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nLiGT^CT

■ calculate 1 of the capture reactions of n -mesons in
6

iaJ Tround ;at . /-type reaction), a orco-psa- vhtcr.

is exnectcd to jrive no re accurate information ch the p -capture coupling 

constants than the capture in nuclei leading to all possible final statesa 

. a-:- -j . do scalar couoling anti Gell-Hanfi's conserved vector current'

are taken into account, end numerical results arc given assuming a univer­

sal raction0 The Li and rfa^ vrave functions are taken, as shell

model states v-ith LS coupling and canfiguraticn raixLng. It is found that

the capture rate is sensitive to the p-snell radius, mu for a •ieternirn-
6

tion of the latter, the itanfori electron scattering results for Li have 

been analysed taking into aocotint the recoil ltd tic n of the t-particle core; 

r.v.’. eve-nin -ortion if the rad-.1 integral in the th-joreti.cal capture 

rete can be read off the .scattering data directly, fha cantura rats is 

found .to bo of the order of 0 .4 x 10 J sec*" , its exact value still depend­

ing on some assu-mtions about the coupling.
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I. INT^DUCTiO;; • ••

After the estebllshsient of nearly exact equality of the beta *
j

r.ts » attempts are being rnade to dater-

nlndt the aapriitude of the coupling respoftslbls for nuon capture® The can-

ture rata in hydrop^en being* too slovr for presently possible experixents as

compared to the_ decay rate of fch meats have to be

perforwed using complex nuclei® .kist of tnasa capture reactions v.'ill leave

the final macleus in many possible excited states, due to the large energy

release when the muon is absorbed; the theory of this process, vhich may
2be carried through either making closure approximations for the final

q
states, cr using exp . ■

4annroxinate character . This is also seen by comparison of the existing
5,6 • .

experimental data ' vlth the theoretical vaiaes, as done in ref® 6, v.hiah

shot/s deviations between theory and experiment (as veil as between the two

existing experiments) of 10 to 25m and more, for each of the nuclei used*

L
H® P. Feynman and .!. Gell-.Sann, i’hys. Hey, 10? , ■ 193 (lv5S). 

c'.i. Prinakcff, "Theory of .luon Capture," Hav, .od® Phys, (to be published);

H. A® Tolhosk,- The Capture of i-Iuons by Complex Nuclei,” (to be published). 

'H. A, Tolhoak and J, R. Luytsn, Nuclear Physics h, 67? (1957).
i
\ji\ the remark of ii. Peiarls, Proceedings of the 1?53 Annual iiigh iuiergy 

Physics Conference at CCRN, p, 249.

''Jens, Swanson, Telegii, and iovanovitch, Phys® ttev® I'l?. 1464 (1957);

J-o C. Sena , Phys• •' •'» j '.; ^75 (1.

5/.stbury, Xesnp, Lipman, Muirhead, Voss, Zangger, and kirk, Proc-. Phys, Coe.

12, 494 (1958).

// V /
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Therefor*? 3 the approach taken 07 CJodfrey , naaely to investigate a auon 

cnnture reaction vhich lends to the ground state of the final nucleus crJ.v, 

seemed to be more premising • • Godfrey maasursd the reaction rate of '

«» i 1 .12 ■ „ , f y \

O 5

and assured that the boron nucleus had been produced in a bound stata by 

a simultaneous observation of the electrons from beta decay of the boron,
9-12

His measurements vsre subsequently reosated by 3ovaml experimental groups
• >

13and at the same time, ‘Godfrey’s theory v-eas refined by Fuji! and. Pri/aakoff

a

T,M,K, Codfro:/, ?h,D, Thesis, Princeton University (1954); Phys, uev, 9^,

512 (1953).

This was discussed by U, »larshakt V, felegdi and *t. Goldhaber, Proceedings

of the 195^' Annual High dnargy Physics donferer.es at GoRT’J, p, 249.
9Fet :hg Fields, and MeII ain, Pali, Am, Phys, lee, Uevt XI, U3 31 (1959 

^Lovs, Harder, Madelhaft, Siegel, and Taylor, ibid. Li SI (1959).

IcGuire, Argo, Harrison, and.Kruse, gull. Am. ?hj's. doc. Se»i 115,362 (1953),
12Jurgman, Fischer, Leontic, Lundby, deunier. Street, and feja, Phys. ivev.

Letters ls 469 (1953).
13"*’'.3. Fuji! and H, Primakoff, Huovo cimento (to be published;.
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(vho- also calculated the uon caetura rate in Li and HeJ), and by
3 2

14olfeostein . Hie axperinents a.^rae vith eacn other within their rather 

lar^a llaita of error1 1C') arsd io not contradict the asour.otien a
14

univereal coupling also for rraon capture} but it was .shovta by ' olXenstein 

that even the theoretical capture' rate carries a considerablu uncertainty 

stfiraning from the not too. veil kat>«a fixing of ($* - coupling) shell inodel 

configurations as veil as from uncertain p-ahell re.d.ii of -carbon and 'boron, 

/orsover, the final boron nucleus possesses several bound excited states,

and although most of the capture is presumed to lead to the ground stata
12 11,12

, there still exists

It thus seems to be of interest to in 9 t i capture re-

- 6 6 }• + Li ife + 9
h e

{2)

6(leading to. the ground stata of He }, •tb’.ich, although of smaller rate than 
12

the capture in C , nevertheless is cuite accessible to axparir.ant, and

vhich has ths significant advantage t.‘\at Ha^ does not possess any bound 

15 ■
excited states , Therefore, in a measurement of (2) v.-ith observation of

6
a subsequent beta decay of .Is , one can be sura that the final nucleus had

been-produced in. its ground state, >hich was not the case For reaction (Ij,

A theory of the capture rate of (2) has already been given by Hujii and 
13 ’

Primakoff , and the nresent > oric Lbs started with the intention to increase 

the accuracy of the calculation and to state the theoretical uncertainties

U

15

1 , • . ’ : .. ‘ in, Tiuovo rir-enta

F» Ajzenberg and T, Launtsen, ivav, .jod. Phys. 27. 77 (1955).

U -'t / -
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than -.'038 given in ref. 13, dua. to chair sensitivity to the p-sssll ra-ius
6of li (and i}.9 }; this radius vas obtained by us frc:a a detailed analysis

16,1?
of the Stanford electron scattering data . .

In ths following ssction • v j formulate the vaak interaction ra-

soonslble for nua.n capture, including virtual pion effect ich give rise
IB

to an induced pseudo-scalar tern as discussed by Goldsergar and rraLnan
19and by Volfenstain , and possibly also to a "weak magnetic" tern origi­

nating fron a conserved vector current in the weak interaction, as suggestad 
20

by Cell-.lann . fhc nuon capture rat® v.'ill be given in tarns of the nu-
- 6 6matrix elauents. In Section III, the Li and' Ha ground states are 

specified - we adopt shell model' states vith LS coupling for both of them «, 

and the available information on ths configuration mixing is discussed. In 

Section IV, ve analyse the exnarinental data on electron scattering by Li° 

in order to obtain infomation on the radial distribution of the nucleons 

in the r-shellj the analysis is made in the framework of the shall r.-.adal,

tax33 Inca accound the motion ol the a-particl® cere around the center of 

j of the Liw nucl .... v:hich turns cut to be of importance. Finally, in 

Section V, the matrix, elements are cr/aluatad, and the final results are dis­

cussed in Section VI* * 17 * * 20

16. ,G.'d. durleson and 'R. Hofstadter, Phys. Hev. 115, 1232 (1953).
17

Sea also U» i'.eyer-Usrkhout, K.l-'* Foid end A.ii.B. Green, "h'uclear Charge 

Distributions of Nuclei of ths Ip-Ghell," Annals of Physics (to be pub.). 

'' r‘.,L, Goldbarger and G.3* Treiman, Phys. Hsv. 111. 355 (1953),
iq
"'L, '. oj-fenstein, Nuovo cinento 8, 835 (1958)<>

20.:i Gell-iiann, Phys. Rov. Ill, 362 (1953).

U v f



1

o

o

----------------- ,--—•  -- ---- ------------- —---------- - ----------------------------- - ------------ --------- I----------

[I* FO^MUUTICJ OF Xil^ PU03LXM

» chod fox ■ •

/~+$> r > >- v- NH *» Nwg V, '--^ Uv ;-r- ) ■

Cy ^A-y v; ^ g

'“M ('^^v UX Tz^ ^ 2^1 (V-r-^-X^^V

£C.F C U,^ vx “‘'as

V2. u " 2^

rl . N f (J , ^ “VIS’ / »••-" , .^ to i \ “A' >  <4-0 % _ VS. w
il

C^J' C V'r x&- j ^a j-5- v.^ N t
v;

n ^ / / —;/' ■' l*_.. 8 -4~ yv cc
'" - - fs* '' ' '''“" spr Q 5

« 'a'*'

.W

(3)

/
with w r2-4

■

which is mostly taken from Lea and fang , but contains also the aagnatic*
. 15mcnent terra induced by virtual cions, as derivsd by Gcidoerger and ire Iran 

As vs shall consider.no parity violating effects, tv:o-coaponsnt theory with 

left-hand3d neutrinos is assured9 The itaraiitonian (3) dascribes the re­

action

4~ O ”-r> AV '>■ V , 
2 ' (4)

and the quantities , r*~ ,, designate the four-momenta of the re spec-

Lcles; m is the n Leon 'ass, (In the foil ' e exj r - all

energies in electron rest energies, all lengths in electros . ve-

len,^hs®) The nsatrix elements for muon capture will

21
T. D0 Laa and C,' N® Yang, Phys. Rev. 104a 254 (1956) , dq. A.l

UV '■ V
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for ths r.u.nsrical discussion, •.vs c’call licvr^fer consider oni^' ths follcv-

A

....

7-;nc":an and Gell-liinn” (C!, « *» C}. In addition, varic

vdll b-c na-da as rollovs:

Assumntion !:• Thors is no indue ad ossudcscaiar and veak raag-

nstic tom (G0 = G„ ^ 0); in this csss, dispersion relation
Jrt ' *'* WiHt of ibx 'a<xr% C-av^aLinj CartitanfSy .

techniques suggest that^l S Cy holds also for transi­

tions batveen :J ressed sin^'ls-malecn states (0 vith superscript 

? stands /so ths bota-dacay coupling constant, G vithout super­

script for the cue in ssiori capture).

ApsVsr.ption ,2; Thors is no magnetic term, but an uu i
. 13S1Q /_.

\ Cjp = £ ii, ^
o
sj

... , .
.i -fi ;

Assumotior. 3• Both ths induced pseudosealar and ths Ksak.mag

_ ^ rsvC "TTl .9. 3 % cx • rSi.« «i-> j j V' C.. V» A 5 ^ M **/-i- . I

rtU “J p =* ,U,. - Ut. T >h?_o vu,.
.

'ars ths ar.Q:.u’..\ou3 pro­

ton and neutron magnstic Resents}. \ ith the presence of the mag-

r.atic terms, analogy sith the isotopic vector part of the proton 
■ 2'• c:hsr~e fpjvi factor*'’1 gives the relation ^

n <X r-i p / { ! (5)

a

v.-hsre q is tha four-.-c:''u to safe.;', and ths .:‘o.an sqsca-rs ra.i'.uc

ef the proton is’determined fren ths Stanford ©rperimenta
2.!;,

J. Bemstoin, "Osa Radiative

..Bernstein and K, Goldberger, Ife i.Phys. 30. 19?3).

^Hofstadter, Bunillcr and fenrian, liev.rksd.Phys. 22, 4S2 (1958),

/\p/ r-;
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ba / '> * ( ).80 ^ O.Oi.)2 x 10’26 cm". Ihis gives for

E r= /~t - /'■■? Ps ~ -y/*w-0 tha value 0„9724, if a q appropriats to ~uon

eaotura in Li is used.

In assumotions 2 and 3, i;o relative sign of G3 and 0, has been
i

19
taken as positive; this follows from arguments using perturbation theory

13
as well as disoersion relations , although both signs are possible 11

is determined phenomenologically from n - p decay, fine experimental evi-
2,3

Pence on this point from muon capture in carbon * can be considered as

slightly in favor of tha positive sign.

Although it was also suggested-" that G =* C for transitions
A A

between single physical rraclecna, we shall in all three assumptions set

/*7 _ "O pW “ ,<v-'A ; (6)

23
to give some room to the possible presence of meson exchange effects

»3
which could destroy cccact squality of Q, and C in co.npIe:<. nucleiB ii is

A A
at present unknown (cfref. 2). For U ^j we s'.'.all hcv:ever use the values

a .. .j
for single physical nucleons, , or ■' C y as mentioned above.

Returning now' to our general flamiltcnian (3), we aoprDxi..iate tile 

neutron and proton wave functions , u aonearing in it by their non-rela­

tivistic expressions, keaning powers of order sero and one in p/m, n/m, 

where n are the magnitudes of the proton and neutron three-momenta. 

Megloct of the neutron-oroton mass difference does not give errors larger 

than 17; also the small components of the muon K-shell wave function can ba

...... , idea)

Ulin-Stoyle, Gupta, and Primakoff,(to be nublisnodl

/ / r> /
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neslectsd vithcut causing an apprsciabla error. 2b..-entuni conservation at

tha vaak vertexj p—;l»a» y i';*n allova to aiorssa all first criar

relativistic terns by vand p /on. 4 wncre V stands for tha 

ra Tiitude of tha neutrino threeoaonentum. The res'dt is

H = (<p- r ., i + j'r f ^ *
?«4r*V- :'v" + Ge ^ ^G * v • ?" -t-

(?)
* J2., ^ .i. Z'? * _9 ^ N * f -±1^CV X0-!’ )'&\U-

'•/VO

(3)

there -A and .'jS.- are the large ccnconents of u^» u t and tha new
y *?v (ft ■ ■ n p

ParrJ.. Samow-Tellor and paCodoscalar type coupling constants are given by

(I + ^)CV - ~ ri * V 2-^ T>
G<- *•“ (CV4C. + p

H ^ v ,M / V * 2- J ^ T ^ A >

G © ^ ~ ^ “ C ~ r. ~h r ™ c -r cG >. ^ y ^ ^ ^ v- -*** ^ r\ ^ </ a

The Pauli spin vector G operates on the nucleons, tha dirac vector 

<$ = i.'/ :% ^ ch tha leptons; "V means a unit vector in the direc- 

tlon of 'f j
6 ,6itaxembering now that Li'' has soin 1 , Ha spin 0, tha beta

decay transition probability contains only the Garsov.-feller tern, and with 

Y , A coupling is given by

- 1 in P i3” i cr N S” I M i
^ a ~ ~ t 1 w-'a | -£ i i

(9)

' *o' l /
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r'
"—a

; *“ ■ 'r (if'Zj'iar-l E (E( ■ \~- (9 a}

ETsCi

M, = f ^ ! siT ^cr- ^ N
* *0» ’• — Li y- +. Z-ih,) 51 (9b)

6
i’i is the magnetis qtantua nuruber of the Id spin, the .taxinun

electron anergyj F( - E) is the Femi function (given .?. *» by 
25. ,,6

senberg and Erigg ), w, . and 2Ha a'*^a vravefunctions of Lx
5 q*and Ha , and ^

'■*£
rsnsforr.a the i'' neutron in Ha into a proton. 

The transition probability for muon caoture la found to be

Z y5*
H" 3 i V ^ » *=

.

/Wo ^ ^ iA Tt ;
t ’ I '“’p ! J i V ‘ i

” 16 1^* ! !/ it. i i ]» !- •'-> : I I | ' *t '■ . i *^7V^ \

" - < T ■'
<L.X&. \ '-Z? •- y ^ J -^y ^ -f- ;

0 'f ■ yj

?t 1
''"A v

p* f a ^ ^ ^ \ v A T* f
l.♦ ^4 "A Op '-a j ''r*~rx-k ^^

. •p n f /“■ -p r / A t -i-kt. j G^k. ^ v- •• r'Ct T ' < V'-^o-r ££
\ V' T* 1 Y

(10)

■where *7 is the spin of the initial nucleus ^ .{ and «•!, tha initial and 

■final state mafpiaiic quantum number. Tha matrix elements are

d, Feenberg and G.
;6

s

>

! .••sp; ,*
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&c)>

> <%.* .1^* ct?.
(10a)

are, v"! ' tranafoms ih^ ifc° px-oton is.the initial state into a.

ih
nautron; ^ and £ * are position and aomentuai of tha i nroton, and 

fche K "shell muon aoace wave function is given by (To. C?^ ). *
i

vhare C2.^ is the muon Bohr radius

M- N Ul)
i37o^ ! ,

r~ " - ", i I )

6 ' , •

with u the muon mass the mass of. He • • In (10;, twice appearingjr$im
tansor indices are to ba summed over, and c,, „ ' is 1("1) for ( ^ ■- >v )

an even (odd) permutation of {.!^3)4 sera other-ise. .•'omentum and energy 

ccr.sarvation rivaa for V :

V « 5 ( M- )i ’ — i}
,-?4 !

V st. ! 9 a* 7^ •=aS- IOC'3(3 /*v'1 <" V

(12)

6 6 ■

using a muon rest mass' p « 206 .5* a He - Li atomic mass difference
15 S’7iJ-I - 6*95 *• 3-55 *idv ■ C-;u at al 1 .give the end point of tha beta spec­

trum of He“ at 1.50t 0^05 .fey; we shall consider the effect cf this

27
* u, .uustad, Pare^-.'ende^. and Lidofsjty, Phys. uev. ^7* 1110 (1952;.

Li' V / / ^
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12

uncartalTity on cur results later), ar.d a Hs° rass as calculated frcn the 

.nass defect giron by Ajaarfjsrg ar.d lauritsen^. Ihe. nruon binding enerny 

>'2.3 found to be nsglirible in (12).

III. rnJCLiiAR VAVE FUNCTIONS

diiell model, states *./ith LS coupling Vill ba assuntad for both 
6 6'Li and He ground state wave functions, as suggested by the “superalioved"

ZB 29
character of the beta transition 8 '. V:« shall always ccnsidor the c-

30
oarticle cere as net participating in either beta decay or :nuon capture'' 

considering the largo binding energy of tha a-particle and its lack of bound 

excited states, and vrits

ii. K, = y c-.-,)s-ry , (13)

.6 . . .. 6
where J = 1 for Li , 0 for He j 1,2 designate the tixi ip shell nucleons.

— CW ty Q Lr. wava function, P. tha radial wave function.

O

23

29

'ueleus. Princeton University Press (1935)

H. A. Bathe and ?, Morrison, hia^ontany Mu clear iheory. 2nd ed. (J. til ay 

and Sens, Mew York (1956), p, 223

30,
xi the similar process of li° nhotedisintegration, absorption of a quentum

.

31

.on to the a-shell

lishod), but the

! for the nr esenca

of this mschanisnt.

31T.A. JSomanovsky ?.nd V.H. Voelker, Phys. dev. (to be published).-
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In LS coupling:

<£.. « C,. 's0 + q. ,
v55r+ q.'p.t wc6 » C1. ^ s + c * p -t r . ^x>: ;y. ^ ■ —«• i T 'wr ^ i ) . (14)

vdth ' C * tha siixlns paramo*ors« v/hoss s;ra of absolufca sQuarsa ■ is nox a— 

Head to 1 both for Li and lie. . Information about than is obtained from
nt and quadrunola inomsnt, the Ho^ beta decay, and thethe Li magnetic .none.

positions
15 6 . .6of the lovrest excited levels of He and Li . Lnalysas cf these

6 52
gives results not quite coaoatible with the Li .magnetic laoaieRt^ , and >;e

shall than disregard the latter, its information being considered unreliable
32

due to irdciov.n exchange and raietio'ietic effects

The Li° quadT’ocola Ronsant Cv is obtained'J ,'>4 via . Li ouadr*:

cole ucnent s vhose value in the literature ranges betv/sen - *3.5 X 10
-2b

o tp -C£, : O .36 
and -12 x 10 ~ c.n" The shell leodel gives

Q, 7
^ S' ^

4
o Vo

C
-5 '“O / '

(15)

3b

34

V. ,r» Pinkston and' J .G. Brennan, Phys. iiev« 109 . 49? \ 1955) 

N.Q. drama, Can. J. Phys. 31. 1105 (1953/'

P. Kusch, Phys. ilsv. 22s 263 (1953)»

3p...

36

.Ga Harris and M.A. dlelkanoff, Phys. Ho-.’. 22* 535 (1953).

R.M. btemheiaer and H0K. Foley, Phys. Rev, 92, 1460 (1953), v;ho argus 

that their value should be mors reliable than the one from ref. 35=
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14

_T3
^ 4.1 x 10 c;a« Ta:-±n^ account of tha ^anaral uo.ssrtairrty, va esirunate

Q'
- 0.03 ^ r™ ^ 0*0/ . 

< r*">
'

■S 6'Iha laval structiura ol Li , H-s has baaa. afealc-ooi by Pinkston ar.d 
32 37Brermarf end by :. ■ . luctrapolating fxom their values to a t!/

•within the li-nita (16) 9 we consider the L . i of con-

figuration nixing parameters:

0.004

U, = 0.147 0.025 (1?)

+ n 045z Wo Cop j-
> - O.C65

uos are norraliued to 1. Tha largs uncertainty innet,a that tha inean values ar.

C_ does rot matter vary much in tha folloving. due'to its snail value.
6 .rron tha ha levels,. v:e ! 7 r- f / Oeshko'P^ (and extending th*

iir.tr someirhat beyond his limiting values)!

Cn = 0.941 1 0.033

(1Bj

0„ - -o„339
+ 0.112

0.C30

Infor afcidn from tha helium beta decay will bo considered in Section V.

Q

n?
S.. ileshkov (unpublished); see also S. rleshkov and 0.V.'o Ufforde Phys. itev.

101. 734 (1950); o. Meshkov, dull«Am,Fhys.See. Ser. II 4, 255 (1959).
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iTxQ farm factor of the Li nuclear charge distribution vas ■ 

ta.ir.ed frer. olsctro.i scattering experiments performed b/ turlasoa and 

.icf s tad ter (ref. 15, Table I; cf. also 17.}. dorr, approximation is jua ti­

ff si for the analysis of these data, Li being a sufficiently lirnt nucleusa 

'

distributions; from the shell mccel paint of trier„ the cost Liter .sting cae
T1

of these is the raodifled harmonic-wall shell model”, vrhich assumes the

ctarre distribution to consist of a sum of s- and p- shell Gaussian func=*
6 '

tic ns. Although this gives an overall 7.13 radius for the Li of

-
— 13 (.J

in agreement with results from other possible charge distributions, the 

ILLS s- and p- shell radii separately uould corns cut as 3 >2-4 x' 13”"" ca and 

1,59 x 10 * cm, rssnectively. 'Ihis clearly shovs that the analysis is in 

need of refinement0 as the p shell, being bound core weakly, is expected to 

have a larger radius than the s shalla

Is ns-..is that the meat important effect to be talcs: into accc 

•-o’uld be the motion of the a-particle core around the center of mass of the
7'*°

nucleus. Seme ether effects need however to be considered also. First

cf all,, each of the orotons in Li° has an intrinsic charge distribution 

whose shape can be taken as Gaussiah , with an 1-13 radii 3 . -- (0o80 1

) :c cm. If this sha pe is preserved for a proton bcuni in Li"
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the observe! charge clistributiori Qobi (**) actually a folding of tha 

arc-ton intriiisic charge distribution ‘pprei ('f' ) into the distribution, 

of the proton* s center of rass, p ;

?«&» “ j ? fpr.4 £ ir-r'l)rr

'Ins corresoonding relation for the fora factors is

} r '2,
T

W'* * . #

St 1 4s ^ ^ ^ (20)

and the exc-arinental fom factor after unfolding of the proton intrinsic

snread is given in Table I. The error in these values, being 5/> for

'TT', , % becomes 7/« for 7*7? due to the uncertainty in a,
• a»5 Vd. J • -

The a-particla core “cr an intrinsic spread uhich can ,iso be 

described by a Gaussian; its JIM3 radius after unfolding of the proton
■gj pv O

scread is given exnerivsntally'''> by a a (1^4.0 ^ 0oll) r. 10 ' cm from
.

electron, scattering, in agreement v.’ith a value of 10 cz
i 39

deduced from the Ka*1, photodisintegration , As a result, the charge forsn 

factor is v/ritten aa .

% ^
o - 7" (*9 — ^ us. o ^ ^ y- ■

PT / \ / “X" , \ (21)

2$

39

rt. lv; KcAllister and R. Hof t dter, Fhys. riev. 102. 351 (1956); soe also 

D. G, Raven’mll, Rov. I-bda Phys, 12, 4?0 (1953),

?
L. Rustgi and J» S, Lsvinger, Phys, Rev, 106. 530 (195?-)•

' / V . V
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TABLii I

6 ‘
.. fcm factor or I-i'", after unfolding of the intrinsic ore Sea 

charts iistributioa. The first three valu:} were taken from ref, 17f the 

rent ref, is, ' '

.ts 10i3 cm) FCq). q F(q) q F(q)

0.55 0,723 lu37 0.175 1 7.6. 0-0330

0o73 0,537 loV7 3-153 1.30 0-0673

1,02 0,372 - 1,31 0.141 1-33 0-0361

*> r\ *-5 — erfirl 0.212 1,56 0.124 ■' ,37 ■ 0 .Oils

1.30 0.216 1.65 0.107 2.05 0.0331

U S7 /
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paratod. hero from tha spread due to its- 

recoil -notion; T^_ Cq 1 describes the motion of the a core canter of mass

mass, and of course is closely related to the 

n-shell fom factor tl, fo ^ representing the motion cf the (point) pro- 

ten in the p-shsll.

In order to evaluate these remaining tvo functions, ve adept the

shell red el v>ave function (13) for the two outside particles. Their ccorr i~

nates g are then referred to the center of mass of the IT'

nucleus, whereas -a correct dynamical treatment would probably require to

take the a particle as the origin* Kcv.:vpr. ikic :.r v-t -••:ucsted to cause

a great error*, and our treatment remains at least consistently.within

els fransvork cf the shall mod el „ In vlci-/ cf the values (17), re also
3

consider the d-shell particles to be in the S. state only; this assumption 

is probably justified for the purpose of the present analysis, although 

’■■3 did not make an estimate of the contributions from the othsr configura­

tions* The P shell form factor is then easily sha-m to ba

r., ' i y Ik, V’(> y-v-' U1-)

where. (%) . is the spherical Bessel function of order sC> • I-'13

re-coil moticn of the core ia datorndnsd by the motion of the outside pro- 

ten and neutron} the coordinate of the core center is always given by

■» i —y '

^ ***
with ) the cerucr cf ..-.as:; coordinati - -

particles* \ a can thus derive the following expr^cscicnss

rrV!
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IS

A.
t _

(21b)

with

Ge(%)s .3. i
(21o)

‘i-3 equations (21) now pemit us to datersina tha p-shsll radius 8 by fit­

ting T(-q^\ of (21) to the experisental forni factor of Table I0 «a tried
■y.

TP . vror an exponential function 1

but •dtp a hamonic oscillator function

, which gave no fit,

■D
i \ «

A/ , -r j2- — “’V* A/
■

0 5
C Cv _

■■ 1 
sj ?rc

- 2- c\ --
•p
•dl.

(22)

'-’•p '.'-r.ere able to fit the data fairly wall, aa ds 30 not rated in Fig, i0 Ths

n-shell radius thus obtained is

i ^ H- i x !0 -S3
Cfn. (23)

This result nay- .33 an so-newhat largo, but it is sup;, cut ad by recent varia=
/ },Q

tional calculations on the Li ground stats"' , and moreover it is consis­

tent with ‘tho results (I9)s using the sar.s methods which lead fco (21b), 

va can derive the mean square radius of the recoil motion of the core cen­

ter as

40

h9 Austem. orivcte convnunicationa See also P9A9 I'ackman and N„ Austem.

ill. Am, Phys. fee, Ssr. II, 4, 254 (195?)*
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•' ^

' vhich gives for the ./.ssn squire core radius (including its notion)

<“’•> t - -K3-< * Ci- 32 « iO' 11 y~Cm •

the overall r.ean scuara radius of Li' then follo.-s asrs- th

<-r^( . ^ % <^r^> (iJSx^^c^
' —1 o N /c> •'T

is ret too bad disagreeraanfc - ith the value (19) (even after the intrin Lc 

proton radius uas extracted from (19) )o The adding of the squared radii 

in (2i») is raayba not quite correct, as we are not always concerned vita 

sinpla Gaussian distributions.

The slight disagreement of the curve in fig. 1 vith the exceri" 

rental points need not worry us too .tucIi, as v;e shall use (22) vith. the 

radius (23) only for calculating suali tsms in the rues capture rate.,

It vill be shoan in the necct section that the main part of the radial in­

tegral which determines the capture rate can.be read off the experimental 

data directly. V.

(24c)

J

V. LVALUATICh Of TH3 CAPTUHS H/iTS •

The matrix als-ussts ■ in iiq. (10) for the muen capture rain have 

:cen evaluated using tha shell model vave functions (13) for the initial
. a final Ho nucaear soatssj -o Ciithen sc^o •» W'O'tTV*'*

mants which lead to the Fermi selection rule 1*0 beta decay, as ve have

/ r \'



a transition from spin 1 to spin 0; slsa tna beta decay of He is- a pnrc 

jiler* transition, Tho other results ars

/\ ^ Z U-.r * <: Jr'K"* (J9S'* nM^r)
■ J

a j ^ ^ ^ j D \ -
' v2. ~* .i~ i V* v/;'^r ; — d- •« A l “d a. j > ^

N

V Aj =ris,$. )- - U*'KS3( % P. ♦ ^,) ,
(25)

.
a „ ^r- m '/ 0; k te2- (1 D ~ 7''^ >/~T - ?7 7) N ./ \. y — ivA. Ww ?. vs^r Pm*., J S'li '. ™' 7i •'j a*4'j f ^ V5I **- Ja, 'J"P / /i ,a,KT* * '£'& ’**" f>V* * y

ri

here the radial integrals are, given ty

'.* ( ^ Cv}1<oC-r) <ftfJ'fo(V'r)'r~d'r)

_ i O
6/-A

IP / /■ P ' a^. A (pf-r) ;i--^- i J7 i • •- y<?

.-1 _ 
e- -

( R,C-^) f-->^A(--v)'-.-A'p

“7 /___ A,.-. /cL si.— 'i
^or -r ■ J<\ ""j 5 ••' o

.7, (v-t')

,') , 5 A='l £___________"'”A- w ,t* j a,- (-, — , — o -

(25a)

further '.-ra hav-

-f'l •. I /—’
•LA — i ' s ' s

o
- . , 1. ... V

2VT c c +%30 s* •. *y-rt W

■3.
,2.jw

,o
v* 2. '-A ^

'p _ /p P___A_ P ^ . „L 1 P - \

/ . ,rz. /** rr y' s~' , rr- ,o , >/ \( A( m. “ ! p> “'-j A2* "" '-jl. ; - ~J' » 2. *')■T\ _ l>* ■*• I
--i ” ^ ^

^ K "' ^ Sr ^ {7o ^iSr ^ •
(qp -h ~* PP_«♦• Jr- P ^ ^

(25b)

. V—s,
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11*3 c

"^= j rsj (^) (^r) (26a)

arji

;< = c,c4-.^cc,
(3 (26b)

(26)

appear already in tha beta decay matrix element} given by

A 'S 5 \ — __ r *“ i * r' *^ ^ I i i- \ ~ -o J . iN .
M 1

The results (25) have been obtained by xorning irreduaibls tensors an the

nuclear matrix elements (10b) and applying the ’..'igner>*bchart theorem; also
41

certain identities for spherical harmonics have been found useful;, 

for a numerical evaluation of the capture rata, we now make

sunmtions listed after lii, (4) • .The ratio of Game ■.•.•-Teller, to 

coupling in beta decay,

'v ~ 1 c ^ ^ r !* A i '-v '/ 'w»7 j (27)

SV _ -j. N./
is according to the latest tvo exneriinents /\ r. -■* 102? 1 0o0i and 171. ' i i*, 1,0 '
la19 _ 0a03. vdth a negative relative sign"’ „ - e shall present our re­

sults for various values of vithin these Units. For the ratio

41

42

H. Ad Seth3 and 4. iS. Salpeter, encyclopaedia of Physics 3^F 432 , 435 

(1957).

M. Goldhaber, Proceedings of the 1951 Annual High Energy I^'sics Con­

ference at CdlM, p. 241 and p. 23S (footnote).
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••1: 'i

c, a"-2>o+ c) , 

R-- cA/c/
C

(23)

)

± JC 
1 3 ar

l. *t<?i x 10

and

A A - A. - c-f) A i
5 (A,-A \ 4-A -A. p ajv a \

'
L s Ai £- 0: A, - A ^ * * \

■

'S~'\ *\ / \r
.T,3” I / f pL v. / X
S • JL -r {59)

vnara ^ - v A / - *=^ ^-V / ' - S> 1 ^ t J*ac» , and v/ncra ac^ordii;^ to the tdrej assaa^v

fT ""-, e t--«•' %}-> ^ n T u ^ r,«- '*2 ^ *«» W > % w < « JLA i **'ir*+Q ‘ V »«. *./ -w -3

rv . a.--3 gi'/on b

L'quations (29) sho>/ tna aidTaraat volnti/istin ariars of tho

ams (terms of ore a:* t' fi it vora loot - adthoui-h t’nev sro not

ot.o ciiii,r ores ,^-•■0, > ■ nontrdb itdon* 5.3 rrvo:jit 2*) iiie ooro.o

A, .3 A A /t'S
o

are o:

_ 3 01 ••:.*: .3

dar ( »>* 5 o' .as the ether terms - \ , $A if 1$** o-^fty*.
I ttf i >

fable II Values of £ . *c , : under aoeuirotlcrn 1 9̂ a

0

3?C62 0o9724

■ ;o;
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Analysis of the beta decay data shews- that the overlap in J i;
■

coc. IX ccs.;!:* • --. ' t- hers use: tfcs v&iv»s C., G •* (ijitlO 1 0«00?) x 10-49

er.? cai'i" ■ (rsf*‘ ’-2, p. JJ * calculsts f - 1Q30 - ( •:.siri3 -M ’* 3.^55 -hsv:
26 6

If life to :: t - 0 32 t Oh'2 sec, a weighted average every many expari— 

ie that ve vd.ll not in.....  ;

value in '.2-). but use it only for calculating the degree of overlap of J « 

Using (17) ani (12), ve obtain -from (9) and (26) the values of given

in fable 111, as a function of ...
j

21 e —

\ ^

1.15

7 .10 0,94

A4i. w —. - ^ 1-prrT'ti"} } a Ho'' beta decay.

J'
'

J
• 0,01 3

lo22 0aX t 0,10

o H

0,35' 1 0ol0
■ 0oc6

1X9 0X3 t 0X3
• 0.10

iation of J from 1 will have to be taken

J • „ V, 3 consider tvo possible, reasons for J f 1:
<✓

(a) He° being toend' ’ 11 .wave

toon has a larger radius than (■*-, J V o} H.- SJr.T5i fsn being ec-ual, except

!.'e took fren the authors quoted in ref» 15 and in ftro.7iingers Hollander 

and Sesbergj.’Hev0 Ini.. Phye, 30. 535 (1953), and from t o further papers: 

G„ M» :lusted and 3. i, Hubyff Physa Psv„ 97. 991 (1955)* and EB Co Campbell

:

? f f? *
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for small r vhere they fall to overlap. This is assigned to involve only 

the *-aV3 function of the particle vhich nr.dergces the transition. Accord­

ingly t the values of fable III have then to be identified vdth J “ rather 

tnan J .

Both methods give varj'- similar resultsi if ve adopt Gaussian v.avs 

functions (."'2} vith rauius b frc-a (23) ; the values of J .'J thus calculated 

differ only-by (for = l^lo) to 5-» (fo- d31 la 29) » method (a)

giving the smaller values. In Table IV3. ve slov the averages for ob-

tained in this ’■•ay in tha second column. For ccaplste overlap (J =» l), 

again using Gaussian functions, the radial integrals ore calculated as J - 

Chill, T = 0.192,T, ” 0.134, T -- 0.435.
j- X

Table IV The radial integral Jo

v̂\p,

lo!6

^o/^av (J /J) o7 eccp

0.420
+ 0.C13

0.374
- 0.041

1,19 0o410
+ 0.030

0.356
-0.034

1.22 0.393
• + 0.033 

0.344
— 0.029

1,25 0.339
+ 0.030

. 0.335
-0

1.29 0,377
+ 0,029

0.323
- 0o023

o

1 / 57 f
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-.•"-■c values can. be la.c;: red id® ali cst independent of argr

special saape of E :as folio we, •''.urical analysis showed 'that a predomx-

vas detemdnod by equating "FC'/iO to the value ^(^v) « 0»Q390 ' 0,0019

Lnta iantal points of fable I, and identified with

the principal part of This gave the values -lab-sl-od (lc/J)e in Table iV.

Th.e ’-uncertainty quoted caaas fro:.! the cor.dbir’sd uncartaintdas of C../ Z1 0 ,

27
l

Te^ (‘t's) 9 a:~ C? .• ■ —n (l?) j(lS)» If -di were chosen 3,50 Mev ■ instead

of 3 55 dev, all J /J vould shift closer 'to J ’ey d*. 5^’ of' their value
rr

(less for larger ; ra-uirran shift for .-;\r ® 1,22')
r r

for J, , J and no effect of inccupleta overlao was calcufat,-;.^
- 2 1

as they a no ear only i.* small terms ft 10.», V.e nevarthelass choss to re-

dues than bv a fraction corresponding to tha reduction of J in going fromo

tha second to the third colviin of fable IV e and take for the ccr.plste over­

lap valuess Jn - 0,3373 J « 0.170, J0 - 0.116, J - 0.301.
■d. ' S.a i 9 ■?

Tha difference between, the "calculated" and the "fitted” values in.

Table 17 is quits large, and reflects the fact that the points on the upper 

end of Fig. 1 lie off the theoretical curve by an amount or /V 10.a, From

■ procedure outlined above, wa consider as the correct values.

to be used in cur final results., altliough the derivation relies rather

nar.t part of (21) was contributed by the term TJ, '/■'fj in (2lb)(, fur 

" chs value* of q ccnaid-ered. Jov T*, /y^ is the same as in (25a), 

if in it place E ’;y d, by 1, fiat tbs’ deviation of H-

from and of -7 from 1' gives orf.y a mall ■ • itribution to which can

russian R-. L . ■ e, all the terms in F(q' me set 

the tern 'F^ {&/ifj ssre calculated with Gaussian for q “ &•>/} than ~Fp (v)

-

'
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^sasrily as: tha eorrsctnsss of (21b)» Tho question of tha trustvorthinsas 

‘ cf the results of ‘fable T/ for ^ 1=22. '.here J lariated sirnrufi~; ^ - o
car.tly from the cc.r-olete orarlan valua «f . haocmes less Inportc-at notic-

44-‘1 ~ -3J> rarl-sr saur-ass. aar, tha • o.k of icfc-r.i-:-'anssa on slrror nuclai

Kara always favored smaller values of A/j. , and the taora recent Russian 

values on the neutron decay go in the same direction.

V'ith all this information not; gathered, ve finally obteln the

values for A, i} and C under our three assumptions, and far 

if vs set If =* 1, as listed in Table

VT n-cr’T'c'tT "'n

.

- . . _ • < _ < y*1
-■o rshf a o': /“ o •• -~aoo - - !* o A ''*■ -r» v>"^ .-v h ?**,■» -t .-i ^ -v«-% ^ *. > <«. 1 .-• . . ^ , u _ ^^ ^ ^ ■w''w, •/ »• ui. . - . - - -j * Wr;3- i. -- o it 3.2 '.. g

p
Q f \

ing out of the capture rate and by leaving H undctsradr.ad* These

three quantities nay beccne better know, he the futupr*. Ksverthclsss, the. 

values obtained still carry large ur.certair.tiac „ up to 2Qb for seme oaiesj 

tha accuracy to vhich they may serve for determirhng t.'.o cocpllng constant 

is t:._a .'iot Luo higii,, it aliens however LI:.j boat one eau do c.t pit;aont =

Tha first fsature .we observe is the reduction cf tha capture 

rate by a factor :i(> 4 compared to the value givor. by ?ujii an.i PriiUdcoff^.
o

"3 ascertained that this came costly front their choice ef h “ 2JiO yZS) an, 

hsreas the correctly p-shsll radius (23) obtained froa tha analysis cf the 

Stanford data should bo used. This point, vaa noticod by Prinmlcoff, the. rv- 

suiting uncertainty hsr.v'ever under sat i . .

cf, e»g» C, S, Wu in Ssta and C-nnuj. Pny Snoc :r. scosv, edi: ed by X0 SisgbEULa. 

JJorth-HoHand Publishing Company, Amsterdam 1955,
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"icr. capture rate in u6

v
>

A 3 c

. Asaurptioa 1

1,16 0,141 +
- 0.029 0,012 o 5^3 + 55 

- 101

1,1? ' o.on 0
,

'■. ' J A-^

1,22 A + 0o2240alii9 - 0,01? C.010 w
+ SA

^=66

0 113 + Ci021
=* 0„Oi. / 0.009 u + 73

424 _ Cq
j

•1.29 - + C .020
- 0,011 W* s> 00 G 'o '5'° - 49

Aseusption 2

1,16
+. rspo

r, -j-jn
u■= --J _ 0.021 0,013 0 + 31

431 pa

1,1? - 0,013
o.ioo ^ 0 0i3 0.011 0 + 63 -Al

1,22
+ n ni.3/- pcq “ • —^

o
O 010 0 ,,c + 63

✓ Jnr

1,25
-i. O O'* A0 r : t> W3 "r. p-i-n 0.010 0

+ sx
C ' A ^340 - 45

1,2?
+ o oi*;

A A'?A -aw v OO ,-v ^ ■+ 0,009 0 316 " 4?
- jS

Assumption. 3

J. t* — w
+ A A.-'A

o no—J - Q0C21
0 044 + 0’002 0.005 556 39

~ 73

lr.19 n -AA ^ 0,01s
- 0.013

A pAA ^ 0,005
^!*0->9 - c.005 A ' ■

V., Q.
,ort + 31.

1,22 + 0013 
<'iC^ - 0.015 A A^X O^.'OOp

_ 0><004 0,004 , -!• si
462 - 66

1.25 0 AAA + 0.016
Uo'woo _ 0,013

+ 0,004 °^3 . 0oCC| 0o003 «2 I 57

1.29 A P-JA + 0.015 
- °*052 - 0.011 o„c30 + 0,003 359 - «

v
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the induced pseudoscalar v'sre not considered quantitatively in ref* 19*
30- - ^ —aeaiblg cnro f.------- t--------:    ..i^' .

J
»

onxiection ’ *ith inscwipiets' overlap in J rzs.y bo oosn to .oriti-
o

. Lnall^a the. appllcability of. the shell .•nodel may be queoticnedo

Car ..'.a effects of the :. ..j; . . . . bscalar ..'.a Oo..'.. '■

magretio terra are concernsd, they rsay not .be rsco^r-irabC.o -r.-ith very ^rsat

t ili by :C;o.:. our results,, Sonzparii . ■ that t lay

alrost cancel each other if present siraultanecuoly. Our largo Unfits of

error psmit at. ■ “ 1022, e.£w, that for
■ /

of ICO fits all three assuototions* .However, a difference of a factor

feur in the capture rate should issediately bo dstaotable caaperivisntnlly

and-trasy thus confirm our clcics of the p-shsll radius.

To give an idea of the actual capture rate, we shall state the

oa ; likely values of the muon coot'....-, m fcability for.’ ?..■
i"

are: ’ ,.
.

<■ O,39o x iO''1 see (assumption 1) 

0*317 x ICr sac ; (a:. iu v iioh

5?- x

:fhei*o (itl - 345 Lng : Section . *

• •

r ■ / ^ /
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