_____________

UCRK=1/004. Dey,
C.oQ

University of California

Ernest O. Lawrence
Radiation Laboratory

a )
TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
‘For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Berkeley, California

"N b aoli~13oM

T2



ey



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



s

i,
"o -
<
K
e
-
f' .
. :1
.
¢
B
s
'
¢
N
f
.
.{‘\
, d
.
R
- -
‘? |
v R

e

L D T,
LI A T - s

L L s R it cas Y
. e et .

oo . © UCRL=11004 (Rev)

| UNIVERSITY orF CALIFORNI.A S e

La.wrence Radiation Laboratory
Berkalay. California ‘ o '
AEC Contract No. W-MOS«eng-%_ :
N L ‘ : ‘ E ri-f' ‘ , B s

MEASUREMENTS OF 'IHE MUON«CAPTURE RATE IN Hes AND Ha4 Co

.

Leonard B. Au.erhachf, Robert J. Esterling. Rogex E. HW,
David A, Jenkins, Joseph T. Lach, and Nox‘man I-I. L&pmaa R

64 ’
: f
.
v
«
N .
A
s : IS N
) Y . .
.
- &
o b
15 + . N
T « 1 - 1 '
. k.
'
» B
. ¢ L o H 1
~
. t R
-
L
. i [
RN N v
¢ 3 *
M -
5 B
) ':." i) AR . 4 .
rr B . !
K
! B At N ~
i % !
'
t . -
"



g mr.Com & are e

S e

L T A2

A

-

[EEE R e . R ]

€y . - : N B g am e e e ye = i mme g sty deed
O ) S B N L T BT A A e . M A

To be submitted to the Fhysical Review =~ , UCRL-14004(Rev)
EE VIO ' - | |
3 4t

Meaeurements of the Muon Captuxe Rate in Ha and He

Leomrd B. Aum‘bach, B.obart J. Escerling,_ Roger B, Hm.-”.’- .
. David A. Jenkina, Joseph T. Lach,” and Norman H: Lipman”

Lawrence Radiation Laboratory
. University of Califognta - = -~ - .
' Berkeley. California e

October 8 1964

. E e e -ABS'I‘RACT

TP oo

. In order 'éd: test the \'miveraanty o§ the VoA Fermi interaction EERNAN

‘ and theé presence of tha indm:ed paeudoscaiar term in the Hamiltontan, we

have measured the rate of the rsaction TRa Hes Rad H3 + Vu. This re&ctton o

.18 closely amlogous to the fundamental muon-captuxe intemction

e+ p -n+v

P We have also measured the total muon-capture rates in AR

| He3.anﬁlﬁe4; that is, the zaics for the reactions u” + Hq3 - all final states

- and pT A+ He‘* - au’ final statee., Nogative ::huons‘ were brcught to rest in o

'high-pmaaure helivme-gas target. The capture processes all yiold a

charged particle whose ensrgy wae meaeured by observation of scintillation

in the helium gas, Capturea into the H3 chamml ware recognized by the

. unique energy (1.9 M@V) of the triton recon. The total capture rates ob-

tained were: A(Ha )= 2170&430 gec~1, and A(He‘*) = 3?59:3 00 sec

.- conserved vector current, ’I’hay also incucate a poaitive £nducad-paeudo-

170 30 ...a,

Thﬁ "' s
partial capture ra.te to the triton ground atatoa was measurad as - Ft

Me® "'H ) = 4505446 aec"i These results are in good agreement with i

theoretical predﬁctions based on 2 univeraal Fermi int@raction. and ona .

acal&rvcoupling coeificient. but inearpretauon uf theae results in torms of

the fundamantal muon-capture process is aomewhat amblguous because of

. the uncertainty in the otructure of the helturn nuclous,
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When a negative muon comea to rest in mtter it goes 1nto a

 Bohr orbit With .l % 45, from which it caacadas down by RerRY and Augar )

' _processes to the is atomic akate in% 10 sec. _

" the grmmd state {t e;ther decays according t° ' |

or it_inter'ééta-r:wiﬁh the nucleus ﬁccordivg tozfi:he'basiﬁ‘ 'reaetion.g P

f'l"'f.:.?v'(:’») pmsumably goes dﬁrecﬂy ﬁo the ground staw of the tz'iton. The iao- S
» doublet (He ,H3) with apxn i/ "

-10 1 When the muon reachaa

CWeeteweT L w

g +p -;-ﬁn';p'vi1 B gy
We can this nuc:laa.r interactian 'muon capture. SRR o L
o l‘ S When a negaeive muon s captuted by a He3 nucleua. thres -
principal raactions occur: ) e s S | ,

35 + HeB - H3 + V“ i ; ',,.‘ ‘ (3’ L e

'1- {. He3 - Hz + 5. +v“ , ;..‘ o . ;',_;:-';\; ',.'l}-“ k :  . ..i_, (4)'&)’:

v
‘x

t" +He —'Hz+n+n+v

J

“since there are no known excited stawa of the triton (H3 ) nucleua. Nacﬂ” .

caned the "triom '.' is mlogoua to the f» Ry

L
l

A
ce ety
il LS SR

?mt"“"m“"""n d“’“bletn and E(b {3) cloaely rascmblea the basic muon« i

N

::"capture reacuon (2)‘. Since maction (3) has a. two»body final sea.te, amrgy

. and mamenmm conservaticn ahow that th@ triton wm recoil \vith a un&que ;E _‘.,

v emrgy (1.8959&0. OOM MeV) Our axperimem ia deaigned primaruy eo ‘
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Raacﬁiom {4) and (5) mpmsem muon capturea thae reault in m

unbomd tritou anci am raﬁarmd to as t'ne breakup reactions iz; this paper
'E‘hesa Meakup reacticns imralve three« and fournbudy ﬁnai stam with
’the cha:geéuparticla momentum ranging Irom o to about 350 Mev/e. 'I'he

:bmmkup ewma conatituta a ba.ckgrou.nd w th masurement of the Hes -~ H"

fevams. _ Th@ bmakup capmre mte AB ia almo maasured in thia experiment

| alt&mugh with much ieas accuracy than {e, Ac 'i‘he theoreﬂcal analyaia ot'

.the breakup reactions ia not so clearcut as wh’h. reaction (3). however, Yano-

:has recentiy completed a detailed analyaw of reaction (4) It is intemsting

ito compare the probabihty of capture from the 5ame nucleus into various

= where the total muon-disappearance rate is A

kY AB + AC + AD e.nd the

5 muon-decay rate is> AD‘ = 1/(2 20040.002 psec) = 4.545X 105 sec=t.

: whera B is the number of obaervad breakup events.‘ lOnly about i muon

i

to the breakup states. The xemainder decay according to reaction (i) Onei

of the exparimental problems is to dlatlnguish the decay electron fz'om the

relatively rare capture evems.

.." R




N WU TR L - O 1)

O PP N R S A

T e, 3

PP e i e e G W

-

i =

ST T

D L DU e e T TR e e T DT b T e T ek e w e R e et e
: : E . : N "

L ' 'UCRL=11004(Rev)

R B
Most of the eﬁperimeaml teats were periormed with He before o
( He3 was put kn the target. Cmaequ&nﬂy a measurement of the mu0n~ |

capture vate in He* was made concomitant with the He3 -measuxgmgnt.

The pa:lncipal roaction in Heé.

p’+E§94»H3+n+-v, ,' R 8)

i very similar to the brealkup reaction (4), and the experimental analysis A

ﬁs 'vez-y similar to the analysiu of the bma.kup reactions. - v'

‘ Previous measurements and theoretical predictions of the muon- :
capture rates are Ms_ted in Table L Our experimenﬁ is an attempt to,make
# more precise meaﬁmremant of AC by the use of helium scintlliatioﬁ. A

. H3 capmre«-ram measurement was

pmliminary account of the He
reported previeusly.é' the expariment is deacribed and analyzed in greater -
detail in thie article, 7 ‘The slighc shift in the valus of AC reﬂecta a mom

caroful analyaia of the corrections.

i THEORY,

The ma.in empha.sls of this tb.eotetical discusaion ia on the ca.lcu-

lation of the tranaition rate of Eq. (3). since the main purpom of the experinuf R E

ment described hare io to measurc that rate.

A, Tho Ime:ea tion Hamueon!an

The interaction Hammonian reaponsible for B decay ta

- [ite) (4 - Y5I utvg N, RITE vs)v,\ uml +H. c o

Her e H.C. means the Her mitian conjugate, the u's are Dirac spinors. and .

the y's are the Dirac‘ matrices. The weak- interaction coupling conatant G. -

evaluated from decay rate of the positive muon, “14 N



where m

‘ a.ction [Eq (1 1)] is sufﬂcient to describe the eituation in the limit of zero

invariant. (b) has no deriva.tives in the leptonic ﬂelda. (c) reduces to

i Eq. (9) in the absence of strbng 1nteractmns. and (d) reduces to Eq. (M)

' -except for muon decay and neutrino scattering, sttong interactionm come into"’
: play in every weak interactlon and virtual pion effecta must be expected to
'alter the effective inﬁeraction. : In the particular case of nuclear ﬁ decay. the*

vznteraction is modified to an effective Hamiltonia.n *

" coefficients. tha.t take atrong interactiona int@ account. This {Sudecay inter-

is = 100 MeV/ c and thie further modiﬁea the Hamutonian. The Hamiltonian

Treiman% but later modified by Weinberg to the form.

"I‘hia ia the most general tnteraction Hamiltonian that (a) ls Lorentz -

* in the presence of strong interactions at zerq-»momantum t_:ansfer,' ‘In

p is the proton m«aaa. .

,.—,

‘\.

| e =J_;_- [a(e) (ﬁ . vswk u(v )] {u(p) (Vp+ Aﬁys)yh u(n)] + H. c».;- (u)

y

where Vﬁ = 1 0 and Ap = ~i 2. a.re the vector and axialuvector coupling

wy e v

For )

momentum tranafeza. N I.n muon capture. however. the momentum tranafer

that is effective in muon capture was ﬁxst preaented by Goldberger andf'

..

‘%‘ “qa"‘ 4

~

=S u(n) vv,‘ +Ay5yk+M.0)‘ e +T0X3Y5m
P

_‘.’U

K
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| ‘the 1nduced scalar, and the induced pseudoscalar terms, respectlvely.

" Be chosen real if t.ha interactxon is time-raveraaluinvariant. e ;‘,vf

- a single Dirac particle

1. Vector a.nd "Weak Magnetism Coefﬂcienta

rmeasured in electron scatterlng. I He

_used, 3t one obta.ina for the trion

R NS IR
- UCRL-44004(Rev). =i *"
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this Hamiltonian. q(-l p -n R, ¥ Vo - p. ts the four-momentum transfer;

'aﬁ = ﬂ./Zh(my‘5 - yﬁy ). and V. A. M, T, S. and P are the coupling coef-
ficlents of the vector, the mnal-vector, the weak magnetlam. the tenaor,

2,

These caup&ing coeffmwnts are dimensionlesa £unctions of q% and can all . g

B Coupling Coefﬂciente

P . . . . RO AFERTEE + Coey

In this section. we evaluate the coupllng cOefﬂcients of Eq. (12)

80 fa,r as is passible with preaent theories. The trion is treated both as '

14 28

sorbed ineo the coupling coefﬁciem‘.a) and as. a composite of aucleons. 16

¢

'I‘he vector v and weak-mgnetiam M coefﬁcients in the o

degree of confxdence. This is because the conserved-vector-current (CVC)

theory29 seems to be valid in nuclear and pion—beta decay. 30 and thus "

ehould also apply in muon capmre. The coefﬂclenta v and M can than be S

related dlrectly to the electric and magnetlc 1aovector form factors
3 and u3 electron scatterlng ia - B

14, 28 :‘ : | | .
' Wq o 27 F-Z) = 0. ao ».o.ao

M(q aOZ?F )=~239&010.~ ‘
5 32

On the other hand. eleczronanucleon scattering givea

A4 o N LT Lo A ST BRI TR SN

— et .

“ {with all nuclear-atructure effecta abi: v e

[N NN
} .

Hamiltonian (32) are the on.ly ceefﬁctents that can be determined wlth some "

(trlon) (13) \v




o o The missmg particle (hcle) gives He

W Nate that the sign .of‘lt*‘\‘d(qz) fox' the nucleon 18 opposite that for
’ vthe trxon. Ozm way to tmderstand thls opposiw sign is by cousiderlng He
) anﬂ H3 as a cloaedneheli nucleus. He? , minua a neutron ora proton 33‘ '
3 and H3 the propereles of an antlneutron

" and anﬁproton, respectively.; Since tho magnetic moments of the antinucleons

'vx'.

i are oppasxte in sign from thoae of th@ nucleons.= :tha weakamagnetlam

L T

' coefﬁci@nt must also have oppoaite sign.

.

- can be iound froxn t.he ft value of trmumvzs’ 34~

[
el t

U e 4

29%1m 2. L - ‘
22

(G [Va(0)+3AB(0)]

;ft. =

IAs(O)} = 1. 1940, 037. By the principlea of UFI. 9(0) m beta decay is'
the same coefﬂcient as thae m muou capture. Therefore ﬁ'or the trion we

]A(O)l = 4 494&0 037.,3, (trion) .
Similar analysis using the ft value of the neutron glvee

IA(OH = 1. 20&0 04. '::: (nucleon)

' The @xperimenta on muon capture in hydrogenz have eatablished‘that for
the mzcleon the slgn of A is opposite to that of V. le., we have 8 V-A

E theory. For the trion. A must have the slgn opposlte ta that of the A of

3 4

. the nucleon. again because of the correapondence Hel+— He s n and
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z | HBM He® + 1‘5 Therefore since. A(O) = d 20 for the nucleon. A(O) = +1 194 for :

T Y wod > ) - . . ; .
' Lo Voot R BRI A I [ SO R R
o A N i . R A ey

the txzon. ‘

. 'I‘her.e is no proven theory or experimenta.l intormation £or the
dependence of A on: q~2 in the case of the trion. . Oma can hypothesize that. ‘

smce the &xial«-vector term arzd the weak-magnétism term in the Hamutonian |

2 reduce co the same form in the nonrelativistic limit, A (q )/A(O) = M(q )/ M(O),Z o

K An alternative choice is that this ratlo ia equ.al to V (q )/ V(O) In the case oi - .

SR AL

_ »ths nucleon a dispemion-theoretical argument indicates that“’

TR

ﬁ v %g%r)‘ z1 -ﬁm—g - 0 999, N iua) L

j v chevar. because of auclear»structure effecta. the mcmentum dependence e
; I : ef A of the trion ahould be greater the.n that given in Eq. (18), and A hs
! ;' ex¥pected to be within 3 10% of H 0. ) '

, 3 Induced Pseudoscalar Coefﬂcient

-

Even lesa is Imown abcut the value oi the induced pseudoscalar

T P R

L ’coeﬁicient P(qz) than is known about A(q ). . Dispersion-meoretical

i o a.rgumems.26 which use the one-pion-exchange model. give for the- nucleon
| A m“ g st&m : ) B
s Bp et P(q.") = -2———-—32 A(O) 6 6 A(O) =T, 9 (nucleon) (‘;9) O

| o

P ale q +mw ' (‘l‘- o Yo

T ST .Y s

~ For the tnon. the proton mass muat be replacad by the trlon mase mt and

one obtams Sl e

e P

R

—4&‘3—3 1’2“—"2’ Al0) = 19, 7 A(O) N +23 5. (trton) - o (20)
q +m L o RS

-y S o N : - _1“’,‘ gty ‘ ! fg . “f,

i An additional cormction ior many-body eflecta ls; probably also necesaary

TR LT A T T e

for P(q ) of the tr&on. but since the disperaion argument is so uncertain ;
fe . this additional factor of 0.8 to 0.9 has been neglected Measurementa ox‘ the

: angular distribution oi neutrons from muon-capt\;re in calcium35 and - '.

i i R B
z.
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Moat measuremcnts axe comiatem with thta ratio

a.nd im interpretation..

:close m g0,

Induceci-Scalar and Tenaor Coeiﬁcienta

Nothing is known abaut the valuea'or tha eigna of the S an' T,

';‘- coefﬁciema of Eq. (12) Thesa:am tha secmmd'elasa terms which.
27

.‘Wemberg pointed out, could also be pres nt in the Hamiltonia.n,» e

auﬁhars asaume that the weak curmnts have a ,deﬂuite Gocoz\iugation parity

X (that of the ’V and A taxms) and tha.t thereiore S = T 3 O. Pi B and T are

_Bot zero, these. aecond-cl&se texma cauld mdically affect the capture r&te

in beth hydrogen and helmm

C giyperfine Effect

p

IR m. i
b ¥ R

: .Aftar a negative muon com@s to rest £n mtter. tlw a.tomic 3ystem __

. r,‘, .
R AT W

B conaisting of tha muon and the nucleus is initial!.y formed in a smtiatical
 mixture of L 3/2 spia atatea (1 is the. epin of. the nucleua) These two

‘_ "angular-mommtmn st&tes are called hyperﬂxm statea ‘;_because t.hey are

analogoua to hyperﬁne sta.tea ln a norma.l atom. For an I 1/2 nucleue.
a,nd with Only ‘V and A coupling in Eq. (12). tha hypexﬁne singlet- and

- trip!et—capture rat@s reduce in the nonrelativistic limit to

lZ,

,A = ‘V 3A and. A . lV*Alz

| "'-"._Thu.s iﬁ' the coef.ﬂcient V & -A (a.a in muon capture 1:\ hydrogen). A = 0.

In the caae of capture in He3, V = +A (see Sec. II. B’. and the two hyper-
: 3? .‘.”'.

Detailed calculations give

: 1£ine rawe are approximately equal.
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LU A =713 sec™! and A = 16 9 ae.::“1 in hydrogen and Ag = 3806 sec“ and R

At = 4342 ewc:"i £or muon capture in Hes‘.‘ This spin dependence makes it
X o 3 s
how S imporw.nt to know the relative populations oi singlet and triplet Btatea a.t

-

. ) ' . l o S AR B e T e }
ip _ time of captu.re _ ’ T s i*.."‘ vt

T Winston and TalegdiBB

ha.ve investigated hyperfine txansitions in

muonic atoms both ﬁ:eoretxcauy and erperimentaﬂy. : 'I'hey find that m the

L

lighter elemems transitions take place by internal conversion (electron
N 3

'.-.':‘_:'v-_.ejection) at ratea compax'able i:o the muon é lifetime. - However. ln He the l

I _hyperfme splitting isﬁ 1.4 aV, and this is not enough energy to eject: the

. amgle K electron tha.t may surround the &L-—Hes ato:mc aystem. Thua. if

§ intern&l converaion is the mjor cause of hypcrfme transitions, there
| ahould bce no tranaieions betwean the hyparfine levela in He3. duz‘ing the
: muon's hfetime ‘and the hypetime atates should have just their original
| ’,"'% saatxstical population. It Bhould be emphasized that this is noz the case in
" ‘ hyﬂrogen. for’ which e:»:clmnge collieions prov;de the mechanism for.},hyper-

fine tranaitionﬂ {see Appendiy)‘ Lo

LD He3 »H" Captnre R.a.te - Method 1:

| R ‘ Thi.s method of calcnxating Ac. the capture ra.te of reaction (3) ,

was wcenﬂy proposed by Fujii and Yamguchi“ and independently by ) -

= Drechsler :md Stech. 2,8

In this calculation tb.a free trion is asaumed to'

aaeisfy the Dimc equation and the aucleon upinora of Eq. (12) are replaca. ,
[ by trion apinora. All ehe nuclear—strucmre effacta a.re absorbed mto the -;,-.,

'coupking coefﬁcienta analogoualy to the way nu.cleon atrueture ts abeorbed

cr 1ol -
-

- into the electromagmﬁc form. £actors in electron-nucleon scattarmg. Thu'

,tha ca.lculation is completely telativiatic and ia as accurate as the eingle- :

T AT A T e g e T v, e
A T2 aa s

Lo prot:m calculation. The difﬂculties that rema,in are (a). to fix the coupung

BT A

o ‘v‘i'coaﬁﬁcients for the trion aud (b) to interpret the trion reaults in tarms of

.. single~proton capture. |




" | Adams far pm&‘om c@pmm One has m@rely to intarpret hia reauﬂts fox'

:the eingle&‘« &nd gﬂpmg,capwm ra&@@ in mrma of the trion.
}ca\mpﬂing c@@ﬁicmma (5@6' H‘ B) e -

V a 0680 ., .:_ . . R M =--z 39
;A= 1,00 B BT P =208.7

: are msed to ca&cuﬁa&e ﬁhe capme rataa. one then cbtains A 'a 1806 sec
 endAy= 1312 sec'i, which combine to gm Ag= 1/4 A+ 3/4 A, = 1435 sec”

' :.for a ata%is&ical popauimi@n, 1f @ach coupiing cwiﬁclem is varied one a& a -
‘tim@ fx’am ehe valuw gﬁven ﬁn Eq. (22), the effect on the capmre rate ﬁ& shown
Cin Fig. 4. Noae that A ﬁss not mp@cmny senaitive ao v bu& is over ehree '
'timm ‘more eemfxeﬁve ﬁo A.‘ Also note that ’A ls eepeciany sensmve to aman

Ab changes im P. It would be imeresting to induce transitions between the hype' :

' fine levels ﬁm Hes, f@r. H a measurement of the Hes - H3 capture rate from

the %ayperiine singlee s&aﬁe were p@mib!xe. P could be determined rath@r

accmaﬂ:ely, T

3

Eo Heo *HS

Caxpmm Ra&e - Method II.

3

»'83

Tha asaential i@atum of thisu

e o : ‘I‘his mect&on ou&l&ms tha method of calculating the He
o c&pmm mt@ giwn by Mii and Primakoﬁ. %
| . 'math@d ia that the mtﬁo of the mxckear-matﬂx elemen@ for mnon capeure

amﬁ for trmum-baw decay is \med to elimimm some o£ the uucertainty duo
&o wclear szruct\we. Tha calculaaion 1s mnxelativiatic, treats the trion
. asan aggregaw of thé@e nuclecns, and does not Snclude the S and T terms

of ahe Hamil&onﬁan [Eq. (12)]

Ths ﬁret smp ia to. calculate tho capture rate Ac ln tez-ms of the

' nuclear-matrix alemem exprewad as a sum over tha three mnclaono in Hes
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. “which the roles of the He

16 to form the mtio of the two tran@itlon rates. For this ra_.tio one obtaing

evaluate R. FuJ i and Prim&koﬂ obtain the follewing formula A . ‘

Py

 where vGV/G ® V(i + Pv/zm )'

‘ 3, 'buncartaanty of A(q ) for the trxon.

UCRL-11004(Rev)

N 4.

" The second step is to ca?cuiate the txitanébetaodecéy-fransition-rate, in

3 and H3 nuclei are interchangad._ The third step ;.;,

s 3.0

nuct (o™ =H)" T

5 P 20
£m° I-M-mxcl (H ~ He )’ el

e A (23)

(Zamu) I Mp'

C 2 v ;
' T =%p, (i~
e Y g a +“He;£

a s.osx wéxa,

tom

'where R is the ratia of the nuclear-matrix elamems. 'I’he pmblem now ia to o

@Zm

1/2 {1-5x/131}'ﬁav + 31“A } , ,

i (32' e L T
ATETAGE T A e

g

p)

r? =c?. 1/3G% - 26 GA). s
G /G aA V{1 +4.79 - (- 191)} Pv/Zm

: m,
«:"GP/C' =1

'xzpv<
2> fx' p(r)dr-:b

4 l,'.v

—EpLaA. V{i + 1. 79 “(s 1. 91)] pv/Zm R

is the mean- -square radlus, and p(r). ts aome denaity dietrlbutlon o! protons
~ in the Ha?' nucleus. The ratio R. is close to \mity and relaﬁvely lnd@pendent
of the nuclear model, but the interpremtion of <rz > {or alternattvely of p}

is ambiguous. In electron-scatmring experiments. Collard et al. ;i .

3

obtained 4. 97 F for ahe charge radius of He and 1. 69 F for the magnetic.‘ ‘*f\ f"j:_'.j;. o

moment radius. Thi.a ambiguity in the nuclear rad.lus is related te the ,.
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r, Ta gw@n by tiw cmzpling coaffxciema of aha nucleon.

L m mm@ of Gv amd

331(2)3./&‘& 2 15&8 twc ‘
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C 2 3 GSXM

Seveml au&ham have caiculatezd the Ho

- H capmm rate. but ?.hey d&ﬁex

S in &he ch@ic@ of a wave f&mction ua&d to evaluate R, in the choice oi the

‘3

cauplmg c@efficien&a, or in tha value of tb@ xmckear radiua. : Flgure Z

| shows the dapandemce of A @n the:e nu.claar madﬁus and on the vario\w

coupling c@efﬁcienﬁa.

A General Technig e

L

J amlyzed and £oczwed on the helium tawgea. . 'rhe muon compomm at the beam

was Lciam:m@d ‘by a tﬁme-af-ﬂight coim:iéence (Bsa) and by rang@.

S gas aervad &hme purp@ses.. (a) as a mx‘gat ior th.e muon-captum pmceas,
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Couse

) as a méintmatwn detector for muons that 'cama to rest in the 'gés, and ol
- {c) as an encrgy spectrometer for meaauring the energy of dlelayed events.
| A cup-shaped plastic acinﬁinauon counter (5) mxclosed ehe gaa, leaving only

the beam-entrance direction free, and aagnaled muone that paeaed through Lo

the gas without stopping. Thus a stopped muon (Sp) wasg Adéntiﬁed ‘

clectronically by a prompt coincidence of Bp and the He éountén;' (4) with

. an anticoincidence signal (veto) from the cup counter (5). f.e., Sp= Buﬂe 5. -

Delayed pulses from the He counter,- occurrlng in the lnte:rval 0.2 to 6.4 u-aec ' SRR

after Sp, triggered the coincidence circuit TR and were then sorted on the

_ basls of pulse height and timing. Countors 3 and 5, which surround the gas, o L

were used to detoct i ~ e decays, and any TR évent that wans aaaociat@d with

. a pulse in counter 3or 5 was vetoed. True triton recoils have a range 9! ,

only 4.7 mm (at 28.9 atm) in the gas and were not vetoed. Thus, a TR event a

1o of the type TR = Sp {delayed He 3 5). Such events openad a gate and
allowed the He pulse height to be measured on a pulse -height analyzer (PHA). - - .

The resultiag energy epectrum and the number of counts Sp form the basic , ;

data. v

' Since a determination of the capture rate depends on how weu
wo can distinguiah the 4. 9~Iv”eV triton recoils from background ovento. an
imporfzans partof the experiment was to maka the helium scintillation .

process as efficient as possible, The reaults of our gas actntm.atmn teats

are described elsewhere. 3% 4 deccription of the layout cf the targee “ ERETIE

given in references 6. 7, and 39, and i &= not vepeated here.

-

. 'B Muon Beam

Masona were produced by fmaorting a Zc-in. »mick beryninm

target into the 720~Mav in&ermi proton boam of the Lawrence Racuation

e -, - e w . N . st




L degm&@ﬁ by 10. 6 m., of mxmmyiem. A b@ndﬁng mgme% then aelacted a

. m@mamum wf %09 M@V/c @@ that m@ mmm would have ﬂw cormct range

S - .Bp a’r X monﬁtemd imdﬁPand@nﬂY of whmﬁmi’ or n°t a CO£Midence 18 made

Re Them monﬁtor eignala am used to start mxd ai;op a Iam: trmaistorized

I3
f
?

14

- K ditians we obtained 650 mwne/&ac (“ 5?% oﬁ thca beaam patticles were muons)'

i rate of & 40 tritoa racoﬁlm pey minute. T'ne beam dmy ﬁctor waa typically
0 55. Positiva muons wem obtaimd by the mvema.l ai an the magmtic

UCRL-11004(Rev)

: K Labammw za ﬁﬁé-—ﬁmh symchmcyciotmm 3 The pa.rﬁicleﬁ wem deﬂ@cted
| out ‘of the cyclotron by its: magnetlc' fleld inm a qmdrupole magmt. , -'Z'hﬁﬁ

g _quad;mmoke bsmmght the beam to a ﬁocus whem tha bemm @ energy was

] to traverae ‘&ha mterﬁal ﬁm fmnﬁ of &h@ h@num gas. 40 FimM’y a sacand
g qm&*up@ie bmught th@ b@am t@ a mecand focus ae a éouﬁmator with a
;‘2 E-ﬂn. &perﬁure placed; jm& beﬁ‘@m tha h@iﬁm earga&. . SnE
| Two &ime »af»ﬂﬁgm cam&em (Bﬁ amd B2) with their aas@ciamad

e akectmnﬁca mlyaed the baam into pions, muona, and electrons. Thea

. fast ceimldence circtsit“ Bp pzeoducea an outpue pu.lse whenever a part!cle

; "_"hzm the eorrect ﬁimenofeﬂight be'meml Bﬂ and Bz. ‘I‘ha input aignale to

42

' ﬁme»ﬁmpulse—height comrereer '~ whoge output gaes to a PHA. 43 Thﬁn

 time sorter allows ua to meawre accuraﬁe&y the number of piona. muons,
and @lec@mns in the beam. 4’4 T ‘ SRR
Two crﬁmrm Wore mmd in c?p@rlmem&uy @pﬁmﬁsmg the beam:

| , 6&) muma mmmﬁty, amd (b) ﬁhe rauo @E w to (m+ e) Un&ar the beat con~

: mezt’m& on ﬁh@ Mrgea. A momen&um diapemﬁon oﬁ Ap/p = 4, 4% resulted in

50 mumw/ sec Btopping in &ha heuum gas (at 28. 9 atm) and to m even&s

: ﬁeids amd the uae sf tha particies emimd in thw backward direction Erom
o ,th@ cyclotmn mrget. Typica.l w" imemaitﬁes were = one qua,rter oi &ha '

e n@gmtiva-muon Mea@iuam
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fqﬁ@ws. The pdm fwm the Bp— coinciﬁence is amplidied, m:aled. and

‘a8 He-Bp comcmence ensurcs akzaic a muon reacheﬁ ﬁhe h@iium gas. To ensure

" keepe the rest of the elsctronice from bemg confuseét" when th@m ta a
" bacause the analymv is already buey. the PHA also inhibits 5p. durtng the

" or those that will decay. o R N LR

'enﬁmuy vetoes those muona that decay into electrons. : From a meaaurement

‘ calculme t&m& 0. 55&: O.ﬁﬁ% of all mopped muons am vetoed by thelr own decay

- electroms.

| &p amd once aitex a ﬁiacrim&m&or set to ﬁra on an Su pu.luea. Ano&her outpu& o
of Sp. atama a &im@-io-pulse-h&&ghﬁ converter that ia atcppad eithw by a.
e $-0 cvent or by a TR event, Izz addition, the circui% Sp. gemmwe a 6 z-mac
V 'pulm umd to gaw am cain«:ad@m@ @ﬁrcuﬁ.t TR. o v | Y}

~ UCRIL-11004(Rev) |
. niﬁn ,‘

LG @p;minge-Muou Id@miﬁcauon S

m@miﬁcamﬂ eﬁ‘ muona :stcapping in the haiium gaa pxoceadw as -

Je

fod into the coincmenca cﬂ cuit Sy ’%5 ’I‘h@ dyn@d@ pul@e from the He counfmr

{4} is &piit. amphifﬁad, d@l&ve&, aud ﬁ‘ed irom a diacx'ﬁmﬁmztor into Sp. ‘I‘hsw

that the muon did not go b@y@nd %h@ helium gae, the cup ccmneer 8 anode e

. signal (8) is used a8 a vmo in Sp.. Another &nticomcidance tuma the circuﬁt R

Sp off for 22 paec after evew b@am mucn entere the nystem. Thia inb.ibie ; o

pileup of muona and veﬁoeca about 2.5% of all the Sk

To pmven& the posoibility that a good event might not be. aualyzed

time it {5 analyzing a pulse. To first order theae two inhibitn do not aﬁect _

" the T/Sp ratio since ﬁhev mlbit equally muam that axe going to be’ capmred

. ..g§

Some good stopped mRons decay almost immediately. theﬁr decay

¢l®cwmx then has a gmd chmme of cauming a panlae hx 8 to veto the coincid@nca B

S, 'rms would tmad to incrmm the T/Sb& ra.tio aince thls eﬁact preferw .' =

of the owr!.ap oﬁ the amicainciaence 5 pulee with the coincidence HeBp.. we

o The autput @f the circn&t Sp is ssca.led twice. once direcny out of '
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D% mr*bmum @f Smppﬁn& Mu@m

Iﬁmwﬁ@dg@ m ﬁm agmmml dﬁswi‘buﬁmm af mwom atopping-m th
: mrg@ﬁ ia meded f@r nm m pmpegiy calculam ﬂw fauwing cmanﬂtiea.

The fmcﬁaxa oi’ ﬁh@ muon b@am aeopped an th@ targ@t,

b Th@ Ermﬁ@n of th@ zmmn beam mopped im ehe d@ad layer of ehe cup

_mmﬁes (see S@ce IV.A).

‘mw £mcti.on of mmna ai:@pping in ﬁhe gas buﬁ c!.aae enought Vto the
--.wau 50 mat skm grﬁt@n me@iﬁ c@mdes with t}w wall (see Sac. IV. I), |
d ’I’he fractiou af mmm‘-decay eiectmm th&t eacapets commrs 3 aad

5 (a@@ Sec. m E)s

: T&m emrgy dmm&m on oi tkw chmg@d particlea iu tha braakup ‘
- f"_ﬁmmaﬁms, Eqe. (4) aad (5) (see Sec. IV, F. -
| The stoppmg ~mzmn dﬁs&rﬁbu&io& m mainly determined by .the

B ’;lsim aﬁ &he collimator jv.mt before the tazget ami by the occux’mnca e:_

' ;_ - “ apﬁe acatt@ring as t&w muon slws d@wn in ﬂw mterial befom the gm.e
: The dist ibm:mn wWas hoth calculated and experimenmuy meaaumd. In
ca&cwla.tmg the rmﬂtzipie ﬁca‘e’mxing we fouowed the method given by

46

stemhaﬁmw, and @hmm@& the d@mity diatx-ﬁbuﬁiona ahown by the eiaakwd

" lines in Fig. 4. Beca\we of the spmacling @ﬁ’ zlm b@&m, abowt 50% mom

mmm swp m the imnt of th@ gas thm in ma back.“:”

" In oxder w verify Jthe'
mulaiplansscaﬁtering caﬁcula&ian. thme Ilfosrd K-ﬁ nuclear emulsiona i

- ( 600 y- thick) were exposed ixwide ﬁhe targee. Within the Mmited scaxming
i statis&ﬁcs it appeamd thaz the bea.m waa cylirdricany aymmetr!c ané tha

i : the atepying dia:ribuuon checked wen with the mulﬁplaoacattertng calcn
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3; | I L E. D@cm%’*}s':lectmn De‘t@ctica o
“ ST . Most of the mtoppmg mmn&: dncay into eiectmna. Some 01’ theae

- electrons are d@aected by tho ftes coiacidence circuit as follows. A pulse _ N

i : .‘ ~ from Sit, aigniiyfmg & stopped muon, fires a dﬂacrimﬁmﬁox that genemtes a

| 'iO b-psec puisa. This pulse makee a coinc!dencs in the p-o circuit45 with

| . & signal c@ming from aiﬂmr counter 3 or counter 5. Since all beam pamiclea': e
; ‘ wiggw a pmiwe in cmmiw 3 as the muon empa. the 40. 6~s&sec pulse from Sp
; S | is delayed 35 nsec from a coinczdence with guch prompt pulses, Thus p--e o

~ 0 ie sensitive from 3827 nsec to 10. 6 psec after a muon atope. and will

i detect only 97 62 0.4% of the electrons because of this time gate. The

o v geometric efﬁcxency for detcctxng a decay electron in counter 5 (computed |
by the Monte Carlo program) is 85, 6%0.5% of the Sp counts.. Taking into
| account the ﬁmte -time gate and the small fra,ction of captured muons, one '

expects to observe 22. 8:50 6% decay electrons in counter 5 Experimentally o

Comewe BT T T

a2z. 5&0 3% decay electrong were observed if 2. 1% random aventa are sub- |
tracted from the Hee coincidences. The two numbers compare well and

j A ” give a uzseful check of the Monte Carlo program and 5 efﬁcxency. L

q o | » Becauae of ite small aolid angle and because ma.ny of the dec#y '

< electrons stop in the front Lucite window. the copper elbow. or the pressure-”

vessel ﬂange. counter 3 detects only 1. 99:0 5% of the decay electrons. Con-h"-?‘

L aorg P I U LU

' sadermg that counter 3 hasa rate of randoms as high as 3.1% of S}L. it does "j__'_ ;
P ' ~ not appear that counter 3 is very uaeful as an electron detector. which was.
R its criginal purposs. ~ As it turned out, the main reason for using counter 3"

w'é.s as a veto in the circuit TR, Here it vetocd about 2% of the beam

i TR (0L s Wl T 2 ot A - T B 2l o
.

o particles that therwme would appear as random background on the’ TR

pulzae -height ap@ctrum




i

The s&»@ circuﬁﬁ has ﬁwee outpuse.i ‘I‘he ﬁrss goes to a scaler.

: which coumm asc-a evams; the aecond goem to ﬁh@ ;A-e logic ayswm, and the
-.;-"third :atops a time sarmr started by au Sv- coincidence. From fcha tima

| atxmlyaia we obtafm@d a muon mean Mfe of 2. ‘19*0 03 @aaec. which agmes

weu wiﬁh t‘che expecmd 2. ﬁ&?-a&mec characteriatic of xmga&ive-muoa decay

: Th@ rauoml@ of the p.»e logic ayatam fonowa. _A given muon
,cam "die only onceao Therefore, if a muon dacaya into an electton th@re
..can be mo capmre @vcnt and on@ ahould not look for auch eventa on the
_'pui:ae ~henght aizmlymmr. g Ici@any one could not get a TR event and a p.-
;‘;.,event for the aame Sp,.. Howaver. random events not connected with ‘an
Spe do occur in both TR and ex-@._ ‘I‘he v--e logﬁc system ia designed to ;
alﬁmimte A 84% of tha mnd@ms occuxring in tha pulae -height spectrum

. '_'by tequirmg &hat no TR evem can register on the PHA i a p—e event

occurs. in the fumt ﬁO 6 psec after a stopped muon. L

Thia logic system was. used only on one short triak run £or two

-"I‘.rea@ona. (a) ramdom.s in the pulae—height spectrum were amaller than :
@xpected a,nd could b@ m@aaumd in any event (see Sec. IV. D) and (b)
| ‘random eventa in ;&-e imelf led to the cancenation of good triton-reéoil

A

| : ‘even&a. . From the measmmd random events in p-e. analysis ahowed

that wa muat cormct the obaerved numbcar oi TR events by the factor

4, 04#0 01, if the p.-e logic syatem were uaed‘

F | Ttitovn-Re.coil‘ D‘etecv:t'i.é.n

-a:

Muonncapmra events are det@ctad in the triton-recoil circuit

Tha 6 Z~usec pulse froxn Su. forma a delayed coincidence i

" a,s follow 8.




Shl N e ame i

P~ B SR T

e

A et

e i T I e

5

-

fouow an exponential law with mean life 7 = 2. 189 psec (the inverae of

-
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(The He anode aignalis analyzed'as.icordmgtd pulse height if 'thére is a o

TR coincidence output.) The 6. 2-psec pulse is delayed from a. prompt

coincidence to preven& me atopped~muon puhse in the helium counter from 1_ SR
'f;-';-.“;-_-,_regiatering in TR. Any 3or 5 pulse occurring withm ~ 20 nsec of a He: pulse_ o

N 'vetoes the TR event. This anticoincidence pzrevents many of the decay

electxoas and all second beam particles from registering on the PHA; -
some capture events in wh!ch the charged particle haa enough energy to

leave the gas are also vetoed Triton recoils have a eman range and are

‘ ‘not vetoed -Random 3 or 5 pulssea veto 0 025% of the true TR events.

There are three outputa of the circuit TR. The ﬂrst goes to

a scaler. . The aecond output is a 160-nsec pulse that gates the He anode

pulae going to the PHA The third output stops a time sorter- atarted by

Sp; thus we can measure tha characteristic time distribution of . TR events. S

~. Of the normal TR evem‘.s. almoat 80% were actuany low~-energy pulsea

due to decay electrons that mxssed being vetced. Uaually we measured .
the time distribution of all TR events rsimultanepusly with the pulse- |
height analysis; however, in one .run. in order tolmeasurerthe time dis-
tribution of huclear-'cé.ptuﬁe events only; we set ihe TR discriminator to . o
bias out events wiih.cnefgybelow i‘.Z Mév.'-: Iix this ruh we obtained a
muon mean life of 2.232 0.0é psec, thua'vm‘ifyiixg tha:t the effect we E
measure is relatéd ﬁo a muon stopping in helium; ‘_ |

It is importam to know between what time. t1 to tz. after a

_ stopped muon that a He pulse wdl regiater in TR. Since triton recoils '

the muon-disappearance rate {n He ), one muat correct the observed

avents for thoae that come before ti or aftex tz Wa measured the time_ S

ti by doing a dalay curve between the prompt stopping muon He pulse
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: _ and ﬂm Sp coﬁncﬁdance puise. &n addiﬁi.onal dela,y Rength of ZOZé: 3 nsec
‘w&w ﬁ:han a.dded to d@lay ﬁhe 85& pulae from the pnint where TR counte at :
k' hal‘u efu.c&ency. ‘ The time i:a - t.ﬁ equala the S}L pulee length and was

measured. ona cali.brated aecmoscom to be 6 2&:0 i usec.v The t’raction

s 0£ muons dnsappﬁarmg hetwesen &1 a.nd tz ia

Deiayed pv.lses from the He coumer 8 anoé.e are sorted ac~

| cordmg t.o energy (pulse heighﬁ) m order to pick out pulses arising from
the. 1. 9 M@V triton recoﬂ. : To prevant aaturation o!‘ the pulses in the last

:’};_mtaﬂg@a of the photomult&plier tube, the voltage of th& He co\mter waa kept

".-_"i‘._relmivaany low. N An ampliﬁer campenaaeed for this low voltage ﬂn order to :

- m&ka the pulse through me gating circuﬁt an optimum valt or so. The He
anede signal was delayed 8o that it £en within the gating pulse provided
gy "by th.e TR circuﬁt, which in tuxn was generated by He s dynode signal.'

47

o " The in&egra&ing ampliiier that fonowed the gat&ng circuit lntegraeed

the area af the pulsss, and produced an output-pulsa height propax*tional

to the mml amount of lighﬁ genemted in ths helium gas. ' ;Fixmny tha pulaes

43 The resulting'

'_.wem analyzed according to pulse height in the PHA

pulee-height epectra. along wﬁth ﬁhe Sp- acaler counts. are the basic data -

' 'af t.he experimem. S

Frequent energy calibrationa of tba" PHA were mada with a.n

AmzlM a source. , 'I'he puise-heigh&-analyais baystam waa linear up to.PHA g

S
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reference 39). Because of the electronic saturation, large pulaes, vahich

. _nox‘mally would be off-acale on tha PHA were instead stored in the PHA .

: between chamela 120 and 134 Thus no ma.tter how large the He pulne. it

atill regtetemd on the PHA. These saturated pulses were used in obtaining

the capture rates for the breakup reactions.

igure 5 (a) through (h) chows the raw pulse-height spectra £or
each set of data.. Pulse—hejight spectra with Pes in the target were taken in

five mm rune, during 'a"ahich.the éxpérimexital conditions were varied to

check for systematic errors. 48 Run A was made at the beginning of data

gathering and Run B about 2 weeks later; otherwise these two runs were

made under identical conditions at 28.9 atm of He>. The only change m?,dé :

during the LP (low'-pressum) run \#a;,ss the Iowex; gas prewuré at 15.4 atm.
During the logic run the p-e logic system (see Sec. 1. E) was used. In _
addition, run B3 was made without 5 in the TR coincidence and with a 2:1
attenuator before the linear amplifier. This made it poaaible to see more 3
of the breakup reactions [Eqé. {(4) and (5).] since the breakup proton and
deuteron have fekatively high gnefgiég ‘and many normally v}eﬁo themselvéa
in counter 5. | | | ’ :

Two main runs were madé with He* ir.i the target. The ﬁrst. 34, v
was identical to B3 except for the gas used, and was an effort to observe
captum events in He4 (Eq. (8)]. Since the objective of the second He4 run |
(C) was to smdythe electron and breakup Backgro'unds. it wae made undér

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

was made in order to check the shaps of tha electron background.

The energy spectra of Flg. 5 (a) through (e) all ahow the 4.9~ MeV',.‘

triton-recoil peak We want to know the number of couma in chia peak in - -

order to calculats the He? - i3 capture ra_ta. Three major backgrounds.r.‘



i the vem coumm’a (aee Sec.

| .7 final Bt&&‘@m [Eqa. . (4) axzd (5)] Thm breakup background contributew the

vecoil pea}s buﬁ have 2 spectmm aimilar to the He
The Tun wi‘eh s&” on He’

v_;'since positive muonm are not capmmd. T

| UCRL-11004(Rev)
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cgnpiic&ﬁe ﬁhe cempmauon of th@ capime rs,te.‘ The sharply rising back

gwund at Eow ensrgics is fx’om t-& ?o a decays in which the electrons miss

'flzv z:) Randcsm background (the dozs m Fig «_5
was mcasurad ﬁo an accumcy oﬁ' z 15 o and ie discusaed in Sec. IV D. The

ramamng backgmund is du.e mainly to muon capture resukting kn many-body,

. largam mc@rtamty in &hc d@termimtion of the number of triton-recoil cmmts,'
homewm, a measure of ﬂt detemmas thc toml capture ram in Ha3 The =

Funs with we atoppmg im Heé [Fig. 5 (i) and (g)] of course do not show any
3

case in ozher reapecta.

3 haa omly the decaynalectmn background as it should‘

Ini&ially an atmmpt was made to separate the triton peak .€rom t.he
backgxound by fitting the mpectra to a ahape conaisting of zwo Gaussians pms
a linear background. 'I‘ha low -preaanre data form the only spectrum that :
| fitged wen. 'I‘ha logic data were on the border Mne. but the xz for TnS A ‘

“and B mpre%m especially bad ﬁta. A cloae inspe ~tion of the spectra. ln
‘ Fig. 5 {a) and (b) revealss i‘.ha% the trimn pea.k in asymmetrical for A and B.
and thus could not be ezzpeceed to ﬁt a Gaussian shape. ‘ A Poisson :shape
 fits the triion peak evcn less well.» Conaequenﬂy. axcep& for the LP data
?and pasgibﬁy &he logic data, shapa ﬁtting does not lead to trustworthy .
-Tesults and was noe used in the ﬁml data analyeis. It is comlorting eo .note.

' howcaver, that the msulm af the LP and logic-curve fitting agree exceedingly

" wcll with tbe ﬂnal triton«-couni‘ determtnation (aee Hne 2 of Table IV) n
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IV. DATA ANALYSIS -

In &his section we describe how the data were aualyzed and calcu»

3

late the capture rates in He” and He?, we first deacxibe the xenon analyeis |

| and then compute the number of muons stopping in the helium ga.s ior- each

run. Nezct we discuss the backgrounds oi the pulse -height apectra. and give
a ahort deacription of the Monte Carlo progra,m used in analyzing the breakup .

events. Then we calculate the capture rate in He? and the breakup—capture

rate in He3. Consideration of events arising from muoa capture in the walls

shows these to be a factor in the breakup capture rates. After making a

‘correction for tritoa recoils that hit the wall of the gas container, we finally

arrive at the Hed - H3 capmre rate.

A. Xenon Analysis znd the Dead-layer Cbrmction to Sp

Not all of the muohs that register in the coincidence cir"cult Sp
actuslly stop in the helium gas. Some muons stop in the "dead layer" |

that aurmunda the gas. that ia, in the cup- coating materials or in the cup

counter itself. Most muons that stop in the cup countar veto themaelves

in Sp; however some do not penetrate de.eply- enough into the cup counter to

give sufficient light to be vetoed. These muons must be subtracted from
the Sp counts in order to get the t'xjua number of muons stopping in the

kelium. Thia correction was detérndined exparimentally by repla’cing

“the h@lium with xenon gas and performing a time analysis of p ~ e decays
{sse Sec. 1, E). Fxgure 6 shows a typlcal tame distribution of p-e events A‘

fwith xenon in the target, Muons stopping in xenon have a very short mean

life (90 ns@c), wh@reaa muone stopping in the low-Z materials of the

-daad layer have mean lives of about 4 peec. Using this spectrum to

determine‘ the number of muons stopping in the déad layer ie rather in~

volved, but the following outlines how it was done..
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z4 .
The "d@ad layer conmats principany oi foulr element.a'f

.magnesmm, oxyg@n,, alumixmm. and carbon. , 'X‘he Mgo powder was

o smokad onto the aup»counter wallm over an opaque coat of Al The Mgo

: . had an averag@ thicﬁm@sa of 0. 93&0 04 mg/cm the Al, »O 09&0.03 mg/cm
s From ?,hes time diazmbmion (Fig. _6) one can me that it weukd be very difﬁi

o ; cuit; to exﬁmct th@ numbar of muon atopa in all Eour elementa.- Since we

B me&sumcﬁ the ammmt of Mno and AI preaent. we ﬁrst detarmined how many

4

ccmms correapondlng to atcpe in MgO and ln .Al on@ would expect to see in

; '5":_ m@ time dﬁ&tr’ibuﬁam This Mg@ and Al contx‘tbution waa gubtracted &ﬂd a
R mam«squar&g fit m@.dc wim th@ mm&ining spactrum as sumed to cons:.stcof ,

cons&zm& random backgmmﬁ and two exponentials, one with the xenon and

3 th@ o&har with ﬂm carbon lifatime. In thia calculation it was aasumed that
i  muocns capmmd in the daad lay@r do not cauae a mgnal ln counter 5 Th@
eiectron-detection eifxciancy. the muon mean life in each element. 50 a,n.d

: the stopping ~muon distribu&ion were taken into account. g o

. ,-"

'.E‘he numb@r cﬁ muons stopping in the dead layer should b@

. ﬁndepend.ent of ehe gas pressufe and directly proporﬂonal to the number of

_ incademeb@am muons (Bp). In order to help detect eystematic errors. runa

were ma.cle M various xencm pmssuxea. . Averaging these runa. we obta.ined
' - @ Sﬁc 0: 3)),(10-3 dead-layer mops per Bp. Thia is the number uaed in :- |

N correcting &ha scaler Sp» counts and corresponds to a dead-layer thickness

3

. of about 2.2 mg/ cm (equivalent oi G) or about i i m.m of He gas at 28 9 atn.

Checks 8howed that the dead-l@y@r cormction is relatlvely inaerwitive to the

L MgO and Al subtraction. and that the dead layer is insensitiva to small o

changes in the high voltage or amplifier gain of counter 5.
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B Number of Stopping Muons

4 o | Table II lista the pertment numberm used in calculatmg the ’
‘ .xmmberv of muons Btopping in the helium gaa for each of the runs. 'I'he- L
PR discuesaon in Sec IV.A demonatrated that [(2 3:3:0 3)X 10‘3X(Bp scalar counts)]
. muons are e:\pected to stop in the dead layer‘_aurxo.unding thg, gas; these are
subtracted from the S scalor cotmts To thié.we" add tha.t'fr'aciiozx of the
muons that are vetoed by thelir own decay electrons {gee Sec. III C) to obtain ”
the final corrected number of stopping muons.. Note that the errors are DR
= 0.5% at the hi\-gh gas px_"ewux‘a and = 1% at the léw gas ﬁresaure | The
I "dead-layer" correction contribﬁtés the large'st paz;t of thié ei-ror. Other
possible corrections to bp were invesugated and rejected as neglxgible.
SR ' Besidee the time e-of flight requxrement. pxons and electrons in the beam

1 - ghould not stop in ‘the helium because of range considerations.

. gy

C. Muon-Capture Events in the Wall -«

s

' We now estirr;am the number of muons atqpping in the .dead iayer
, that give a goed TR ave.nt. Because maon—éapture .rates afé higher in heavier o
elements, the.sev'.»_van ovents could contaminate -thé deeireci energy spectrum
] ’ | of muéna stoppiﬁg in helium. Knowing the number of muons atopping in the
‘i dead layer per Bp (Sec. Iv. A) and the capture rate in each element, =0 \x;e' '
1 - | calculate that 4. 313X 10’4 wall captuma occur per Bp within the ‘I‘R time '
: gate The capture products consist mainly of neutrons and gamma raye
Charged capture products are neglected here and discuaaed further in Sec. IV. H.

n | The gamma ray_s will not be detected, as their secondary electrous leave .little o

_energy in the helium.. The major portion of false TR .events are ekpected to
o come from neutrons that collide elastically in the.gas. Note that wall events =

. are inversely proportional to the pressure for ché:ged products but inde‘pendent -

PRET LIPS



© capture of £.040.3, % folded in the geometry (solid angle) of the helium

L G 0 7% at }c»w pmsmre: bug mﬁ.y abmat a. ﬂfth of &heae had energies above
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Cof &he pms&um ﬁor neu ral -zmducm. A N’ont@ Cm'lo program use:d a
e 'typiml ma@retﬁcak mmmm apectmmm amd a neutmxa mulziplicity paa'

153 n-He cross aec%icms to

"v”i'@aimahlatox*. and useé mmlﬁg amd diffemntia
pgovid,aa &h@ cazwrgy aper&rum of mcau helium nuclei (E‘ig 7) Abov.t 1 3%

o @f mc camum gu oducw mtaract@d in the heuum at high prewum and

| the aiecemn backgtound. , These gave zhe number of wau eventa listed cm

. ;'iv'lme 3 o& Ta;.ble IIL , Theme xmmbera are smll compared to the obmerved

4

even&a. bat they are not qmte negliaible. especiaily in the He caae in '.

which thay amount to a.bo‘zt 5m of 20&9.1 evenﬁs. 7

D Rmndom Backggound

Tha mndom background of the pulse-height spectra of TR events
: :w&a meaaumd by allowing the TR coincidence to ﬁra on every He pulse.\ A
Lhua, we obtained ﬁhe pulse-heighe spectrmn of singies in the He counter.u
and were able ito compuee the xandom spectrum to be subtractad from the'f
raw dam (eae }?ig. 5) Thes@ singlea runs were made every few hcmrs
v'aiﬁser = w" Sp..' Wa estimate the uncertainty in the beam duty factor to be:
| = 45% and, ainee othe.x' qm&miﬁea have amaller errora, »this is also the
erxox' in ﬁhe randoms calculaticn (zee line 3b, Table IV) | s

Most of tb.a rand@m eventa ariae £rom thermal neutron reactiona :

' in He3 according to ;

. Heujas-;p-;,s. |
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foz a lm-encrgﬁf tail t_hamhay be associated '«Mth tritium decays but more

likely is due to other neut:ﬁon reactiom. Note that random charged particles

. should not conatimm a bacxground siuce in general thay are vetoed in

counters 3 or 5.

E, Decay-aaElectrdn Background

Considerable uncerminty in dete*‘mining counta on the low-encrgy Do

edge of the triton peak i imroduced by the decaya-electron background, which -

rises sharply until it is artificially cut off at = 0.4 MeV by a dlacrirzﬁnator.

This background_ iz due to electrons (from muon decay) that miss bein_g o

vetoed in counters 3 oz 5 and thus arises mostly from the 15% of the
electrons that pass ihrmxgh the iront hole in the cup counter.

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

' tha pulaeohenght apcctm was eambliahed £rom the runs p+He3 and ;A He .

The procedurc followed waa to subtract the_capture events ftom the p ~He* . '_

data (run C‘) and norméiize the resulting "elecir‘og_tail"' to the same number
of Sp as each of the othor appropriate runa The resulting ‘apecttumj-

3 data and with the gross shape of the
electron background in runs A and B, and thus it was subtracted from runs -
A and B; t.hia left only the triton peak and the breakup background. Similarly.‘ )
run B4 was subtracted from run. BB. In the case.of tha low-presaure and
logic runs there wore no accompanying w-Ho? or ;L*‘He"s

b&ckground was obtained by curve -ﬁttin@ a Gausaian tau. : Begauae the

’ electraﬁxe loee less energy in the gas at low presaur'o.‘ there was good aepa¥:- R
_raticm between the TR peak and the el@ctrona in the LP nm. and tha error

aasocmted wi&h uncertamtms in the electron background in the LP TUR is ’; f,:.v;.

small. Estimat@s of tha error introduced in the trlton counta are ta.bulated

o

data and the clectmn S
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| _@u lma 3c of 'I‘abla IV. Because, eh.e eleczron background is sa la.rge. raxxy

.
L

¥ ,":i Mon&e Caz’ka Pxoﬁram

. 5

In @rd@r to m@pm‘ly caiculaee tbe breakup background and to

&y ﬁnd tne ahape of the bma&up«e'wrgv ep@ctrum, ﬁt is necessary to accounﬁ

a f@z a2 smmber of facwx's. _ Amang thetse are the diseribution oE ato;:ping mu@nz.

- . the aa@rgy meo&u&ﬁnn o£ me Ha cou.nt@r, enez‘g,y lost by' thsz chatged particla .

" j'fm the h@lium gas. ah@ @n@;rgy dia&ribuﬁi@a of br@akup evema, i nd the proba—

f:’:bﬁhw that me chaxgcd bmakup particle mtoeé itself in count@r 5. Tha momt
fpmcti &3, memod oﬁ cambining theae facwrs to give 2 breakup shap@ ia
| xthro%h -1 Mcmte Cario pr@gx’am that simulatea evem:s. 'I‘he program takes
S ahaerctical bma.kup energy disﬁ.ributxon and folda in the above factors. ;
,:'I‘ﬁgm"e 8 ahows tha aﬁect of thesa £aci‘.ors on a phaee«space-energy distri-

N bmz@n o£ the deauteron m the maction p. + He3

- d+n+v.A Ona can‘_
| _mme the effect of *::Im finite sim of ﬂw g&m sciminator. since in t.he oueput
@pactra there are 0o partmckca with range gre&mr than 5 inchea. The higher

: ij energy p&rticles ieswe onlyapart oﬁ' their energy in the gas and then most |
” pass into counter 5 with enough energy to veto themselves. During the runs

{B3 and B4) where cmmtez' 5 wase not used as a veﬁo 1n TR. thesa higher b
energy particles wm.ald atiﬁl show up on the apactrum but ahifted to a 10wer
- energy. Vv ith cmmﬁer 5 ves&o on. none oi’ ehese parucles would ehow up on

) tha sbmrved enSrgy spec@rum. Simil@.rly at the lower gam pressum. t:he

- partic!.ea leave even leas energy in the gas and mom veﬁo themaelves. i
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G. Calculation of ﬁhe Muon»Capture Rate in He"" o

Figure ¢ shows the duta wzth randoms subtracted for run B4 e

with He* in the target; run C is axmilar. Only the apectm betwaen 1 5 Mev. -

where the dccay-electx on ba.ckgrou.nd bacomea large, . and channal 115, _'

where the pukse-he;gh%amlyais sysmm baglna to saturate, was observed

‘ dimcﬂy, and these points are shown on the gmph. In ad&ieion to thcaae ;o o

points, howaver. the total ::mmber of events above channel MS was measured '

{see Seec. IIL G) The numbe - of events observed in each energy regxon is

tabulateﬁ in the box on the graph. and the total chsorved eveats are lasted

on line 2 of Table III. The wall ¢vents (Sec. IV. C)vate subtracted frbm

line 2 to give the number of obzerved events in thé helium. The remaﬁning

question is how many eventa lio in ahe region below & 4.5 MeV maaked by
the electron background ‘ |

' To determine thees unobserved events, a theoretical energy

4

gpectrum for the triton of £q. (8)23_ (called Bietti's spectrum for cbnven: o

ience) was modiﬁed By the Monte Carlo pfogram {Sec. 1V. F) ahd normalized
to the observed number of capture events. The resulting shape (the solid
curve of Flg. 9) agrees well with the data and gives the number of unob-

esexved' events under the electron backgromid (liﬁe 4 of Tablé III). Other

-shapee would also ﬁt the limized data but gros sly different shapes, e. g. ’

a phase-space distribution (i‘.he dashed une in Flg. 9). do not. It is dxffi- ;

cult to amign' an error to the uncliserved evemts; however.~ a & 25% vari‘- i
" ation would be reascnable if one conaidera the reidtxvaly good ﬁt of the '

theoretical ahape to _thca data. " It must be emphasized however. that we ! .

have no experimental inﬁormat;no_n in the low-enargy region of the s;)rsctrum’.',
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‘%-» H3+n+v+y

5&. +H@
".f-_-w;_Hz -r-Zn +_ v;_, K

In thls exp@mmem. we can noa‘. aiatmguiah tritons, deuterons,

ox' pzmtcms. bu& can dewct cmly &he exaexgy oﬁ charged particles irrespec;

ﬁive of &heir maas '.‘-‘.v'_Vm nagiect the eﬁac% oi these other reactiana (30) in'
degermmmg t:he m@baerved @venm becausa maction (8) ia e:mpected to
eccm* %"/a oi the time. :.M The @acond factor that changes a,ny atraightv-
faxward calcuzation @f A is ﬁb.@ presencs of events m thes pulse-heightu

spcctrum timt are dez:ﬁw:d from cha,rged wau evems. These are not

account@d for here bu& are diacuasad in S Sec.. IV H. »;,{_

W iﬁ:h ﬁhe abcve reserv&tiona. tha mmn»c;apt’u.re rate‘in He

'ﬁ.cé.n. mw; Ec ca.lcula eé. In run C ﬁm total. number oi evemm musa be |

| cormcmd f@r ehc 5% tha& vezto ehemeekves in counter 5.~ _'I'his fraction fm
de%er &ined by the Mome Caﬂc y,aragmm zmd depemia on tha assmned
tbc::amzicalsanergy diatribzx&mn. Xn addxtion to this fa.ctor. the total :mmbe
of events is multwlied by 1 165540, ooa to correct for the finite TR time
gam (ae@ Sec. I, F) The corx‘ected total number cf events is listed on
line 6 oi Tabla m va*dﬁng by th@ number of stopped muons axad multi-.

plyin,g; by the fx‘ee mmonadecay 1°ate then givea tb,e muon-capture rate im

He‘* [5% Eq (7)) Tim two r\ms are in exceuent agreement and average

&o gwe a cap%ure ra.f:e of -

»’ A.(H@‘ﬁ') = 37530 sec~i.

e
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It must be stressed that the error is almost entirely due to the uncertain. '

ties in the "unobservad" events and thus is only an estimate, -

; o
i H. Calculation of the B'rje’akup"c.npt\xre Rate in He>

The calculation of the capture rates for tiw breakup react-ions o
4 calculation. HoweVer.
thers are two additional complﬁcatioma with the He3 calcmlation* (a) an

even ﬂrcater pamion of the low-energy spectrum is masked since the

triton peak covers the gpectrum from = 4 to 3 Mev, and (b) the branching - .

ratio between the proton and dettoron reactiona_abeve is unknown experiv-

mentally. Yano obtained a theoretical branchixﬁg ratio of = 3 deuteréns
to % pmton.4 and Measiah ca.ic:ulated rates ﬁor szmilar plon~capture
reactions | |
7 +He =d+nty :
L o _ = - (32)
ept+idnty T *
and obtained a bra.nching vatio of # 4 to 1. Fox' the purpose of analysis

of the unobserved events, we used a branchmg ratio of 3.5 to 1. Théx‘e' :

are no theox'etxcal calculations of the proton epectrum in reaction (5), but -

it is expected to be aimilar to the deu_teron spectrum after the differing '

masses are taken into account.

Yano haa also compu’ced the energy distribution of the aeuteron o

”

in reau:tion (4) in the c.m. system of the three nucleons. 56 Tranaforming

to_u}a hboratory’ ayatem. we obtain the spectrnm shown in Fig 10 (calked

“the Yano specirum‘for con\?enience). i anowance ie 1 maae for the deuterono
-~ triton magoe difference, Biletti's ﬁpectrumm can alao be appliad to teaction

'(4). This shape is also shown in Fig. 10. Note that the shapes differ con- .

h

.. siderably below % 4 MeV, but are similar in the obsorvable region above '
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.‘vﬁa@ mi&@m p@z»a,k A@ ﬁ’ar &w tha @xparim@mmk d@s«a Ma conmm&d. ona sshape:
s 28 ggmd 28 &he @@h\m mnd a morm&ﬁm@d &vamg@ oi ﬁhe two ahapw (aollmf

‘line in Fﬁg M) was maed %@ campuw &he mmbww@d“ éven&s b@alow e 3

S MaV (Mm 4, T&ble HE) .& 30 o @srzwr W@,a aasigmd so ‘mese mwbwerv@d
‘ events since it eifsd z:mﬁ @apu@ar @ma &h@ @venm bekew 3 M@V c@u};d vm“y byi

. more f&mn mma

By a@dﬁmg &h@ obaewad amd m@bmwwd evenw for @&ch z'un in"
T@bﬂ@ Mp c@rmcﬁzmg icw m@ mam’ber of bmalmp avanw @hat vmo them

@@iwam c@wec&ﬁng f@r ﬁw ﬁm‘xﬁe 'E’R ﬁme g&t@, mmd dividing by &h@ x’mmbeax'

“';1._"@5 mopp@t@ mu@n@, one @bmma the t@w mnmber oi even&a pm' Sp-. F‘rom

('?) @.m:i AG e 1500 mc“"_ﬁ. @m Qbm&nm AB 4§ 56X ﬂOs (evemea/sw. evants)‘

. The hmakmp ca,pmm mtca for @ach r'am arve shown on lin@ 9 oﬂ Tabhe n!

'mw weﬁgm@d &wm'age of &h@ f@ur rma Sa

'AB - ?oe 2 wo mc“ﬁ

L4 ! . '

' whem @.gaﬁm. ﬁhe erro® w mosﬂy ﬁmm m@ mﬁertaﬁn@y in ﬁhe ﬂmobmewed"
.;:&V@a@@o N@m, hawevexn &hm the iow»pmmum ru.n givas a hﬁgh AB wen
,' '_.y;mmm@ %:he amtﬁmic&ﬁ errom (but not @utmd@ zha erz’ox quote&. chh is
) '.v.'due to ﬂm ay@mmuc unc@rmﬁnﬁy oﬁ ﬁw \mxobmrvad evema). Tms die-e
o s cmp&ncy ie dﬁstmbmg, fcr i wou&d ﬁndicaee a sym@mmfic ermr m a.n fch

' ‘ bmaimp msu&ts, B

Et can be @.:fgu@c% mae ﬁhe aw&ous cuscrapancy oi the LP«bmakup»

c@pt&w@ a’m‘.e arm@a fzwm wramg ammmptﬁon& c@ncarning ﬁhe unobaerved"
ewmm h@w&vax‘, ﬁw @b@ewed @venm by m:amsalves also sh@w ﬁhﬁa dﬁs»
. e ‘Creﬁamyu We have &hz‘ee pwﬁﬁbi@ explamuons for th@ eﬁscrep&mcy'
: (a) if by mm@ bimdﬁr &h@ 3 veto to ‘E‘R wae aﬁf ﬁurimg t&m LF mm ehem

- would be no carmctiam for vetoed events mad AB(LP) # 660 Nc-ﬁ “ 5‘“

'ez«xc@uem agmamem wmh ma HP mmsa, (b) if ma aasumead theomtical
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shape {(Fig. 40) were skewed very m\mh eowza**d low emrgieﬂ, the cakcu- -
_ lated {raction of vemed cavenm would becom@ cz‘ioaex to mty anci the dia- .
: crepancy would decreaae; and (¢} if = 15% of waﬁcapmre events give

| charged paxtﬁcleﬁmpmﬁena and alphas«-as reaction proﬁucﬁm (nauzral

particxe& wers diocussed in Sec. IV.C), the HP and LP breakup rates are |
both equ.aﬁ to 40& seci, that is 40% of Ag (hP) must reauﬁt from muon~ R

capture svents in the waus to acceunt for the discrepancy. To our knowi-.

edge the fraction of cﬁax’gad p@.tﬁicles coming from muon capture in Mg,

-~

- O, C and Al has not becn measursd, but it is not inconceivable that = ﬁé%

of the products are charged. However, in an emulsion study only 2.5% of e ~

37 thus offhand one woul& tend to disbeliove

the pmdﬁc&s were charged;
such a large frection. Neglecting blunders, one mug_t' cqncluda that the

breakup capture rates have not been meagured with as great an accuracy

as given in Eqe. (34) and (33) and the values given there are upper limita

enly. The LP discrepancy is probably due to a combination of (b) and (c)
but with the present information it is not possible to calculate either of

these factors. If we assign lowor limits to the breakup rates in Hes and ‘

¢ He? by assuming that 19% of chax'geci wall capture events could be presan&o o

and if the * o1 data io not avaragcd in, wa obtam

_665*2';3 sec-t, R R 7 B

'

I. Triton-Recoil Edga Corraction ‘

-

Luckﬁiy the LP discrepancy deea not appwciably affect tba EE IR

He® HB cap&ur @ mi& However, one othey corroction~~the triton s ERE

. mc@ﬁ«@dge correctmn»ommm be dﬁacmaed baf@re the He3 - H3 capmx'e T

rate can be calcuiamd.



g d&w ware taken (line 4, - Table V’) Taldmg a‘h@ centml values as khe cozc-s_

' observed wﬁmn maamﬁ:a by 0. 9¢0 3% at 28.9 amn  and by 1. 7 *0’5% at 15"‘%

- aﬁm, The cormceicm at the iwmz- pmssum ia Larger aﬁnce the ttritom

: ~ the W&M

R mmnac&pmr@ mge. AC’ in m&ctmn (3). Rs ca&culaﬁion aa uow discumed

'”{1~34. m‘_

So#ne vmaﬁs mu ﬁt@p mar &ha edg@ of the heﬂim gam me&r the
. cup c@mﬁer. if they are c@.pmmd, ﬁh@h ftrﬁtcm ﬁ'e@cil comm 3.@% most oﬁ‘ iea
@maz:*gy m '&w w&ln mmfiaﬁw aml n@& give @n@ugh hgm ﬁn the hekium w ba
detccﬁ:ed by oulseuhasgm amlyaia. , I‘able v um ﬁhe an@rgiea aﬁ: wmch @ne‘
*waum amp@ct the tra&@n w hmre a w%o 50%, an& a 90% chance @f bemg ob-,v,;
seivad in &h@ puﬁ@@«h@ighe specsza, For aach emwgy, ﬁha diaﬁam:e tha :
"mem mus ?; &x'zwel ﬁn tﬁw h@lmm %o é@@osﬁt &haﬁ: mwsgy ia also gﬂven. )
Aasuming an w@sragic angu};a,r &azrﬁbmion, aa& taking the éﬁstsﬁbuﬁam “of

sgapping mu@ms inw a,ccmm&. t.hc M@nﬁe Carlo pmgmm &hen C&Mm&%d

h@w mangr ‘tzrﬁmm wo&am b@ I@s% in ﬁhe wan f@r hoﬁh pxewumm M which

reczicn with erroze givam by the '3.0/ 90% Mmit, we must then correct eha sntl L

. travel fmrmar a.t the lmeer pmssum and moz'e have a chance of hit&ing l

. | J' : Caicuh%@‘n of thé Hed - H3 Capture Rate

ES

The majox’ g@aﬁ @f this ezperiment was the mea&;uremem of sha

First, the mnd@m amd @Iectron backgrotmda weze subtrac&ed from the badﬁc
V “p&l@eah@ight apec?m of Fﬁg 5 (a) through (e). The breakup backgrmmd was
‘ subtracted by wee of thca miﬁd curve in Fig. M wim errom ahown by &}m
| - dotted lﬁnas (Sec. IV. H.) ’"inaﬂy th@ remainiag counts were a.dded to give
. ‘the ebsarved ariton-mcou events shown on ltne 2 of Ta.ble IV. v The ex'rcrs

: S contributed by ea.ch amxrm azre Riated on 1im 3 of ‘I‘abm IV. L
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- Thebe observed triton-recoll events must then be cozrected -

for tho number lost in the walls (Sec. 1V.1) and for the finite TR time gate '

ASeec. UI. F)._ In addition, the logic data must be corrected for géod TR - D

events that are vetood by the pee B.og!c systém (Sec. III.E). The total |
correction factor applied in cach case {5 listed on line 4 of Table IV-;_ thé“ '
corrected numh.eir of trieon micoil cdunta is ahown in line S. The capmxe
rates are compuﬁed from Eq. (6} aud arc lizted on line 8 of Table IV, |
Errors from each smarce are tyeated ind;apandently for each run. Weighting

each mmz by the mvex-sa square of its errors gives an average capt\we

rate for the five ruma of

‘Aca'isosmé sect, T 36)

The exror in this averaged result arisaes mosﬂy from the uncertainty in

" the bzeakup backg:munda &md is obtained by diwding the error for each mn

imo a systematic and a random part. The raandom part. congisting of lines
32, b, and ¢ vivn Table IV, is then treated imdependeﬁtly for each rua. There
ic excellent otatistical agmam@m among the five ruans, 'b_écause the xa
(with only the random part of the error usod) is 3.33 (50% éhame of occur=

rencol.

v, RESULTS AND C;ONCLUSIONS |

This muon-capture experlment yielde the capture rates tn Hes a

ahd Hefg‘. The final results are Iimted in Table I. ‘The breakup ca.pture x‘ata B

o

in He3 i
Aseﬁe%m 665*2;‘; cecst |
o 18 combined with th@ HeB - 13 pa,rtial mte TR X g

AC(I-IQ -oHs) - ﬁ505&46 B&C.i | | ‘, _. _ (36) :4...._ ;
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:' hﬁgheet obtaizxed ﬁn thea tzhme e:vapes:émants performad so far, it doea not
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)' m giw & mmﬁ mu@mcapﬁ:me rate im Ha cef

M?G @.

MH@B, wwn = 2 %0 ssec.

o

| Th«s—z t@m capmm z‘*aw in H@'&

ia meaaum& m ba Lo

A(Eie% = 345+§go éec -1, e

_v‘*mm m Ea.a-ga ixsctam efﬁ'«ac& Th@ iax‘ge R@ww 2imite far the Hes breaku'

may hav@ b@em frem muon capmres in the waﬂ aurmunding the gas. Th@

3 - H mte s almost enﬁ.reiy dus ta the mcertainties ﬁn :

-'_ertqr m ﬁhe "{e
| the brea.kup capfmm evems. ALl of &he erxors couﬂd be reduced in a rerunf-
- of thia exp@rﬁmem, £m: the meﬁm&s used are cap&bie of giving very &ccu .

Kf é}m wm svaents are am&lﬁ, &he Heeé cagmra xam agrees wnth
the pmvi@ua meaaaummcmm emd the ah@weﬁmal pmdﬁctﬁoma (aees 'I‘a,biez I)
Simﬂawiy ﬁha e;owﬁ. H@B c&ﬁmm mm is ﬁn e:&cencm agm@mem with a. :
prevﬁau@ m@a@umm@m ’by E‘aﬁ@m&cin @t ak. » & wh@ msed a helium-qﬁﬁusi@a
‘chamber. The @M me@ra@icﬂ pmdic&i@n by Primkoﬁﬁ &gmes mmombly
 ; well with the mea@w@d total @&pmm rate; Yam a xecent axzd mcm d@&aimd :
w..aicmmtwn of the bremkmp ca,pmm ratea ie in sxmu,en@ agmem@m with

the obsemrad valws,

Aﬁ.ﬂwugh our me&summ@m gf zhe Z{e?’ - H3 captum ra&e ia tlw

disagree \mth the other msuiee. Except for the calcuiatﬂons of Duckzo nd
R Fujii 9 ﬁm maamticai px’aqicﬂona are in agmemen& wi&h oux reauﬁt, Thez-
g theemtical pmdic&iozn of the H@3 - E-i3 capture ra.t@ ﬁ.a uncertam to ﬁo%

" because of ambiguitﬁes in bcm th@ Ha rma mciiua a.mi gp (the £nduced
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I £ ﬁh@ emp@rﬁm@mm vahw of ?;he Ha - 3 capme rate is =
gubstituted into A = 4/4 A, + 3/4 Ae (Ag and A, are givenby a mc»di», L

fication of Adam's f@rmml&37 with § = Ta 0), one obtains a ralat&on

Retween the two moost uncertain pammetem in muon capture--P and A,

. Figure 12 is a plot showing &hﬁs relation.  The mmrsecﬁan @E gp = 6. 6Ap SR

with band Iis in good agmemem with the axparamenﬁa! capture rate.
: Howevw, A is quadratic in P and has a minimum in the region of mter- -
eat. Thus, with the mcluai@a of the zmc;r&ainﬁee in A(qz) any value of

gp botween 0 and +25 Ags_ is allowed. ,Seveml recaent a:gparimenta have }‘ |

~ indicated a value of g, closer to 15 Aﬁ. 33, 36 indicating that band IAia.‘ . |
correct. A graph similar to Fig. 42 is given by Rothberg et al. for muon =
2,58 '

.

.capmm in hydrogen.
~ This experiment does not rule out the possibility of a (V + A)

iateraction in muon capture. For a V + A Interaction and for a capture

rate of 1505 sec™1, one obtaine the dashe& curve in Fig. 42. I\'ote. that |

it too is consistont with gp = +6.6 Ap._

| The present uncertainties in A and P,' not to méntion Sand T,

make an accurate verification of the maiversall Formi interaction hypothaais '

difficult. These difficulties arise becauée of the prosence of strongly o

interacting nucleons and becausc of the large momentum transfer involved.

in muon capture. There are 80 many parametoras. that practically any s
capture rate noar. '1500 sec~? can be calculated with an approgriate choice :
of the coupling coefﬁcien‘as. Only if both S and T aro mero is there hozae . -
~wverifying UFI to any accuracy less then 10%. Nonethelcsa the excenent  ;;
agreement batwaen the thaorctical and experimental valuea of tha capmra |
rates in hellum lends conciderable support to the hypothesee of a un.iversal

Fermi interaction aszd & conserved vector current.
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APPENDIX

Acivanmﬂw and Dispdvantages @ff Mu@m (:a,pmr@ in Hydmgeu : s

Much data are available on: muoaacaepﬁuw vates in compﬂex nuclci,‘i% 50
but the data are difficult to ime&rpme because of the many atrongly imeractﬁng ' |
nucloona aod many ﬂml sta&es. Ideaily. thareicre. ona would like to sﬁudy

the muen-—capmra rate in. hydx‘ogauz where t.hare a.z'e no mz.cicar-atrucmre
" effects. Thore are, hawevezv. iive maiu reasons why an experrnem in He3, |
| tlm next simpﬁaat nuckams not an isoﬁozm of hyémgen, ia carler to perﬁorm and
i:o amm'preat. 'Ih@se are: . . | (

" 4. The muon-capture rate in hydroEen is especiauy sensitive to whether
the psp atom is in a triplet oﬁ a singl@t hyperﬁn@ state. - .

2, The p-p atom is mutra.l tmd tapidly diffuscs through the hyﬂz‘ogen
undergoing collisions with other pro&oms. In these coilisions the muon is
often exchanged fyom prdtcm to proton. These exéhange coinaiona rapidkf o
ciuméa the ozigml.amﬁaﬁcal population of 4/4; singlet and 3/4 tripket atomé a
of 100% singlet p-p atoms (the ground state of the p-p syatem). Furghermbre,
in liquid hydrogen in ab'oﬁt 0.5 psec the sing!et p-p atom bacomes part ofa a
- {(p-p-p)’ mc»lecular ion, if the muon has not deca.yed ﬂmto In such an lcm - B

the muoa can be captured by eithor proton, and the fractﬁcm of muons e

: mpmmd. with spin aligned with or opp@site to the capturlng proton, varﬁes "
depending upon whaf&wr the p-jrep fon is in. a para or an ortho state. ALl
such variations in the relative~-spin states affoct the -capmre ra&e. In addi;-
tion, the uncertainty of the molecular wave function in the pol&-p system |
: cauoes additional tha@mtical difficulties in hydrogen. In helium there are no o
'em:hange collisions and the hypezfine states at capture have just t:heir orlgina.l
otatistical population. | | | R




_1‘7_ »_m m@ ﬁm;mriﬁy auclsus. : This oxch&ng;@ ﬁa ﬁrmwzrsi&ml@ mzé, since muan»

S Ewramgm ﬁs ”aqmrc& Agaih. @lw m‘ﬂbﬁ@m is mﬁ present in hetium bacau@e;

R ‘mmn in f:h@ cago of hcﬁum The chmged pmticle: can ba defzected with

e dmmmion effic lency. s

o UCRL.L«.QQ'Q@'(R:@”" e
'Eo_f The muon ia mam tigh&;&y Laand m a&i @ghex' nus:&ei €inc§uding ﬂm .

D @;@mmma) than ﬁt is to nyc%w @n.. 'X’Ima any cam‘swn wi&h am impumzy

nuclous hm a hﬁgh px@babdiiy @f tmnaferrmg the muon frcm ﬁhe ar@ton

o : capture m&e@ are zmzcé,z lsrgoerin impuzﬁ&iea tham ﬁn hydregaa, malﬁ:mpmre

N

_ @iecm’icaﬁ mpulamn &mya the ﬁ.aoﬁa ammm&way i’xom oﬁwr nuclei. -
41. ‘1‘@ demet muoR capma ﬁn &he Eigm@r ehemanm one must é@tect tha

famc@i@n pmeiwa, whﬁch is @ muﬁmm m th@ ca@e of hydrogen and 2 charged

vﬁ;mmuy 396% eﬁﬁcwmy wh:as'ma ie is dzﬁ'ﬁcw&ﬁ &:o detcrmine tha nau%rona -

5 Fén&zny’ ﬁh@ ff&zﬁ@ foz @meng iehe W«He:’ reacﬁ@n is mom tha.n 100
&ﬁm@a thsz.%, oﬁ &he Bep reaatﬁon if one imckudw n@mﬁ:a’on«d@wctﬁon eﬁicﬁmciea.
_ W@ con@lud@ timg the mmm«-capmre‘ raﬁ:e in helium céﬁn be measumd

MO ze..cmwamiy than ﬁh@ rato in hydmgen. On the other hand, fcw hydmgen
| there is no mmxtmimy in the avclear samc:m.m. 'I‘his ena big disadvan&ag@
'mm cagmm in helium almost @uﬁweighm its iavorab e iaawma. Nwermalaas

@ze hcpa is tb,at the He3 nucleus is auﬁicéemuy simple m permie an mmbigmus

v’thmmtica,! predic:&i@m of & c:«,pmm rate on e}m basis oﬁ‘ a UE‘I. ST
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Table I, Summary of muon-capture rates (in sec-i) in He3 and He4.

Authors He3 - H3 Total He3 Total He4 Comments
Experimental -
This experiment 1505£46 21701—1;8 375f§go He scintillation
Falomkin et al,® 1410+140 2140£180 He diffusion chamber
Edelstein et al, b 145075 He + Xe scintillation
Bizzarri et al, © 36375 Liquid He bubble chamber
Block et al, 9 36446 Liquid He bubble chamber
Anderson et al, © . 1300 . He scintillation,
neutron detection
Theoretical
Prirna.ko:t'ff 25004250 47070 Closure approximation
Fujii, Ya.maguc:hig 1540+80 "Trion'" wave function
Yano® 1460 670+30" gp = 7 A
Goulard, Primakoff] 2360+240 324+60 Closure and relativity gp = 8 A[3
Fujii, PrimakoffS 1460150
Werntz1 156080
Wolfenstein™ 1400—1500
Fujiin 1660 Hard-core wave function
Duck® 1250 Shell-model wave function
Caine, JonesP 354+110 Explicit sum over states
Bietti9 310
Bietti, DiPorto” 120-220
Oakes® 1500 : Irv%ng wave function )
1410 Irving -Gunn wave function
#See reference 8 ®See reference 12 iBrea,kup rate only Mgee reference 18 9see reference 22
bSee reference 9 fSee reference 13 jSee reference 15 “See reference 19 TSee reference 23
€See reference 10 ESee reference 14 kSee reference 16 °See reference 20 SSee reference 24

h

dSee reference 11 See reference 4 1See reference 17 PSee reference 21
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© Run = “scaler counts
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‘Table II. . Corrected numbers of stopping muons {in thousands). -

su

scaler counts.

Ay S e b Sty o o et 2
it e o et s e

on vetos |

. -Dead layex Sy{.‘ +Dscay "elfe«:':ir
- (5.524.4X407

- {2.320.3%X4073XBy).

Corxzected . |
number of . -
- stopped muons s

65920
121993

116585 -

425052
510942
$ 935983

7400425 -

225022

4144518

L .

(asu)po0rr-THON L



#

Table 111, He!} and Hés breakup events,

SN

Breakup évét;ts per
. stopped mmn{xio3)»

'_Rm; designation

Observed events A

Wall evenis in

chservable region
Uncbserved eveats -

Fraction of events
not vetoed .

)

. Corrected total number

of events

Corrected number of

“gtopped muons(X10°3)

Breakup capture rate

(sec-l) o

B4
1085+ 45.
55440
360290
1.0
1620130

195139

. 0.83020.066

37830

C

408045

55240

295275

0.9520.03 -

A
4590120

1950*9].‘

0.846+0.065

372230

B3 A+B LP  Logic

1445565 © 5490%130 2460275

30820 1402100 - 7550 33420

1070 2540 420022100 2280214200 46502700

1.0

29002630 1350023500 _ 750041500 3070 # 1900

L

195229 ° 9129239

1.4840.33 1.4820.37

6755150 - 6752470

o

44525

| 0:82420.061 0.72640.085 0.824£0.06% . .

3 o

3758436 2196210

1.9920.50 . 1.40£0.46

P

9108230 6352240

—

p=1unh -

~{a2u)¥003



. Table IV.  Triton-recoil events. " .
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"4/ Energy left in ga.s‘ (MaV) .

2. Probability of “seeing'"t#iton recoil{%)

- 3. Recoil rangé in helium at
128.9 atm (mm)

4, ‘Pefcentagé of recoils lost _ .
- {28.9 atm) .-

A

(45.4 atm) -

- <40

0.77

0.92.

" g > - L

Lo

1.65 - 1.90

>0 . 100

.87 . 4.752.40
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F‘IGURB LEGENDS

Fzg ‘5. Effeci, on the He -»H cap‘cure ratc as each coupling coeffn.xent
;: is var;ed from t}‘c valuca gwen in- Eq. (22) The shorf: da.shas show;
B the hyperfme smglet-capture ram. A a the long dasheﬁ, ‘the tr1plet~

- capture rate, A, the solul hne," the tota:. rate. = '1/4A + 3/41\

t
The dot in each graph represents the ini.eraection cz the measured

capi:urez rate and the co 1pling coeffxcmnw of Eq. (22) mth uncertamty

mdscated by the shaded area.. o _ o . |
) T‘tg. 2 I)ependence of A ce as gwen by’ Bqa.‘ (24) and (27). on
(a) “che Vccﬁoracouplmg coefﬁcmnﬁ, (b) the ayxa.1~v®ctor~couphng
o coefuczent. {c) ihe induced paeudoscalar coeﬁ'xcwnt, and (d) the
| nuclear radms. Each parameter m varzed one at a. ume fram the
cenhal values gwen in Eq. (26) ""he dot in. ea.ch graph represents
the intersection of the meaaured capture rate and tho centra.l va.lue; of '
he parameter with tmcerta.mty mdzcated by the ahaded area. |

_ Fig. Rough chagram of the a.nparatus showmg a mmphﬁed achematxc

of i:he e}.oce.ro'nca logz.c. S ' Ea 8

Fig.. 4 The hmﬁograms show the radw.l varxatioa of.lmuons stoppmg .in a
| nuclear emulamn. Emulawn A was expoaed directly behind the front

wmdow. and emulsmn Cs5 mches behmd ‘the wmdow. Each emulsxon
- was e*{posed to ZXiOG beam muons, . The dashed lmés are the mucn«-
ctoppmg dlstrzbuhens. at the same thre;a poa txons. obta.ined from the :

: multzple-scattermg calculatxon and are normahzed to the sa.mc total

. area agthe hxfatograma. L



., . Fig. 5. Fulse-hexght spcct*-a for each of tha ma_)or sets of data,.A

T -5 S UC‘{L 11004(Rev.)
(2 )a Run A, (b) Run B (c) LP run, (d) Logic run, (e) Run BS,_

.;‘ ::(f), Run B4, (g) Run C. and (h) p.‘"IIca3 run. The squarea are the
raw counts in @a.ch DHA chax:mel and the dots are the random events

. calculated fo'r ea"h run. .

s

o Flg. 6. Time dmtmbutxon of p.me evema fdr 6 7.>>< 106 Bp. with 6 5. atm -

of xenon in the target. The dasued Iines show the ccntmbutmns of

Ay

muons that stop m the vafmua elements of the dead layer. Thc Ng,

- O, and Al exponentlals were computed £rom the measured amounts ', o
~ present on the cup-countur Wan, and the Xe, C, and randoms were
de’termmed by a least- squares ﬁt of the spectrum. | 'I‘he sohd line is
the lca.st»square fitted gum of the exponentx_als.' Its computed x

1

per degree of freedom is 1. 02.

2

Flg 7. Calcula.tecl dm;mbutzon of hehum-recml energies from 'che

PRI R K

clastic scattering of ncu,trons origmatmg from 1000 muon-captur‘@
nvents in the '"dead la.yer" surrou_ndmg f:he hehum ga.s. } ‘. y _ ’,
Fzg 8. Effectd of the geomotry of the gas ecintxllator on the shape of | i "
, a.he deuteron-energy gpectrum in the reactxon o + He?’-v d + n + v,
- A pure phase space energy distribution was used aa input to the o
Monte Carlo program. The program returned energy dmtrzbuf:ions for -
~ the varzous runmng condxtxons' veto on, veto oi’f, high gas preseure. | )
low pressure. The top scale on the graph indxcates the range of the o : ) . !
deuznrons in the helium gas at hxgh gas pressura (28 9 atm) L e % 11
b phase gpace; === vito off, HP, — vy 'vve‘to on. I—IP, o | j
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o 9 Capture evenﬁs in I—*’eé'L { Run }34) The data. points are wzth
randoms ubhactea ».nd arc su.mmed over every flve chaxmela.
L .-—~~, normau,,ed spe rum derwed EL om a phase-s;:ace dxstmbatmn,

— Spechum nerwed from Bwtti' 8 dxstz'xbt.twn, '. ee e , the rough

ng the c:ounm below i 4. 5 MeV by 25,0. : |

“:,!

efxecp G.:. vzxryz
- Fig. iﬁ 'I“mcre ical duuteron-cnerpy dxs ﬂmi‘.zons £or the reacty.on
+ iIﬁs - d I“ n + Ve "’he sohd curve is derxved from Yano s

ﬁpactrum an d the dashed from Bmtti’ - The top scala gwes the

4,.ranqeq of a éeuﬁeron in hehum at 28 9 atm 'I‘he shaded area indicate ¥
:f___f:he &egion maskeci b}r the i 9—MeV »riton recoxi peak, and the cuta ,'
| 1,.;(11c3. e the upper hrmt 04. the observed counts for Tuns }33, A+B, and
LI‘ Tha Qashad Zmea mdzcate the cstunathd upper and lower lxmxta

, - of u‘le de ai.nroﬁ spec‘t um zn the regi{m belcw =3 MaV. L B
E‘ig? 1;7’” mreal up capture evems in I’e (run BB) 'I'he data. points are .
m‘;h rmndoms a1 btx~acted azm are smnmed ovar every £we cha*mcls. .
 The dashed hre» are f:he norma.lued spectrum denved from a phaae;-
{spac-e.distribuf:ion, the solm 1me ig thc spactrum derwed from an
avarage of Yano's and Bxetm”*s umtrxbutmn. thss dotted lmes mdxcate'
_':ou nly t‘ha ef*‘ert of varymg the counts below 3 Mev ‘by 50%. The‘_‘_'

_other Tung. with }133 in 'the z.arget are simxla:' but have fewer data

A

LN

- pointg,s -
Fig. 42.  The H 793 e H3 captum rute wzth tlu. a:-.xal-»vector coupling cons!:a.nt

. :md tha indu.ccc’i pseudoscaiar cor.mlmg éonﬂtant aa independent vamables.

Tnn sh’zded areu md:.vat 5 the region cons mtert thl; tha presenﬁ experz-,'v
ment. Tha, ‘chooretxcal pref erencoa are mdxca‘ced by the vert:.cal and
‘homzontai lmea.v Band I is z’mth A(q )/A(O} 2 M(q‘?‘)/M(O) and band n |

; : wzth A(qz)/A(O) = V(qz)/ V(O) ’I‘he wzdtb of each vertxcal band reﬂccts

the uncertamty in A(O) 'I‘he dashed lmcs are £or a V+A weal<~1nteractxon -

. fx.hacry and for a theory w1t’1. the wea.k«magne’czsm term eqn.al to zero. ,
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0 2 4
S T | ] I | | I
- f . -
P : Run B4 2'2'2 Zf’?s :
n Data-randoms | 864 | 222 N
w n Phase space 709 | 377 _
o Y
» Biett 940 | 146 .
€ 120 Bietti
o
<
© 100
79
s 80
o
o 60
c
3
o 40
20
0 ! l ] | l | i | 1 !
0] 20 40 60 80 100 120

C'hannels-

MUB-4313



(in thousands )

Counts per MeV

-64- UCRL-11004(Rev)

Range in helium (in.)

02 05 1.0 20 30
T T T T T

\
\
\
\
1
\
\

Deuteron kinetic energy (MeV)

MU-34016



s -65- UCRL-11004(Rev)
Energy lost in gas (MeV)
O 2 4 6 8
300 T T T — T
9 i
Run B3 sar | =% i
e Data-randoms | 1103 | 342 ]
'250 P‘hos? space 465 980 ]
Bietti 1105 | 340 _
Yano 1214 231 _
200
%2
©
<
[
o
£
(8]
°
. Q
[7o]
c
3 100
o
50
9] 1 1 I i 1 1 1 1 ]
0 20 40 60 80 100 120
Channels
MUB-4314
el :




UCRL-11004(Rev)

-66 -

k N

(uosponuy  Fy, 9

+25
—+20
—+15
—+10
5
40
5

DN 7/ I /
\\\\\\\\\\\\\\\\\\ U

k&NQ&Q&w&§ww&§wxww&&&ﬂ&Nwaﬁk&&&&&@&&%w
x&&%&&&&@&@&&&&&&&&&Q\ A58 77777 %7

~

~
A=1460sec

+80
+60 |
+40|
+20}
0
—o0k
3

MU.34019

1.0
2

0.2
A{q

0.8



4 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.
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