the muons that register in the coincidence circuit sv. 

11 1 . u • ,_ " actua y otop in the he ium gas. Some muons stop in the dead u.~.ycr 

that surrounds the gasj tl'Ult is,· in thG cup-coating materials o.r in the cup 

counter itoelf. Most muons that stop in the cup counter veto themselves 

in SiJ>a however some do not penetrate deeply enough into the cup counter to· 

give sufficient light to be vetoed. These muons must be subtracted !rom 

the S&J. counts in order to get the true number of muons stopping in the 

helium~ This CC?rrection was determined experimentally by repbiclng 

. the heliwn with xenon gas and parforming a time analyeh of fl - e decays 

·(see Sec. Ill. E). Figure 6 allow m a. typical time distribution of .,..e events 

. with xenon in the target. tv1.uons otopping in xenon have a very short mean 
. 49 . 

li£e (90 nsec). wh~rcas muons stopping in the low·Z materials of the 

dead layer have m~an Uvoe of about i JJ.sec. Using this sl'ectrum to 

determin~;i the number of muons stopping in the d~ad layer h rather in

volved, but the following outlineo how it was done. ,· 
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magnesium, oxygenD alumi~um, and carbon. . Th~ MgO powder was 
• • . ~ • . 1-

· · ., ~nnoltedu onto t.h~ cu.p .. counter ~al!a over an opaque coat o£ Al. · ·. Thei·'M;o ,: 
: ·.· . ' . ., . . '· ·,, .'··.'.· ·.· 2 .: ; :·:' · ..... :. _ ..... · ...... " .. ''. 2 ~-

had an average. thickness of 0.93tt:0.04 mg/cm ; the Al, 0.09:0.03 mg/cm , . 
. . ·· 

From ~e time distribution (Fig •. 6) one can ·see' that it would ba very di£!1~. 

cult to ~Jetract the number of mu()n stops in all .four elements. :•· Since .we ... 
. . ... '. . . .. ·. . . ' ....... .. 

mea~'IJ.ired the amoimt of MgO and Al present, we_lirst deterr;1ined how. 
. . . . ·. ' ~ ~·. ~ . . ' . . . . ' 

/ ... : 
counts corresponding to etopo in MgO and in· Al one would expect to see in . . ~ ' . 

. ·, :·· .. ·the time distribuUo~ •. ·This MgO a.ndAl contribution was subtracted and a .. < 
.··--

'! .. 

. ':. 
"' ~. . <.. ' 

.. 
~ ·. . . 

least•squares fit' made with- the remaining spectrum· assumed'tQ :co~sistto£ i 
. . . ' ·. . . . . . , .. 

constant rand_om background and two exponentials, o,ne with ilie xenon and :. · 
. . ' . ' ... ·~. 

: · the other with the carbon Ufetl~e. In this calc~ation it was aaeumed that ,c> · 
' . ·. 

muons ca?tured in th(') dead layer dQ not cause a. signal in counter 5. The 
. ' . ~ t, . . 

electron-detection elficiency. the muon mean life in each elem~nt, 50 and' 
.,,.,, 

the a topping -muon distribution were, taken into account. , .'·. · 
•: .·.·.: ·.·· 

The number of muons stopping in the.ciead layer should be_·. 
,:· 

. independent of the gas pre~sure and direc;:tly proportional to the number of · 
·. :. ' 

incident ... beam m~ns (BtJ.). In order to help detect systematic: errors;· rune 

were made at various xenon pressur~s. . Averaging these runs, we obtained ·:,.:' 

(2.3*0:3)X1o-3 ? dead-~yer,stops pe~ Bt-L ... · .This is the number used in ··:~·· ... : · 
' . ·: ;,o:,/ .::·,< . 

. correcting the scaler S~ counts and corre:Sponds to a c.iead·layer thickness .... 

of about 2.2 mg/cm2 (eq~ivalent of~) or about .. i.~ mm of He3 g~s ~t 28~9 ~t~~ 
Checks showed that the dead-laye; correction is relativ~ly_lnsensitive t~ the.',:· 

MgO and Al subtraction, and that the dead ia.yer is insensitive to small :~. 
. . ' . .. ' ' .· 

~hanges iri the high voltage or amplifier gain of c:o®ter 5 •.. ·. ~:: 

' ~, 

.... 

. · . 
''· ' ,:_,i<". ··· .. , ..•. ·.' ,"• ...• 

. . , ' 
·: ' . 

..... ·J. ' 

. ··,' .·. \ .. '.· 
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B. Number of Stopping Muons 
· ..... 

Table n lists the pertinent numbers.used in. calculating the 1
· · 

number of muons .at.opping in th~ helium gas !or each of the. runs.·. The 

discussion. in Sec.· IV. A demon'strated that [(2.3* 0.3)X to-·3.x (B~-L s~alar coun~s)] 
muons are expected to stop in the dead layer surrounding the. gae; these are 

subtracted from the St-i scaler counts. To this we add that fraction of the 

muons that are vetoed by ~eir own decay· electrons. (~ee Sec.· III. C) to obtain 

the final corrected number o£ stopping muons. Note that the errors are 

~ O.So/o at the high gas prer:ilSUi"<l) and il<':: to/oat the low gas pressure. The· 

11 dead-layer" .correction contributes the largest par.t of this error. Other 

poaoible corrections to SfJ. wer~ investigated and rejected as neg~igible. 
Besides the time -of-flight requirement, pions and electron~ !n the beam 

should not stop in the helium because of range considerations. 

C. Muon-Capture Evenis in the Wall, ' 

We now estimate the number of muons atopping in the dead layer 

that give a good TR event. Bacauae muon-capture rates are higher in heavier 

elements, theee wall events could contaminate the desired energy spectrum 

of muons stopping in helium. Knowing the numb~r of muons stopping in the 
. . . : . . '. . so ' 

dead layer per B~ (Sec. IV. A) and the capture rate in each element, we 

calCulate that 4.3:11: 1.3X i0"'4 wall captures occur per BtJ. within the TR. time 

. .t 

gate. ThG capture products consist mainly of neutrons and gamma rays. 

Charged capture products are neglected here and discussed further in Sec. IV. H. 

The gamma rays will not be detected, as their secondary electrons leave little 

energy in the haHum .. The major portion of false TR events are expected to. 

come from neutrons that collide elastically in the gas. Note that wall events 

are inversely proportional to the pressure lor charged products but independent 
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oif the pressure !o~ neutral products.·. A Mont~ Carlo program used a . 
typical thaoretleal n~utron w·pectru~·ZS t1.nd ~ rieutron.~wtiplicity ~e~\. ; 

captUfa. of 1.0 1f: 0.3, S:t.folded in the ge~rn<atry (solid angle) Of ~e , 
. ~ . .. . ·~ .. 

scintillator, and used total 52 and dif£lll:rentia.l53 n-He cross s~-ctlons to' 

provide the en~rgy ttt)<ecfl:r\!:rn o! rocoUheliwn nuclei ~Fig.· 7).~\:About 1.3 

· -·. of the capture products inter~cted in the heli\un at 'high pressure and·, 

l'.:l Oo 71o at low prOGillUre. but o.nly about a..iiftb ~f thc~e had energies above 

... the electron background •. ·These gave the numbe:r o£ wall eve~ts listed ~n ,: '. 
. . . . .'.; ·.· . 

line 3 of Table IU.' .. ThcH'le numbers are small co1nparGd to the observed 
' ' . 

eve~ht but the~ ~re not quite negligible, ca~~~i~lly·in the· He4 case ·1~· ~ · ·':~· 
"" . . . . .· . ;. ·' . 

v .. hich they arnount to about 5% of tot~ events.· 
. :_ · .. ,··· ... · .. 

.. ·, 

D. !&.ndom Background · ' -~~. .. ~---~ - "'. 
,_ :····:.· _,.· 

:·.-' . ·.·"-.•.:;-· 

was measured by ·allo~ing the TR coinciden~~ to fire on· evory He pulse._; 

Thus, wG obtained th() pulse .. height spectrum of ~ingies: in tho He counter · .· . . . . . · .. 

and were able to compute the random· spectrum to be subtracte~ from the' 

raw data (see Fi.g; 5). ThetiJo singles run's :were made every !ew bou~s · : .. 
. 6 . . ' ,· ' 

after ~ 10 sv-. We estimate the uncertainty in ~e beam duty factor to be.· 

~ 1.5% and. since other quantities have smaller errors. this is also the , .· :·" . . . 
error in the ran.doms calcl;l~ation (eee line 3b, · Table IV)~ . ·. 

., 
' ' ' 

Most of the random events arlee from thermal neutron reaction• · .. .. . ,., 

·, ·.·. 
· .. · ·- .... 

• t .• J, 

~- :·, . 

n + He3 - H
3 +' ~ • 

-. ,·· "( ·:'' . .... ,_.' : .... ~· ·.~ .· ~· .. :_.. 
' . . ~. ,.; .. 

< Thb reaction releases 0. 77 :~; o.oz. MeV and ~c:coun.t's !or the pe~· in 
. :. · .. · 

L •• I ~( 

·, .. '· 

; . , . 

. ·. target ahew that the :remaining random background is 'rather !lat. except 

. _). 

. ": ' 
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£or a low-energy taU that may be a.eoociat®cl with tritium decay!! but more 

likely is due to oth0r neutron reacti.ons. Note that random charged particles 
' ' ' 

, should not constitute a background since in general they are votoed ln 

counters 3 or 5. 

Considerable uncertainty in determining counts on the low-energy 

edge of the triton peak i~ i~troduced ~y the dec~y .. electron background, which 

rhc.n' aba.rply until lt is artU'idally cut off at~ 0.4 MeV by a dlsc:rlminator~ 

Thh background ta due to electrons (from m\.'\On decay) that mise being 

v~toed in counters 3 or 5 and thua arises mostly fr.o!'l'l the i.So/o of the .. 

elec:u:onta that paaa through the front hole in the cup counter. 

The shape of the electron backgrolind that is to be subtracted from 

the puli!H~·bcight spectra was established from the runs tJ.+He3 and fA-He4• 
. •. ' . 4 

The procedure followed was .to subtract the capture events from the J.L .. He 

data (run C) and normalize the resulting "electr.on tail" to the same number 

of Ss.a. ao each of the othor appropriate runs.· The resulting spectrum 

agrees reasonably well with _the i.a. +ae3 data and with the gross shape of the . 

electron background. in runs A and B, and thus 1t was subtracted lrom rune 

A and B; thh left only the triton peak and the breakup background. Similarly, 

run B4 was subtracted from run B3. In the case. of the low-pressure and 

lo,g1c runs there wore no accompanying J.L.::Hc4 or .._+ae3 data and the electro~ . . ' 

background was obtaw.cad by curve -fitting a Gaussian taU. . Because the 
•. 

electrons lose less energy.in the gas at low pressure,· there was good sepa.;. 

ration between the TR peak and the electrons in the LP run. and the error 

associated with .unccrtainti<:ts in the electron background in the LP run is . 

small. Eetimates of the error introduced in the triton counts are tabulated . ·· · 
.:-. 

.. ·~ 

:· 

•·. '! 
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on line 3c of Table IV.. ·B(:leaua~ the elect.ron baekg:roundle so large, any 

detormb:mtion ~f the. n\unb.er ·of breakup ·@vents below .~-· i.~S M~V i.s im~ > 
'' ·, .. . 

. , .... -.... . 

; >·. ~-. ·.' ,f'• ·' . •\ ., ~ 

. . ,' : . . ; . ~·; ~ ,_.· 

ln 'c~de'~· to properly -~a1c:ulate the breakup background and to • . ! ~·: 
. ~- . 

•,·' 

·• find the shape o! the breakup ... energy spectrum,. it.·is nece~P~sary to account 
. . . . ' ., . . • .4 .• . • . .. . 

.. ·. · for a number of factors~ Among thecU1 are the dis_tribution of st~pping · ......... .., ........ 
. ) 

._ • .1 

the energy re'eloluUon o! th~& Ho counter.· energy lost by the charged particle 
~ . : ., : .· 

•• 1 

..•. < An the h$lium ga·li. the t~nergy. dbtribu.t1on oi breakup 0vents, and ~e prob·a .. 
~ : . 

. ,. · bUity that th4l charged breakup parti~lo vetoed iteeif in: counter s. · Th~ ~oat. 
practical method of combining ~heee !actors to give a breakup shape is , > .. 

\ . ·~ . 

. . . . 

. through a Monte Carlo ~rogram that sh:nula.t.ea events. The program takes 

. a t."1.eoretical bL"eakup energy dhtdbution and folds in the above. factors •. : 

Figur0 8 ehows thee effect of these factors o~ a phase-space--ene:rgy distrl;:. • 

bution54 of the deuteron in the reaction . .,. .. + He3 - d + n + v. One can • ·.~ 
ae~ the effect of the llnite slze of the gas scintillator,. since ln the output. :-:.· 

epectra there are no pa.rti.clea with rang~ gr~ater than S inches. Tho hlghet:. 

· · energy particles leave only a· part of their enci'gy, in the gas and then most 

paes into c~unter 5 with enough energy to veto them:!elves. During the runs '" 
. . . . ·. 

' . ' ·. 

(B3 and B4) where counter 5 was not used ae a veto ln TR, these hlgh~r ·. . . . 
. . '·. 

energy particles would still show ,UP on the spectrum but shlfted to a lower · 
. . . 

' . ' . ' . 
energy. With counter S veto on, none of these particles would show up on 

. . . 

·· the observed energy epectl·um. SlmUarly at th~ ·lower galt· pressure, the . 
' . 

particles leave even lees energy in the gas and more veto themselves.> 

.; 

·, ,• .. · .. : . ,. 

\' 

,·· ... · 
.. ;, 

,,. .. 
i, 
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G. Calculation o£ the Muon•Cajlture Rate in He 4 . · · · 

Figure 9 shows the data with randorns subtracted for run B4 ' · · 

with He4 in the target; :tU:."l C b eimilar. Only the sp~u:tra between 1.5. MeV. 

where the decay-Ellectx·on back.grou.nd becomes large, an-::1 channel 115, 

where the pulae-hcigbt-analysiG ·system. begins to saturate, was observed 

directly, and these points ara: sllown on th$ graph. !n addition to tbese '· 

points, however, the total number o£ ev<inta above channel t'i5 was measured 

(see Sec. lll. G). The numbe1· of ev<Onts obacrvEJd in each energy region is 

tabulated in the box on the graph. and the total obsea-ved events are listed 

on line 2 of Table Ul. The wall evento (Sec. tV. C) are subtracted from 

.line 2 to give the number oi observed event& ln the helium. The remaining 

que$t!On. b how many events li<O in the region below ~ i.5 MeV masked by 

the electron background. 

To determine theso unobserved events, a theoretic;al energy 
- . 

L . . . 

spectrum for the triton oi Eq. (8)23 (called Bietti' s spectrum for convenr 
. . . ' . . 

ience} was modiliad by the Monte· Carlo program (Sec. IV. F) and normalized 

to the observed number of cap.ture events. The resulting shape (the solid 

curve of Flg. 9) agrees well with the data and gives the number of unob

served events ~der the electron bac~growid. (lhie 4 of Table III). Other 

shapes ·would also fit the limited data but grooely different aha.pea, e. g. • 

a phase-space distribution (the dashed Une in Fig. 9). do not. It ie dif£1-

c~lt to asrdgn· an er:a_:or to the unooaerved events; however,. a • z5o/o vari· , , 
. . 

· ation would be reasonable if one considers the relatively good !it of th.e · 

theoretical shape to the data. · It must be emphasized, however, that we 

have no experimental information in the low~energy region of the spectrum~ 

' < 

. : t. 

''-»-, 
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. Two additional factors co~ plicate a deter~ination ·of the 

-._.capture. rate in He 4•. Besides reaction (8), possible reactions include: 
,·'. 

·. 4 
p.':" t- Hs _• -- . 1'; 

·''".;, ,:.(· 

/' . '>': .. >~ 
. ~. : 

' : . ~ ' ·:-· 

.•: . 

.. :.: .. ·' 
. : ,·~ 

.. ,· 

·~· ... 

·t··· . . . 
- -H + 3n + v. 

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

- - In thi~ \'lx~rimsnt~. we can not distinguish.t~it~·ns~· deut~,"~o~~.-- :.:!;~·:'}·:{~<·· · 
4 

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

,_ or protons, but can detect only the energy of charged particles irrespe~:::>·~/ 
.. . / . 

· _ihre of their mass. We neglect the effect of th~se other reactions (30) in' 

determin.ing the .unobserved events because reaction: (8).is 'expected to 

-• .. :_ . '. 

' ~ . . . , . :. . ' ~ ' . . " ' . . . . 
.·occur 1iO% of tho time~ Zi . The seco~d .factor that changes .any . 

forward calculation of. A iG the presence of events in the pulse-height 

epei1ct:rum that are derived from charged wall events~ : These are not --·-~:~· 

accounted for here but are <llscus&ed in Sec~:-_ IV. H. ·-
' · .... · . ~ . ~ . .t . 

With the above reservations, the xnuon•capt~re ra~e in He4 · 

ca:n now ba calculated. In run. C the total number of everite mu$t be 
,"; 

corrected for the 5% that v~to themselves in c~unter 5.' This fraction b 

determined by the Monte Cado program and depends ··on the a~sumed .· ·'·:: 
. . ... . .. , •··. 

theoratical .. anergy diotribution. In addition to .this factor, the total number'. 
. ·. . . 

. r '• 

of events is multiplied by i. i655 = 0.004 to correct for. the finite TR time ::,: 
. . ·~··· .. •, ~ 

. -gate (see Sec. HI. F). The corrected total number ofevents is llsted. on '/-,,.:· 
. . . . . . . '•· ... '. 

.i;.·.'' 

'·' . 

. . . ' . 

line 6 o! T~bla ill ... Dividing by the number of stopped muons and multi- · 

plying by the fr:ee muon":decay 1•ate then givee the muon-capture rate i~ 

He4 [see Eq .. (7)]. The two runs are in exce~ent agreement and average 
' . 

to give a capture rate of 

~ .. ~.- ~. : , 
~ ... . ~· 

. ~'. 

f~·· 

.\ ._; 

·<' •, .·-·•'' 

·;.·-. 

' .· .· 

. : .:' .: ': . .' ~ \; ? . 
•·.·,,,. - ~ ,: ., 

. :· .... ' ~. 
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It must be Zh"€saed that the err.or is almost entirely ·due to the uncertain· 

ties in the '\m.obaerv~d" ovon.ts and thus is only an estimate •.. 
.I 

The calculation of the capture rates for the breakup re~ctions 

[Eqs. (4) and (5)] proceeds ~imilarly to the He4 calculation. How~ver~ 

there are t\yo additional compUca.tiont:~ with the He3 caleulation: (a) an 

even greater portion o£ th~ low-energy spectrum h masked since the ·< 

triton peak covtara the spect.rum from z ito 3 MeV~ and (b) the branching 

ratio between the pr-oton and detltoron reactions above is unknown expcri-
. . . . 

mentally. Yano obtained a theoretical branching .ratio of= 3 deuterons 
. 4 55 . . . . 

to 1 proton, and Messiah. caleulatGd rates for similar pion .. captur~ 

reactions 

... . 3 
.'If + He .. - d t n + 'I 

(32)" 
-p+Zn+y 

and obtained a branching ratio of~ 4 to i. For the purpose of analyolG 

of the unobserved events, we used a branching. ratio of 3.5 to 1. There 

are no theoretical calculations of the proton spectrum in reaction (5), but 

_ it is expected to be similar to the deuteron ~pectrum alter the c:li££er!ng 

:m.a&Ge& are taken into account. 

Yano hao also con1puted the energy distribution of the dtiuteron 
. ~ . . . . ·, 

in reaction (4) in the c. m. system of the three nucleonu. 56 Tranofo~ming .. 

to the laboratory system. we obtain the spectrum shown i~ Fig: tO (called 

·the Yano spectrum. for convenience). U allowance ie made for the deuteron• 

triton mass difference. Bietti•s spectrum23 can abo be applied to reaction . 

(4). Thio shape is also shov¥n in Fig. 1.0. Note that the shapes differ con• 

,-. 

.;

eiderably beiblov>~ t:ll_ i MeV, but are. similar ln the oba<!trvablo res ion above '. ":. ' 

.• J, 



:,:'.·, 

. _, 

. , '. 

_., 

' 
.' :. 

' 

. . ' .' '_:· :4·;,.. ~- .:·· :·.: .... , .. : ;·<·> '. ;- .. '!/'.':'> ' 
.. -~ 

UCRL,..ii0()4(Rev) '' · 

',• :_ 

' .. 

b as good ae the~ ethel" and a ncu.·malh~ed averase ot th~ two shape® {aoUd 
' . 

line m FAg. i :it) Wi«la used to ~ompute the··· "unobserved" ~vente below P~~~. 3 ... 
:, : · ... · . . . ' .. 

M~V (line 4, Table Ul). A_ SOo/o eltll'or wa.s aecd1ned to these \inoblierved 

eventta ~ince it did not appea,lr that the eventrJ below 3 MeV could VliU'Y by · 

. '~ ;" ' .. 
,_.' . 

> .. ~- .'· ' ... 

By add!ng the obeervll:ld and un?l:uierve4 events for ea~h :run in· 
' - . 

_.Tab!® m~ correcting- fio't:.'. the numb!l!l:r ·of brealtup evente that veto them.;,'. 
. . ·' ' . . . \• 

eelvss9 corx-ecth1g .for the finite TR time gate,-and dividing by._the 

of ®toppfJ!d muon~• cn0 obtains the toW number o! events per Sv.. '· Fronl. 
I'. :Eq .. f1) and Ac= iSOO sec"'1., one ob~a!ns Aa = 4.56Xto5 (€!1~~te/s~·evente)~ :( 

, • I •c o , ,• 0 

... The breakup captur~a rates l.o_'i!' ®fl\Ch run are shown on Une 9 of Table 111.:, . 

:..:·· . : . 
.t;·.· . 

The weighted average of the £~ur rims is .-· i 

A
8 

;: .100 :tt i.SO sec ... it. 

',:. ·~· .. _:. ' 

- . ' ' ...... ' ... 

·._.- whell'c aga!n the· calr:•or b mostly from the uncertainty !n the "unobeerved'.' 
- ' . 

' . ·:· ,· . . . . .. 

· outeide the atatisUcall errors (but not outsido the error quo~d, whlcb is 
' '•' ' ' 

duo to the oyster:nat!c uncert~lnty o! the unobse1."ved events). · Thio die· •· 
r'·.' 

crepancy ie dhtu.rbingo for U would indicate a systematic e:rror ln all the\. 
' _. . ' 

' . . . ~ '· ' 

'. 
;'' .·: 

· It can be argued that the serious dJ.screp~ncy of the LP·breakup·. 
' . ·. : . . , .. .,_ ,. ·. ·. r. ; .. · . .-··. . ·_ ... · .. :. . 

· · capture rate arises from wrons aeaumptloxu~ concernlrig the· -"unobserved":: 

events; howevero the oflnierved eventG by themselves also sho:W this· dh~ ·. ·• 
-. . 

'·, t crepancy •. -We have three poasnble explanations forth~ discrepancy: 
' '·." .• . . - . .·. • .. ' .. ' .... :· :_ ... ,. ·. -· 

.·(a) if by som$ blunder the 5 veto to TR was off <'-ur!ng th$ · LP run the:r~ •· ;-·· 

·would be.l!lo correctlon for vetoed events and A8(LP)~ = 660 sec·i .ls in 

· excellent agreement with tho HP r.wu;; (bl i£ the a~~umed th~oretlcal :: <i· 

·'··' 
.·'' ' 
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shape (Fig. iO) were· altewed very much toward low energies, ·the calcu ... 

. L-a ted traction of vetoed evenh wo.uld. b~come closer to unity and the· dis;.. . , : 

.· crepancy would decrease' and (c) it= 19% of wall· capture event& give ·· · · 

charged particlec ..... protona arui e!phas .... as reaction products (neutral 

particl~e were di.ocussed. in Soc. IV. C), the HP and LP breakup :rates a:re 

both equal to 400 sec-1, that b 40o/o of AB (HP) ·muet reoult from muon-
r . . '. -

capture events in the walls to account !or the diecrepancy. To our know!-'. 

cdg0 the fraction of charged particles coming from muon capture in Mg • 
. . :' 

O, C ancl A1 has not beon ·measured. but !t is not inconceivable that ~ i 9%. 

·-:- -· 

of the products are charged. Howev0rc in an omulalon·atud.y only 2~50Jo of f;c ;•.r:,· .•. :· 
. 51 . . ' . 

th¢ products w~re chs.rg~d; thus offhand one would tend to disbelieve 

such a large £re.ctlon. Neglecting 'b!underso one must conclude that the 
. . ,,.· , .. ·' 

b:oeakup ca.pturra rates have not been measured with as great an aceura.ey 

. as given in Eqe. (3!) and (33) and the values given there are uppe:' limits 

' only. Th~ LP discrepancy .is probably clue to a eomblna.tion of (b) and (c) 
' 

but with the present information it is not possible to calcUlate either of 

th®ae factors. U we aaaign lowGr limits to the bre~up rates ln Ho3 and 

He4 by aosuming that :t9o/o of charged wall capture events eould be preeento 

and if the~. : LP.'I;.' data is not averaged !no w0 c;>bta!n 

+1.70 .,f AB = 665 .. 430 see . p . (34) 

. 4 . +30 -t 
A (He ) = 375 ... 300 see • . . (35) 

I. Jriton-Rccoil Edge Correction 

Luckily the LP discrepancy dottJe net appreciably affect the 

He3 - H3 capture rate. HowevtU'o one other ccn-roction~-the triton 

reccU~!i.?dge co:rract!~n .... muat be disc~sed before the He3 -·a3 capture 

rate can be calculated. 

. ' . :' 

"' ,· \ J. 

. . ~ _. 
.. ',·, 
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cup counter• U' they llirG cepturc;;Hig their triton ll't.!H~o~l -c~~1u11ose moat-~~ its 
. ~~ ~ . ·. ~' . . . 

· energy in th~~wall zn&t$rialo and not give enough light hi the·h~Uua{tobe . 

· · d~tocted by pulse ... bdghtt analys!e. Table V Ust~ the energies at. which one'~ 

. would expect ths trit~n to have a ioo/o~ 50%u a~d a ?Oo/a -cha~\ce cl being ob~ : ·: · . ·,: ,•· 

. ~ .. 

''. ·· · tdtcn mu~t travel in.the heliwn to d@poalt that energy ia also given •. · 
•' .··, ''· '' .~ '.: ... :· .·,-: 

.- ·- data \'Vsre taken (line 4o ·Table V). Taking the central values as the cor~ ... 

rectton with Oii!'1'01'5 given by the i.O/<JO% limit, we must then co:trect_the ·' -~ , . . 

observed tdton. recoUs by 0.9 :A:0.3o/o at 28.9 atm and by 1.1 =~;o.s% at 15.4 ·. ; -;_<· · 
. . . . . 

atm. ThG correcti-on at ~e lovu.u." pressure b la~ger since the trltona '•<· 

. ' 
travol furtho:r at the lov1er prcaeu.:re and more ha:ven1 chance of hitabag 

. ,. •• > ·, •• ·~ '·,· i 

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

J• Calculation of the He3 -co ~3 Capt~re Rat~ . : . 
~ . . ' .. . ~ 

:.• ,• . .. , .. 
. The major goal of thl.s experiment was the measur-ement of the,.·· · 

muon-capture rate. Ac, in reaction'.(3). Us calculation is now die~ussed.. 
- '• . -

Firat., the :random and ®lectron 'background.; were· subtracted from the basic= ··.·.··· 
. ·. 

pula() ... b.eigb.t epect:ra o£ Fig. 5 (a). through (e).·. The breakup background was .. 
. . - ' . ' ' ' . ' ' . 

.aubtrac~d by use o.f_the aoU..d curve in Fig. U. with errors. shown by the· . 
. · 

dotted lines (Sec. IV. H). Finally the :rremalning 'eounts were added to. give .. _ . '::· :: . 
. '. 

th0 observed triton-recoil events shown on line 2 o£ Table IV.· The errors _.-,·. 

contributed by each sou:rc(! are Ueted on line 3 of Table IV •.. ' ,·\-
I< 

.. •: ._ 

· .. · .. 
~· '. 

. ~ 
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Thoae obse:rv$d trU:on-rocoU ovente must then be eo;trl!lded 

to~ tho number !oet hi th.G wells (Sec. IV .1) and for the. finite T.R time gate 

. (Sec. nx. F). In ad~Uon~ the !og!c da.ta must be corroded tor good TR.. 

evente that are vetoed by the ~-c !ogle system (Sec. Ill • .E). The total . 

correction !actor applied in oach case ls lioteci on line 4 of Table IV~ the · 

COr'I'ected nUA-nber of triton ~ecoil counte is shown in line 5. The capture 

rates aJOs computed from Eq. (6) and are lhtecl on line 8 of Table !V. 

Erro:rEl from. .each source aro ti"eaiad independently for each run .. Weighting 

each :result by the ln.vers$ squarG of Ita errors gives an average capture 

rate £or th0 five rw:u; of 

. (36) 

The error in this averaged. result arises mostly from the uncertainty in 

the breakup backgl"ounda and is obtained by dividing the error ·for each nw 

into a ayatema.Uc and a random part. Thte random part, consiat!ng of lines 
, 

3a., b, and c in Table IV. ie then treated independently for each rue. There 
. ' 

io el~lt!ellent atatistical agreement among the five runs, b~cause the X 2 

(with. only the random part of.the erroL" usod) is 3.33 (50o/o chance of occur• 

rene:"). 

· V •. RESULTS AND CONCLUSIONS 

This muo~·cnpture experiment yielda the capture rates ln. He3 

and. Hei4• The final results are listed in Table I. The breakup capture rate . 

in He3 

1\. 3 66 +170 -t B(He ).= 5 _430 oec . 

!a combined with the He3 - H3 partial rat~ 

Ac(He3 - H3) = i505 ~4:6 eee·i 

. (34) 

. (36) 
'' ·. 
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to give ii·: total rnUOl!7.~capti.U"e rate in ao3 ·.ol .. · .··. 

. .... · 

·;· 

:' A(He3 
e totai) = Z1170::;g s~c~t. 

The tow. capt~li"G.·rate in Hs4 its meaa~rGd t~ bt.J 
' . . . . . . . . . 

. ..... 
~ . : ~. " . 

. Note the large i~»otope efieeto Tho large low~r limits for ~- He3 br~akup 
ll:'atlil and ~;.e i-x~4 total rate r;;isnify the poesibUlty that eome.of·th~ eventa 

. · may hav\1 b~en from muon captures ln the wall surrounding the gas~ .. The . 

error !n the i.iel - H3 Fate is almost entirely due to th~ uncertainties ln , :-. -~ \. 
. . . 

th~ breakup capture eveQts. All o! tho errors cculld be reduced in a rerun- -

.·of this ~x.pedmento for the methods used are capable of giving very s.u:cu-. 

rate re~::rwte •.. 

U ~e wall events ~re et~aU, th~ He 4 cap~~~(!) .rate agr~-es ~lth 
tho pi:<lbvious me.aa>urem~m.ea and the theoretical predictions (see Table I)~. 

Sb.m!e.dy thG total He3 eapture .rata h m e~ceUont agreem~~t wlth a '. ·,,- .. 
. ·. . . . ... . '. . "'··. 

previo~:is meae\lrement by Faloxnldn et al. • S who used~ heHum-di.ff~slon ~- :' · 
. .. . . . 

. chatnber. The old ~coroaical prediction by P:ri~kof£13 agre($s reasonably': 

. well with the mQ~Ul\.U't.ad total capture rate; Ya.no' s recent and more dataU~d .• 
. . .· . 4 .· . . 

calculation of the breakup captu:re rates ie in excellent ag1reemem whh 

. . ' . . . 

highest obtained in ~e three expe!:iments p~rformad eo far. lt does not : < 
disagree whh the oth~r r0sulto. Except for the c~c:ulations ~~ DuckZO and: ·, 

Fujii, i 9 the theoretical predictions are in agreement with ·our rea~W.t.. The: : 'l(:? ... · ... · 
~ ........ ., . ~ t 

tbeor0Ucal px>edict!on of the Ha3 - H3 capt\U'e rate l_s unc~rta1n to tO% ... ·( ·~: . 
·':'~.-

0\GC<il\.'!.SE:l of ~mbiguides in both thG He3 ,~a· radius and Sp (the lnducecl. ~,·: '.: . ": 
. . .. . . . ~ 

.,. · .. ' ... ::,.·: 

,· .. :: 
.. ·:. . 

· . . ;: 

. '. 
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U the exp"iildmentM ~aluo oi the He3 - H3 captUre :r,oate is 

. substituted lnto Ac = -1/4 A~ + 3/4 ·At (A8 and At ate given by a modi~. 

fication of Adam' a fqrmwa37 with S e T = 0), one obtains a r~latlon 

between tbe two moat tttu:erta.in ps:u.'ameters in muon capture--PandA. 

Figure 1Z lS a plot showing thle relation. The b~tersection of ip = 6.6Afl 

with band 1 is in good agreement with the experimental capture rate. 

How~veriJ At ia quadtatlc in P and hae a minimum in the region of inter""· · . .. 
est. Thua, with the inclue!on of the uncertai.ntlee .bfA(q2) any v&J.uc o£ · 

Sp betwe~m 0 and +25 AfS is allowed •. Several recent .experiments have 

indicated a value of gp closer to iS Atl' 35• 36 indica.Ung that band 1. is. 
cor~ect. A graph :drnilar to Fig. tz' is given by Rothberg ct at. lor muon 

capture in hydrogen. 2• 58 

This exp~riment does not rule out the poacibUity of a (V +A) 

interaction in muon capture. For a V + A interaction and for a capture 

rate of i505 sec·i, one obtains the clashed curve in Ftg. iZ. Note that. 

it too 1e consistent with ip = +6.6 A~. 

The present uncertainties in A and P, not to mentionS and T • 

make an accurate verUlca.tioW1 of the universal Form! interaction hypoth~tda 

difficult. Theae dlfiiculties arise b~ca.uoe of the, presence of strongly 

interacting nucleono and b:ecauso of the large momentum trans£er involved· · 

in muon capture. There are so many parameters that practically any. 
. :.··· 

capture rate near .'1500 sec·i can be calculated ~ith m.n appropriate choice· 
, 

o! the coupling ooeft'icients. Only if both S and T are eero is the:re hope 

verifying tJFI to any accuracy less than to%. Nonethele&li the excellent 

agreement between tbG theoretical and experimental values of the capture 

rate a in helium lendG concide:rabl~ support to the hypotheses of a universal · 

Fermi interaction and a conaerved vector current. 

',··, . 

,, ,, ., 

. . . . ~ 
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APPENDIX 

~?v_~~t.ngas an_d :K?~c.a~nt~.3ea oi Mua~ Caeturo in Hydl"oae~ 
,_ .. · 

Much dat<:.l. ~,.~~ availa.ble on·muon•ca.pture ra.U;)s in. complex nuclei" 49o 50 

but the data arc di!ficult to interpret because of the many strongly interacting 

nucloons and m.a.ny final states. Ideally, therefore,. one woW.d like to study 

tllo muon ... capture ra.t() ln. hydrogan2 wheie there a:re no nuc:loar·structure 

efiocts. Thceu•e are, however; five .main :reasons why an experiment in He3, 

tbe ne:;:t simplest nucleus not an isotope ol hydrogen, i.e ea&i~Dr to perform and 

to interpret. These ~re: 

1.. Tbe muon-capture ra.to in hydrogen ls e:s;peci.ally sensitive to whether 

the i-l"'P atom is ln a triplet or a singlot byperfine state. · 

2. The i'-·P ntoxn 1a neutral and l'apidly dJ.fiuaeo through the .hydrogen 

u.ndergoing c::ollhlona with other protons. In these coU!&ionlii the muo1l. 1e. 

often G"-ch.anged !rom proton to proton. These oxchango coUblona r.v.pidly 

change the or1gina1. stathtica.l population o! t/4 singlet and 3/4 triplet a.tomc 

of 100% 1.'ii1'1glet ""-P atoma ·(tho· ground otato of the IJ.·P syotem). Furthermore, 

in liquid hydrogen in about 0.5 s.~aoc the singlet ~-P atom becomes pa.rt of a 
+ . . . . 

(p ... v. .. p) molecular ionp U the muon has not deca.y0d first. In eu~ an len ... 
the muon can be captured by a!thor proton, and the fraction o£ muons 

captured, w!tb spin aligned. wlth ot opposite to the capturing protont. varles · 

depending upon whether the p-JA .. p ion is in~,a para or an o:rtho state. All 

such variations ln. the relative-spin ata.tes affQJct the capture rate. In addi

tion, the uncertainty of the molecular wave tunctloa.in the P•P.•P system 

<:auses add.it!onal theoretical c:U!ficultf.es in hydrogen. · In helium. there are no 

exchange collisions e.ncl the hypQ:dine states fi.t capture have just thelr odgina.l 

otatiotical popul.ation. 

. \ .. 

... · . 
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d0ut@l"On) th~ U ~a to bydrogen .. ·. Thu~ any·:~oUbion.wlth an impurity ~·· 

m.ucl~us ha~ a high pl\"Obability of tranofotrlng the muon £:-olT:I. the proton 

to the imp\t:td.ty nttdeus. .· This exchangi$ h~ h:•revereible and, since muon ... 

¢;a,ptU.lf@ rate~ are ~~,ucll lat"$Gi' in im.puritle~ ~n in hydwogen, W.trnpure 

.- ', ., 

·." ' ' . . ·' '. ' '. . . ·:".< '· ... 
· ·.· . hycb."og~.n l$ requ.ir-{f;<i. . Again. this p:~.•obl$m i.e not pr~sent in helium 'baca.ut!le '"' 

. electl•icalll. i;'epulsion !;eeps tho ~~.He t&.toa.Laway from other nuclei. 
: ... 

4. Tc d.etect muon captur~ in the Ught~r clements one must detect the 
.. · reaction productp which is Q' neutron ln the case of hydl"ogen &nd a charged ·.· 

tdtq.n in th@ eaee o£ b~Uums The chalt'~ed particle can be detE)cted with . 
; ·-

'rirtQUy !OOo/o efiicierM:y whereas U: is di!fh:wt to deternrlne the neuiron•. 
. . 

detection effi.cienc:yo ; . · 
·.:; 

'. •':. 

I.· 

We conclude that thfal moon ... captu,..e rate in hcaU:wn can be measured.·;·.;·· . 

morG lM!<::urately th~n the rato in lryd:rogen. On the other handp for hydrog~n 

tnoX'e b no unearta!nty in tho nuclear structure~ This one J?lg c:Usadva.nUJ.g$ 

with c~ptttte ln. helium almost oun"'eighlal Us favorable features. Nevezotheless > 

the hoptl is th~t the He3 nucleus ia auffici~ntly eimple to permi~ an ww.mbiguou~ 
thQOx>etic~.l prediction of a capture :rate on the basis :ot a UFl. : ··· · ·. · 
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Table I. Summary of muon-capture rates (in sec -
1

) in He 
3 

and He 
4

. 

Authors 

Experimental 

This experiment 

Falomkin et al. a 

Edelstein et al. b 

Bizzarri et al. c 

Block et al. d 

Anderson et al. e 

Theoretical 

Primakofff 

Fujii, Yamaguchi g 

Yanoh 

Goula rd, Primakoff j 

Fujii, Primakofl 

Werntz
1 

Wolfen steinm 

Caine, JonesP 

Biettiq 

Bietti, DiPortor 

Oakess 

aSee reference 8 

bSee reference 9 

cSee reference 10 

dSee reference 11 

1505±46 

1410:1:140 

1450±75 

1540:!:80 

1460 

1460:1:150 

1560±80 

1400-1500 

1660 

1250 

1500 
1410 

eSee reference 12 

f See reference 13 

gSee reference 14 

hSee reference 4 

Total He
3 

2170+1 70 
-430 

2140:1:180 

2500:!:250 

670±30i 

2360±240 

Total He 4 

37 5+ 30 
-300 

363:!:75 

364:1:46 

1300 

470:!:70 

324±60 

354:1:110 

310 

120-220 

Comments 

He scintillation 

He diffusion chamber 

He + Xe scintillation 

Liquid He bubble chamber 

Liquid He bubble chamber 

He scintillation, 
neutron detection 

Closure approximation 

"Trion" wave function 

gp = 7 Aj3 

Closure and relativity gp 8 Aj3 

Hard-core wave function 

Shell-model wave function 

Explicit sum over states 

Irving wave function 
Irving-Gunn wave function 

iBreakup rate only mSee reference 18 qSee reference 22 

jSee reference 15 nSee reference 19 rSee reference 23 

kSee reference 16 0 See reference 20 sSee reference 24 

1
see reference 17 Psee reference 21 
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Table n .. Corrected numbel'B of stopping rnuo~s (in thot.'Hiiands). · 
.'!:· 

:Bi-1 . s~ 
Run scaler counts scaler counts 

A ·56 073 4250± 2 

:a· 65 920 5•109~ 2 
<>:·' 

:A·r-B iZi 993 . 'I> .. 9359:1:3 

L.P ·. t 16 585 4004 :t 5 
.. 

Logic 
• .. 

28808 
--.i.-

133 25455 
,_· .: 

B4 .~ . ' 26167 
··.,,.· 

'i: 

c :~-- ... ·z6463 

:=s=-=::oe::;:;;:::z:z::::::::: = = ... 

, -Dead layer Sll . .·· +Decay electro:p vetotJ 
{2.3± o.~x:ao-.3xB~l · (S.?:t; 1.1>? io-.. xs~)· 
/.-. ;. __ ._ 

';::.. .· 

129 ± 17 
",'-. 

152 :± 20 
·.-

l8i±37· 

_:;'.268±35_ 
~.: · . 

--·· >, 

; 

66 :t: 9. 
... 

\ .. :...~ ) - . · .. -. : .• -:. 
59±8 '··'.: 

23::1:5 

28 :!:6 
... ,. 

· 5i ~ iO 

.... _.· ... ··.-.,. : . 

.11±2 

.~ ; ' 

. ' . ."; 

..~ > 

,~: 

Co~x-ected 
nurrill1!!r of 

stopped muons ~--

41 . .i£4±.i8 
.; 

4985.± 21.· 

.9129*39 
:~ .... 

"':··· 

3758£36 _.· 

2196::: 1i·: 
1952. * 9 

,·,:_, 

t' - . ~ 

11±2 
- ~-·. -.: . .,; . /--·.-~ . l 

·. 195i:t:9 
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00 
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Table UI. He 4 and I-Ie3 b1·eaku~ events. 

:L Run designation B4 c B3 AtB LP Logic 

2. Observed events 1085±45 1080±45 i44S ::t: 65 5490 ± 130 2460:1: 7 5 445:t:Z5 

3. \'i all events in ~ ~ 

observable region 55±40 55:t40• 30:.t:ZO 140% 100 75± 50 33 :J: 20 

4; Unobserved events 360± 90 275%75 1070 -±540 4200±2100 2280± 1200 16 50':1: 7 00 

s. Fraction of events 
not vetoed 1.0 0.95± 0.03 .1.0 0'..824*-0.06t 0. 77..6 ± 0.085 0.824 ± 0.06:1 

• 
6. Corrected total number 

of events i620± 130 
. I _, 

1590 :l: 1.20 2900.:!: 630 13500± 35.00 7500 :t.: 1'100 3070 ± 1000 
-.--

1950± 9 .· 1952:!:9 .. 9129:t39 37 5.8 :t: 36 . 2196 :l: 10 
7. Corrected number .of 

·stopped muons{Xio-3) . 195i ± 9 

8. Breakup events per . ~
stopped muon(X103) 

9. Breakup capture· rate. 
. (sec-i) . . ·: 

0.830:1:0.06.6 0.816:!:0.065 1.48:!:0.33 1.48:!:0.37 1..99%0.50 · ... 1.40:&0.46· 

378:!:30 37Z:i:30 675±150 . 675±170 910:1! 230. 635±210 
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·L- Run designation 

2. Counts in triton-·:r-ecoil peak 

3. Unce:rtainties contributing to -> 
error 

a.- Statistical 

b. Random background 

"' 
. c. Electron background _ .- ,f 

d. Breakup backgro~d · · _ ·• 

4. Correction factor--·-· 

5~ Corrected triton-recoil counts,· 

l>. --_ Corrected number of stopped _. 
muons (in th,ousands) 

1. Triton recoils per stopped 
muon (in thousandths) · -., 

. 8. Capture rate (~ec-i) · · 
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Table IV~ _. T:.riton-:reco.il ~vents. ' 
"' ::~ ·..---

A ---· -B•--- :.- ._ LP-' 
<""·-

Logic B3----
; ~ 

H.760±400 14030±480 -io6oo:3io. -5860::1:2 7 0 - Si90;;t200 - -•. _ 
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. ~ :--
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:.4:125 .- :1::180 - - ·. 
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-_, -;._-_- ~50-
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Table V. · T~iton.-recoil-edge correction for different·amounts of energy deposited in the gae • 

. 1./ Energy left in gas (MeV) 0.77' 

2. Probability of aseeing11 '.ti'iton ':re.coil(frq) <iO 

3. . Recoil range in helium at · 

28.9 atm (nun) 

4. Percentage of :recoils lost 

(28.9 atm} 

(15.4 atm) 

i 

• .. _.___._ ~l.· :... 

k,.,:..,;~~~··7f¥,,~ ••• c. ·~· 
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· FIGP'RE LEGENDS . 
· ..... · 

. 3 . 3 '. . . ·. <.··~ -. 
' · Fig. i. · Effect on the· · He - H capture rate as. each coupling coefficient 

. -
·' .• 

' . ~ .· . 

•',.; 

':. ~s v~ried from the valut~s given in Eq. (Z.Z). ·The short q~shas show 

the hyperfineo.singlet .. captut·e rate, A ; the long dashes, . the triplet- .-.--·-. s - ' .. . .· . . . . 

capture rate, At; the solid linei the totat rate, A(; = _1/4 As + 3!4 At~· 
• . . • 1 . • . • . . . . . '. ~ 

The dot in each graph represents the intersection o£ the measured ,. 
' ._. ~·~· : . 

capture rate and the eou.pling coe££i-c~ents of Eq. (Z.Z.) With uncertainty'{ .. 

. . .. 
_·indicated by the shaded area •. ·, .. 

Fig. 2. -Dependence of A co as· given by·.Eqs. ·- (Z.-4) ~nd {27)~· oil. : • : · 

{a) the VectOl'"l'COUpling coe£fide~t, (b) 'the axi~l.,.vector"'coupling .·- .-

coefficient, (c) the -induced peeudoscalar coef£icient, a,:.;,d (d) the·_. ._ r> 
. . ~- .. -~ :- . 

nuclear radius. Each par~meter i~ varied one at ~ time .from the. -~ ~> , 
' . . . . . . '~; . ··' .. ,: 

cent:t·al values .given in Eq •. (26). The dot if1 each graph represen~s _:"~; 

the intersection of the measured capture rate and the central value of 

-the par?-mete:r With Ul'icertai.nty indicated by the ah~ded area. 
' '· . 

_ Fig. 3. · Rough d.ia.gram ~£ the .apparatus showing a. ain'lplified schematic· 

of the electronics _logic. ·'.'·' ' 

.' .} '.· '.· ~ 1· 

. • . . . J .. '\ t· . . . ... 

Fig •. 4. The histograms show the radial variatiou of muons stopping in-a· 
. . ·. ·. . ,. . . 

nuclear emulsion. Emulsion A was 0.Xpo~ed'dir~ct1y behind the front·. 

Lucite windo,-1 in tl1e target; emulsion B 2. .. 3/ 4 b:che~ beh~nd :the !r~nt . 

window, ·and emulsion C 5 inche~ behind the window._· Each emut~ion 
' - . . .·. 6 " . -. -. -. . . -

wa,s exposed t<> Z X 10 beam muo.ns. , The dashed lines are· the muon:... · 

- · stopp:i.ng. di~tributions, · at the sa:me three 'position$, ·obtained !ro:rri the _ 

'multiple.;.scattering calculation and 'are n~rmalized to the s~me ·total ·>' 

p: . ,; . ~ ',~ . ar.ea as· the ·hi-stogram$. 
.• . 
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Fig. 5. Pl.i.lse-height specb:·a fol• each of the major sets of data. 
. ' . : . 

(a). Run A, (b) .. Run B, (c). LP run, (c:l). ·Logic run,· (e). Run B3, 
. . . ' . . . 

{£). R~m B4, (g). Run c. and (h). J.L+I-Ie3 run •. The squares are the 
.. . •. 

raw counts in fJach PF..A channel and the dots are the random events 

calculated !or each run. 

Fig. 6 •. Time distl·ihution of p.-e ~vents fd~. 6·. 7 5 X,iO~ Bp. vAt~· 6·. ~.· atm 

:Of xenon in. the target.· The -dashed lines show the contributions o£. 

muons that stop in_ the various elements of the dead. layer. ·The Mg; · 

o, and Alexponen,tials were. computed !rom the measured amounts 

pres~nt on the cup7count<.:.r wall, and the Xe~ C, and ra.ndoms were 
. '\. 

determined by a least .. s~uares fit o£ the spect!-"um. The fJolid line is 

the least ""squa.re fitted sum of the. exponentials. · Its computed· x 2 

per dogree. of freedom is ,1.02.., 

Fig. 7 •. Calculated diat:r:ibution of helium-rec9il energies from the 

olastic scattering of neutrons originating' from 1.000 muon-capture 
• . :' ' ' • 1 "' 

. events in the "dead layer11 surrounding the helium gas. 
. . . . 

Fig. 8. ,Effects o£ the geometry of the gas scintillator on the shape o£ 

tJ:J.e deuteron-energy spectrum in the reaction !J.- + He3- d + n + v. 

A pure phase-space energy distribution was used as input to the 

l\·1onte Carlo program. The program returned energy distributions for 

the various running conditions:. veto on, veto off, high gas pressu;re, 

low prea.aure. The top scale on the graph indicates the. ratlge o£ the 
··., _1 

deuterons. in. the helium gas at high gas pressure (28. 9 atm)~ 

-, phase space; ....... veto off, HP; - - -~ veto on, I-IP; 

...,... ..... , veto on, LP. 
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. ' . ,., ·.'. .' . . ' : .. :·. . . . ... 4: .. · . . . ' . .. ': ·:..- .. . 
9. Capture ey~nts h1 He<· {Run B4} •.. The data points are with . 

randoros S'IJ.bt:ract;ed and aro summed over every £ive cha11nels. . 

~, .. ·. 
;,. 

'·· ... : .•:. ,. ' ..... . •,. 

..:..... normali~<:!d spectl"um dr.n:iv0d froln a pha.se~space dist:t·ibution; ':_' ,. 
~ 'l, •' • • • ' ' .Y. • ,. ;· -i 

__..._, $pcc1;ru..'?:l <lerivedfrom Bietti' s distribt.¢io11; ••• • ...... the ;rough · 
. . . ' ... ·· ''. . : '. ' .. ) ·.·· 

effect o:f v~.l~ying the cou..'1ttJ below ~ 1.. 5 MeV by Z 5o/o.·_ : .. ' ~ .. 
. / ! . 

·,1 ·:,.'· • .'' 

Fig. iO •. Theoretical d~uteron-energy di.strihutions for. the 'l·eai::tion'' 

p .... + I-!a S ~ (f + n + v~ · The solid curve is deri.yed £r.om Yan~t s .· 

·. ~-<~ . ,_, -~\·· .. . ·.r 

. ranges o£ ~deuteron in helium at ~8.9 atm.. The ~haded area in~lic~tes · \,:{?·'·:. 
'; · ..• :·.:·: . . 

. the .. rcgioJ:l: maskec\ byth~ .. i.9~MeV triton.r~col.l ~al~ and the·cut$. ~······· . .(.,:/,;!.:. ·:·;~ .... · 
.· ·.· : . .. . . ·. ·: ·. .· ..... . . . , ... . . . . ... ~ ... ·.·; ·' :·.::c.~+ 

i~dic.ate the upper limit of the observed counts for runs B3. A+B, and 

LP~ ·.Tho dash<ed Hnefi indicata the estimated u.ppe~· _and lower limits 

of th.e deuteron. apect:~:wn ·tn the reg.ion below ~ 3 MeV... . ·' · 
. . . . . ' . . 3 ·, .. '.' ,.· .. · ... ·,., ' ·.;., .•: 

Fig• 1._-L Breakup capture ·ev~nts tn He (run B3}.. The data points are . . · · 

· .. ' 

.. ·.·· ·~ . "T; •:. 

with random.$ subtl.~acted at?-d are mm'UTl~·d over every five cllann~ls. :' 
. . ·.·.' . . ';. '·'" . . : . · ... ···. .. ·: ,. .' .' .. 

The dashed lines ~r~ the normali~ed sp7~trum_ derived from a phase.., .. 
.·· .. ,· 

'· • .. \ .. 

· spaco.dh:tribti:tion; the solid line i.$ the spectrum .derived from an· .. 

avoraae of· Yano·'·s and Bietti11~·iidistribut.io~; the. dotted linea indicate -. 
''··· 

~pugh1y tho ef!ect of varying ~he counts below ::::s· $ MeV PY 50%.< The.· ... 

·. other runs. \.7ith He 3 in·. th~·;taJ:get are ·~lnlilar but ~v~ f~wcr data. . . . 
, .. ··; 

· points. · · · :': · , , . · ·· , , . ;' '· · 
.. 

. ' 
'_:'·.:_ ... ',. 

'·. . . . ~ 3 3 ~ . . . .. ';• . ' ' . ''. :· ' ', :' . ·. . . 
Fig. ~~. · Tlv~ He ·~ H . capture rate with the .axial~vector coupling constant · · · : · · 

;,/ 

.. and tho induced pseudoscalat" coupling constant as independent variables.' . . . 
. ' .. · ·. . .. ' ' . . . ·~.-:::.·_,_. 

The shaded a :tea ~ndicatcs tho region consistent with _the pre sent experi~ ... ~ ~' ,\~. 

tnent. ··The theoretical prefe.renc~s ~re indicated by tho vertical.a.nd .·· 

.horizontal lines •. Band I is ~ith A{q2)/ A(O) =· M(q2)/M{O) and, band II . 
; .:' . . ~ ' ' - '.- . . . .. : . .· 

·. witl1 A(q2)/ A{O) -~ V(q2)/V(O). The width of each v~rtical band re!le~ts · ~- :. :···,;: .. ~ 
• ' ' • • • • .:· ,:_ .' -4' •• 

the uncertainty in A(O). The daahedlines are !or a V+A weak~inter.action ·. ·~:· 
' .· . , .. 

theory and for a theory with the weak .. magnetism term equal.:ta.~el·o:• :; .· ··· 
. . . . ' . . ~ . . :::)_ ·-,. :· 
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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. 

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. 






