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The lifetme of negalive muonsy hos been messunsd 150 elements plus & Bolopes, For light ele-
menta the neewrsey of 310 1 ns is » significant improvemen over most previous measurements. In
heavier elements the sccuracy i | to 2 ns, which is comparable to, or beiter than, previoun resulis,
with reasansble agreemsnt in mos coses. For ™0, Sc, Dy, and Er there were no previows dets. The
iatal capture rates have been deduced nnd compared o various ealeulatinns.

L INTRODUCTION

The capture of negative muons by noplel via the weak
ioleraciions has been stodied for many years. It was
hoped that the information could be used to stedy the
wesk infersctions themselves, bul, in fact, the major diffi-
culty has been the understanding of nuclear cffects. Un-
fortunately, the total caplure rate is not simple to calcu-
Inte ps the final nuclens is excited (o an unkaown ensry,
which from the theoretical point of view = a critical pa-
rameter. However, from the experimental point of view
the messurement 4 steadghiforward, ms ft s stmply the
determination of the muon lifetime when stopped in the
relevant materinl, This number s often needed in . other
experiments, so precision measurcments of the lifetine
continge (o ave ther uasfolnsss,

The preseni experitnent vwas motivated by the problems
that existed among the measurements of the muon fife-
time in lght elements. € particelar coacern was the
Carneple experiment of Beklumpde e al,,! which hod ob
tained a g~ lifesime in *Li of 217345 ns and in "Li of
219414 ns, which were surprisingly different. They wsed
ihefr own messurement of the lifetime of the posirive
muon (30323 nst (o calculnie the coprure rates of
GEOOL 1400 and 180021100 877, respectively. These rate
were dizoussed by Lodder and Jonker,” who showed that
the difference should be about 1500 5", For the light gle-
ments the caplure rale is proportionat to the differsnce be-
tween the lifetime of the g and the gp~ in the material,
It was therefore: disconcerting that thew p™ lifetine was
shorer than an earlier measurement of 2211+3 na (Ref.
3, wei fonger than the presemily scoepted valie of
2197032004 ns (Refs. 4 and 5), The carlier measure-
ments were limited by the poor duty cyebe of the old syn-
chrocylotrens and by the quality of the elegironic equips
ment. I -séemed prudent thersfore to relnvestigate this
prrod e

At sboui the time this present expertrment was being
performed, an experiment at the ALS, Saclay? alsa
remeasured (he lifetime in *Li (21753404 ns} and "Li
{(ZIB6.E40.4 ns), thus obtaining » better accuracy than the
present experiment, but our results are n good agreernent
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with ihese walizs, The ssme groop’ also messured the
mucm lifetime in Be, C, nnd N with » similar precigion 1o
our owny beryllium and earbon are in agreement, bt the
residts for nitrogen are incompatible, althoGgh there & a
possible cxplanation for this. We shoold also note that
these messurements were not the principal goal of their
experiment and there may have boen some WAKNOWH §ys-
temalic error; farthermore, the group does not intend W
publizh thess pariiculsr mesturements

The theoretical npprosches rest on the classical work of
PrimakedT.® The protogypic wenk shsorption reaction

BT p—v,+n [

bectimes more complicated in the nuclear environment:
for example,

A e - 2

where 7B* » s boron 12 in an escited stale,. The
main difficulty e in the mean exciisiion energy of the
residual nueleus™ '™ tn which the ginnt dipole excittions
are very imponant. Bernahiu'' proposed a model which
avoids the uncertainty of the a=utring energy and Kohva-
ma and Fujii'” wsed this model 1o caleulate the 1otal cap-
twre mates. Muokhopadlyay rfeviewsd the subdect a Tew
years agn,'’ ax did Cannata e af,,"* and there iy & con-
tinuing intersit."*™ ™ For the hydrogen isotopes the cap-
ture of muons is complicated by molecalar effects™ and
we shall avoid a direct discunsion of this topic. Similarly,
in the wory heavy elements (the actinides) s measire.
ménts are complicated by fission indveed durimg the
arpamiie caseade with the mucn sometimes sticking to a fis-
sion fragment. We shall pot discuss this in any detail
since B recent paper covers this lopic more Ihm'uu-.g_]l':rﬁ'
and fo we shall limli sumelves o simply reporting our re-
sults,

1L EXPEREIMENTAL METHOD

The experiment was performed st the M20 channsl at
TRIUMF when the prolon bepm wis only 20 pA. As we
shall see, the mion intensity was more than adequate, bui
the advaitape of a 1009 duty cycle was cotical. Back-
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ward i~ were used af about 87 MeY/¢ before the de-
grader with an incident Aux ap to 1000 5~", The experi-
mental setop s shown g Fig. 1. The final colimator was
2.5 cm in diometer in o lead wall Counter 53 ams 5 cm
in dinmeter and 0.7 mm thick; it was mads a5 thin & pos-
gible to geducs the hackground from g~ stopping in the
counter itself, The vete counter S4 was 3045 1.2 em’.
The cylindrcal counter 85 hod a diameter of 20 em, I'l'l.'“:
the four paddles 5659 messured 20 20%0.6 cm®; the
whole setup had a solid angle of 60%: af 4 with respect
io the tnrpst.

The besm had o contemination of slectrons with o few
remnant pions. Counter 52 was made thick (1.2 cm) to
record the pulse height of the muons (250--600 oY) and
o reject electrons (30150 mV) or donble muoms |60
mV}. Pions stop before the tarpet. The residual contam-
inatlon of electrons and pions was wery small and cansed
no-probiemis.

If there is o residual mugnetic Geld wheee the muon

stops, the muon megoetc moment will rotate snd can
give o falsz lifetime. A muo-metp] shield wes used 1o
reduce the field from | G to less than 0415 (5 This im-
plies a rotation of the muon spin by < 5 in 10 moon 1ile-
times o an spparent lifetimes which is out by <7 na. To
counteract thiz problem, care was faken to center the tar-
get in the counter army. In tests with a u~ bean the
lefe-right counters devinted from the avernge by 641044
ns and the top-bottom counters by S04 s, which i
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FiG. 1. Experimentsl seiup.

consistent with the held oieasureément. However, the
average lifetime was always consistent with the world
average. Bemember also that the p% beam 15 — 6§ times
mare palirized than 4~ in o mesic atom, so, in the life-
time results presented here, the deviatiom of o particular
telescope would be ~ 1 ns for Hght elements and less for
heavy cléments, Confirmation of these effects was made
using @ stopping &~ bewm which produces unpolarized
pt in the target. The deviations of the Ufetimes were
thep 14Z44 and 301244 e, respectively, which is con-
sistent with zero.

Most targets were elemental and self-suppoarting, but a
few powders and liquids were used, viz., UC, "0 and %0
agar, Hy0, LiF, CaF,, PbF, CCl;, Soy0y Moll, GeD,,
Br, I, Hatd, NdO, W, and HpO. The light elements were
contnined in thin stainless stesl coutainers and the heavier
elements in plastic containers. All impiiritics were lsa
than 1%, mostly much Jess.

The only difficuli tmrget waz that for nitrogen. It was
decided 10 use & liguid target in & stainless steel contatner
with vactum insulation. Two 0,1 mm eftrance windows
were e with resr thicknesses of 3 mm. For all the tar-
gots samie musns can stop m 1he scintillator 83 or the
wrapgping of 54 and S5, As most muoas slopping m hy-
dragen are immedintely transferred 1o the carbon atoms in
the plastic marerials, this beckground exhibits (he 1ifatime
of carbon and is eypically 1—2 % of the stuge. For heavy
elements the carbon companent is cleardy separnied. Foe
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the Lighter elements special roms were taken wsing brass
plites with the same stopping power. This makes the car-
bon backgroond stand out, and then the backgroond ams-
plitude com be fixed 0 the anakysis,

The date scquisition system was basically that of ths
HSE (muon Spin rofafion) groop al TRIUME, bul mare
velos were wsed than is typical Tor their pormal operation,
becayse care must be taken to endure that oo second muon
interferes Wwith the measurement, Thus, events were re-
jected i another muon arrived before or afier the muon
bemg stodisd. A vels gate 32 ge before and alter was
used for the Hght elements, 16 jes for the heavier targets.

ENCIDENT MUCN {entering darget segion]={1,2,3} ,

STOPPED MUOMN (stopin iarget)=101,2,7,4,51 ,

T, SITEUKT, [, F. MEASTIAY, AND L P, ROALSYIG ) 3

Similarly, eventas were rejectsd if two elecironms were
detected within this thme gate afier a start. 'With no rejec-
thon the lifetime is 20 ns (oo fow al a stop rafe of
45 105, Initially, muon rejection was defined wiing
11,2,3), but at high rates the appasemt lifetime dropped by
agbout 3 ns; however, by defining # premuwon ar second
miinn by ILR,E.I.E'J, no rate effect was phisrved, Mote
fhal wll 2~ data were Inken with o stopping rate of lass
than 100K)s, and often much less, so these tests were math-
ef gxtreme.

The electrose configuration & shows o Fig. 2 and a
surnmary of event delinition s as follows:

START (GO0OD MUON) (pe premuon rejectiont=11,2,3,8,5,G11 ,

STOP (GOOD ELECTRON]=(5,6) or (5,7} or (5,8} or (5.9 .

Event rejected if

PREMUGN=(1,2,3,& 5 within 16 (321 g5 hefore START |

SECOND MUON=11,2,3,%,%) within 16 (32) s after START ,

TWOD COINCIDENT (or SLOW) MUDNS = (2,3} with 52 pulss heighl > 600 mY ,
SECOND ELECTRON =two STOPS within 16 (321 jus ofter START

Cite created by

STOPPED MUCHH [pileup gatel =351 (muoa gote 16 or 32 sl
TWO COINCIDENT (or SLOW) MUDNS (Fils ap gale] =G
GOCHD MUCM (mormal gite) =G4 {gate [of pallsrn it ,
GROD ELECTRON (normal gete) =G5 (ELECTROMN gate) |

End of (G + CGil=G6 [proteciiom of muon fogiel

[Mote that the 32 {16) ws gate was wssd for medsuresnents of Lfetimes langer Lshiorec) than 500 nsf .

The clock used o 1 GHz scaler and was developed at
TRIUMF. It wea clecked apainst a time calibrator (OR-
TEC 630} and with positive muons: the value obiained Tor
the ut lifetime averaped over all the tsst runs s
21970107 ns, to be compared with the present waorld
avernge of 2197.03 40,08 ns. "7

Events were recorded o8 four time histograms for each
cominter 5659 (i, single events wers not stored). Each
bistogrom contained 2000 channels in either 16 ns hins
(light clements) or & né bins theavy elemental Al the end
of the run the histograms were tramsferred from the dizk
of the oo-line computer (o PR | L5400 10 magnetic ope
for analysis on the UBC Amdakl 470 V06,

The hisiograms were pnalysed with MIvUTT o0 fit the
decay in gusstion, the decay from oxygen for the oxide
targets, o carbon background, nnd & constant background,
A spectrum is shown in Fig, 3 for CryOy o illustmie the
most complex case (granular chromium was also ased),

The flat hackground at the end wis first determined
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and then fAxed, For heavy metal tarpets the carbon back-
ground from the setntillators i oell separated and can be
determinsd simultansously. For the light elements and
for oxide lorgels i was neccssary to obtain the carbon
bnckground from independent rung and to fix it in the his-
togrem being analyeed. Typically, |—1% of the muons
stop tn carbon and the correction to the Hictime was only
2'or 3 ns, For oxlde tergets it wis also prodent o fx the
oxygen Lifetime. af the value detenmined with the waler
target; otherwise, coupling occurred between the metal
aivd oxypen lifetine.

L DATA AMALYSIS

For most atoms the observed deciy 8 o simple ox-
ponentinl. However, for nuclides with & spin J, thers are
two hyperfine states with the musn and nuelide spin ei-
ther parallel or antiparallel. I the nuclide spin can be ap-
proximated as being due to a proton, then these two hy-
perfine stutes can have very different capture mies, be
cnuse the wenk intersction transition g~ p—eym i8 600
times faster in the singlet state thon te triplet state. Now
the lower hyperfine state hos F =J — ¢ for a positive ou
clear iz moment, so iF the nsclens hos J=1 41
tsuch as TLi, '8, “F, efc), then the lower state has the
proton and muon spin antipdraflel which means the cap-
ture rate iy higher (and vies versil.

To complicste mutiers further, there can be 5 transition
bietween the hyperfine states via an M1 Avger transition

EL] TOTAL NUCLEAR CAPTURE RATES FOR NEGATIVE MUGNS
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For heavy elements this transition is so fast that the muon
spends its whole life in the lower level only. For very
Hght elements (hydrogen exclided because it is n specin)
casel, the trensifion is so slow that capture lor decay] of
the muwon takes place from a statistieal mixture of the twe
byperfine states. However, for a few cazss, the best
Imown being fluorine, the transition rate fs comparable to
the decay rate, 50 two ciplure rales can be ohesrved.

The hyperfine iransition rate can be detecied moat easi-
Ly by detecting the neutrons, 15 was done in the preemp.
tive work of Winston.? The mransition can also be detect.
ed via the loss of polarzation of the p— using uSE tech-
niques ™ Naormally, the cffect cannot be detected via
the electron decay of the muon, becanse this is dominaged
by the normal muon decny, However, our data on
Auering wize of sich high statistical precision that a sim-
ple decay did not 0t the datn selisfactonly,. When detect-
ling electroms, the decay can be approzimated by

Nifm d = g e =71 i3

where Ay 15 the hyperfine transition rate, A~ is the toal
decay rate of the upper Qower) level, A, is the gverall jim-
plitude for the noclide in question, nnd A, i (he hyper
fine transition amplitode when one is deiecting electrins,

where
J4l A

1
1 Ay
Table I presents the woskd- data on' the hyperfine effect

Ape= with Al A= =AY .

TARLE L Warld data on the hiperfine offiec

Aring)
['fll:.l“ﬂﬂ Fﬂﬂ'ﬂkﬂ'ﬂ' A ||'_|I =)
Muclids g moment [Ref, 34 Expt. {Ref A £l Expl (Rel)
L ud .82 N < 0,07 (28]
Li £ 126 130 = 0L0F (28]
Be T - {08 L e L] < 0,05 (28]
5 I+ i.B0 0.98 o 0063 25 (L2LLO.05 (TH)
L 330000 (33
g - 164 L2y 0.06% D2s 26008 L3 )
0252007 [32]
0
e - 0L [ -0 247 o 0 0053 0. (20400 12 {25
b i 4 | =0 53]" =1 00760053 (29
I, 840,08 (17}
W + 163 i} 74 T RO 13 123 0.1 4 5.4 ;ﬁ..!:l-.ﬂ Mg
Ll 3 p5eir} —0.23 — 11004 14
Ay it 1.6 028 = (002 41 4147 |30}
1y g g —0.13 —~ 0015 %
"y T 068 —Thi3 w7 — s E
= -

*K. Korhigid, H.Obteba, and M. Morita; see Rl 29
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in some selected nuelides. Oy resalis from fitting the de-
eny electron spectrum are given in Table I. We sec thal
the fluctine resulis are in good sgresment with Winston.™
The only surprise s baron, for which no hyperfine effect
i obaerved, yet with o limil about 30 times smaller than
the predicted amplitude. There is also evidence from
BOOM . (the BOOster Meson Facility at KEK, Japan)
(Ref. 31) that the difference belween A* and A~ for ''B
s much smaller than sxpectid.

Oar results for the p= lifetimes are presented in Tables
111 and IV, together with previous date. To calculate the
capture rate (A, ) one used the relation

A=A 404y,
where |

Ay nlf-z-F_ i)
ek

Ae=1/7,4 .

where § denotes total, d denotes decay, and @ is the Huff
factor’™ to take into account the fact that the mormal
innen decay reteis réduced because the binding of the 3~
reduces slightly the energy available in the docay. There
is sorne doubt about the validity of the calculation, bui
fome experiments are in ngreement with HufFs estimate.™
Fortunately, it doss pot have a major effect, bot (o be pre-
gite we have listed in Tables 11 and TV the voloes of the
Huff factor that we used.

Breause Uhe capiure rate for the light elements depends
ertically on the ¥ lifetime, we have given the caplure
rate o ealeulated by the apihors, who most often wed
their own valoe for the o™ Hieime, oblained with the
sme eguipmeni, This fas mot always been the practice
and zome fists have “oorrecied” the u ™ lifetime We find
thai the capture mie calculnied with the onginal u* life.
tkme afien pgrees betler with our valise thon 2 comnparson
between the lifetimes might indicate.

For the convenience of the reader we have attempred to
maks Tables 111 and IV a8 complete ss Eus.-sib.lu. encepl
that some very old {pre-19611 experimenis®™™=*' have been
amilted. However, for hydrogen, mesomolecular effects
are dominant, ¥ =% g5 the captore mle it mesningless
without & comprehension of (hese effects, 50 we hove
given the most recent references only. Similasly a warmi-
ing ahonld be given vin @ vin the heaviest slements (espe.
cially the aclinidss) becauwss prompt (sion induced dur-

TABLE Il Presen nussiureinenis on hypeddine sfifect.

Muckide Agy Ag (108 s—1)
*Be 1, (K 4 00 002 005 (Fxsdi®
5 000 240,002 2l ifxedr®
i’ (L00140,003 0.3 (feed)®
5. o0l =000 Bzl ifie
b 0.00E£0.010 L241.5 (e
5 G0 4 0010 BEE40 (6N
HHa ol +0.02 14 [Minsdl®
=g ool +0.02 % ifixed|”

*Refeience 28

"Relerence 17,

ing the aomic cascade can complicate the measure-
meat. "™ The u= can become stiached 1o o fragment,
and have a longer lifetime component.  For total capture
rates il k= therefore advisable o use the Histimes obitained
via muon-induced fission, slthough the estimaled sfTect s
to add no more than 2 ns (o the apparent lifetime for else-
tron deteciion.

On the whaols, the igrecment between our expedmeni
and previows ones ds guoite aatisfaciory, laking into ag-
count all the difficultis; one should oote especistly the
adequate agreement with the Saclay group™” for the lght
elements of Y7Li, Be, end C, because their measurements
are the only precise measurements of recent ongin. The
difference betwesn the measurements for nitrogen, howev-
er, 18 & ltthe perplesing. This codld be due o hyperdine
effects, because for nitrogen, J =1— +, and the lowsss hy-
perfine feved has F=J — 1, 5o the muon and proton sping
are paralkel, which is the configuration for the lower cap-
ture rate, Le, the longer muon lifetime. Now the Sacluy
measurement did not ks data until 3 us after the arrval
of the muom, 50 they wonld be measuring the capluse eate
in the lower Jeved. The hyperfine teansition rame waa
thiaighi fo be very slow, but a vahie of +— 11 us was oh-
served recently ot BOOM.™® Morita ¢ @l have sippesied
lifetimes of 1773 o5 for the upper hypesfine level and
184§ s for the lower level, This sould be worth pursi-
ing with oeutron detectors which are much more sensitive
o differences in the caplure rates Tor the light clemenis

iV, COMPARIZEON WITH THEDRY

The trachitional companson has been with the Primak-
off formuly, viz.,

'{_3] : 1%

a l
A A =l ||—x, e

where X' represents the muon capture rale in hydrogen,
redoced by the neutrino phase space, and X'y takes into
agcount the Puuli esclubdlon principle for the nudlsnr envi-
ronment. We me Zp as calculated by Ford and Wills™”
and the value is given in Tables 11 and IV, We find that
for our data X =170 5~ and X;=73.12% which sgress
exactly with earlier estimates, The resulis are displayed
graphically in Fig. 4. [Mole that ousle with Z =7 and
odd preton noclei for 8<Z <22 are not incloded in the
fit.) For heavy elements higher order Pauli corrections
Pecome necesary and an extendlon gl the abave formuls
was given by Goulard and Primakoff,"™ viz.,

sl v s .
A 4 —1F
[A.Z)=T2 MR e Bt
A =2 |14.5; 7 F; v
A=L A-—3IF
— iy v, . L&)

Fils io the daia are given in Table ¥ amd we o= that
thete i3 good sigresment between the fits 1o previcus re-
sulis and to the TRIUMF data. The fit iz also included in
Fig. 4, which brings out into the apen the shyvious prob.
lem fht there (2 a scatter seel] puiside the ermors.

I the deviation fram the Godlard-Primakoff fil i plot-
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TABLE 111 ‘Compandium of total muon capture resules fox lght nuclel, { Z |s taken from Refl 7% When underlined it i an es-

ﬂm’ —— v | m———
Mean Iife Toial capiure mite HufT
Z N Zx) Element [ml =1 fictne Rsfa.
Prsibive muon 9703 004 15
1 1101 b S b 21040071 10,068 420 430 .00 =T |
'HY 420 6D 100 11
219453 011 470 429 N 16
2 (198 'He 1D o T =30 100 e
1140 =200 1
e 336 %73 . 1
3y 30 (—3004 17
I3 Ade B0
113940 L v . - . B GL00 = [4000 ]
758 =04 448y =120 oo &
AT AL 4030 450 i
i b | 2104 4 1800 1100 i
SI86R 204 263 1m0 &
21883 1.0 2 IR0 +440 u
4 {389} Bs 2140 £20 18 1010 1087 &0
2156  #10 10 +£2 13 i
21690 1 5.840.2% 100 7
206301 +2.40 T 4005 (0 a
% (& B0 ] DY e 203 41.5%10° 1.00 |
20T 430 2407 = 10" a
] 202 14 a8 10" i
0061 £R0 21040710 B
& 15.72) C 030 e 44 =105 I 1,00 A
36 24 10° 53
ot % R | 3=l int 41
204 +5 3 £ 0.0 10 a2
aodn. 30 R B 1 43
1o LA 39,740, 3100 i
2005 aH 34 + 2.0 1Y 27
2060 430 34T 1 a4
o 216 IT6E+0.4% 10 7
20 gl0 33342010 13
pore ] B | ATTAD T 108 L]
2263 419 JEA£0;5= 10 =
13 .+ T L S o ITR40, 4% 10 hL
WTF1 =30 ATf0 T jof 3
TUhELY M 1060 =20 #ho#211= 10 100 a0
1427 15 LRI = 5 [ i
I9468- £330 B2 08 1P £ |
1910 %1 B8, b B 10 5
19068 $£1.0 £33 +0. 5% 107 [
2 17.49) [a] 18401 +30 159 4 ldaw 10 09 40
1812  #12 L i I
1510 +20 95 45 10° A
1832 29 3 4810 73
1m9%4 420 0 BE0.65% 10" "
g 1E44.0 44,5 BROEL 23 10 0
g (8.32) F 4 240 i T IS 0 (i D00 40
1430 &0 235 w10 107 43
1458 £13 23 w0t I
B2 k5.0 o S a

ithese F data show the fifedime for the lower BE stute; wee See. 1V DY
R

*Denores the reiulis of this experiment ==
*For hydrogen the capture mte depends on mesomolecalar effects (Ref, 250 Thus we hove given ihe mnst recent articles only.
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TABLE IV, Compendium of tatal muon capliire resulis for medium and heavy mucte, [ Z. ia taken from Ref. 77, When it js

llrrdlrl-l'ﬁ ik 1% nn sstimnte. Entries (B purentheses in column 4 aie mot Em i the nnglﬂﬂfm} .

_—
Mesn life Todal capeeire rate Huff
Z (L) Hlement I3 {ohs _Factor Refs
101514 Me 1320 £33 024 +0,0010 0.5y 44
D147 0.030 47
30 £0.02 4l
1450 £ 10 0235 s0.00% T
11 (9,95 Na 180 =30 0,367 0,015 0.5%h an
s MR B 03772400014 n
2 [i0.69) Mg 040 +20 0407 00020 0,955 40
1071 42 OABY 00002 42
iep 428 057 +L02 48
) 10672420 OARA L 00018 =
13 111.48) Al BED 210 6] +0.020 0.3 49
E6d =3 QLEET +0,003 42
205 E1E G630 +0.015 44
Efd. 04 |0 L7054 40,0013 n
TR E 1] 8§ £l 410 777 20,025 e a0
6 &t 0.850 =0.003 42
754 120 086 004 = &5
7604 1.0 087 L2 00018 n
15 {2600 P 660 420 OS5  00s 0.5 40
838 22 LIZL 0,008 42
Gll2z1.0 [.1&5% +0.003 "
I {116} 5 340 £330 L3%  p0.09 oea0 20
ABTALE4 131 +0.03 49
339 3 1,34 £0.00 I
547410 1,250 20,003 n
171 k4241 0 a0 +70 L8 0w 09Hg 4
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*Derptes the results of this experiment. -
"R Ph denctes mdingenic lead (EA% Ph-0 0 ¥ Phaf "Pb).

“For thisss nuelldes, prompt Maion can camplicete the measuremonl, The letders after the telérence dimcte the Dvpe of partele deleei-
ed, wiz., g, electrons: n, Reptrons; ¥, gemnmas, Ky, gammms in coincidence with & = mys; £, fission fragments; (f and £y are probably
the micst retinbls for determining the total capture rate. See Rofs. 26 and 38 for derzils)

tod versus A, & sysiematic effoct can be sesn which eonld
be related to shell effects; see Fig. §. Two things arc évi-
dent. First, the odd-Z nuclei havis o systematically urger
capbure mte than nzighboring even 2 nuclet; secondly, the
averall devistion varies with £ in & complex but not a
candom way. In some cases very large deviations ooeur,
for examiple, niokium s 9% high and praseodymiom i3
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5% high. Tt has been suggest=d that thif oould be du= tn
the quenching of the Cabibbo angle cowsed by the high
mugnetic field experienced by the muon in the nuclear en-
virgsmment.™ Further work for the sctinides followed
bat Lee and Khanna have shown that the megnetic fields
are aot really high enough.®™ Also relevant is a recent ex-

periment by Adelberger af al.™ on the ff decay of Al



-
(4

LY

FEDUCED CEATIRE AATE [wee™|
@
T

(1]
p—
-

-
=

Ora 0.8 LEB
(A-Fhrda

FIG. 4. The TRIUMEF data are Gited to the PriimakolT smd
Goulard-Frimakaoff fopmulse. The reduced caplure rale |3 here
defined as AP /2 .

for which it was shown that there ks o evidence for aoy
vanishing of the Cabibbo angle. Now, for muon capture
the Primakoflf and Goulard-Primakeff formolee do not
ncoount correctly for issiopic effects; thess formulne
predict a larger Spread betwesn the isotopes than i5 ob-
served experimentally in 'Ca, Cr, Ni, U, and Pu. (For Cu,
3, and Br the axperiments are not sulficiently precise: for
1 the experiment seems questionable) Furthermore, in
vigw of the overall pattern that even & elements tenid to
have lower capture rates, what b more swrprising than the
Mb and Pr anomalies is that some even Z elements such
a5 Th, U, and Fa lies significantly above the prediction.
{Figure 5 is betler for illustrating this poiat, 23 the Pos
makedt formula in Fig: 6 has been smoothed.) Bocause of
all thess uncertaintics we prefer (o take the more conser-
villlve poition that nuclear structure effects are at the
botlom of all these varations of the total muon capture
rates.

Another way ta {llustrate these effects s given in Fig. 6.
Here we plot the reduced capture rate R & /20y versus
the atomic mumber %, The {nph i& adapted from the
work of Kohyams snd Fujii." Tt is clear that there is &
mooth Auctuation with 2, although some eriiieal points
are missing; in parikcilar, it wonld be helpful 10 know 1he
toial muon capture raies in kiyplon end xenon. Mow, it (s
true that the Moctuntions in Fig. & are also related 1o the

TABLE V. Fitting resulis for Goalard-PrimabkadT formuln
[Eq, i8]

— |
TRILUMF data Past - Tesulns
Mumber af daia ] b |
G 61 52
iy = (L 04Ck —L038
Gy — 28 —0.34
iy 134 kB k]
(Expt — Fill/Edpl, (%) a0 . 506
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FiG, 5 Deviations of the esperimenisl ol esprire raes
from the Gowland-PrimakolT hest Mt

Nuetuapions in the teulran excess (which is factored ool
1o some extent in the Pomakofl plot), Thus we bave also
plotted the Primakoff fit tn Fig, & to clarify this point,
Figores 3 and 6 illusiraze clearly that the extreme values
al the capture rate that are observed in pickiom and
prassodymium  sedm lo b pad of the peneral
phenomenon, and there is no nesd 1o search Tor exstic s
planations.

V., CONCLUSIONS

This experiment has provided some wssful additiins 1o
opr experimental knowledge of the lifetime of the negative

Lelale;

:

REGLICED £arTimE RATE [wac™)

i & OjE-d
O E¥lhk-T

— FARA T
FOFRnE &

b i i 5 i A i " i
4] D 3 o0 = B TS B0 60
o T ATDMIC BUMBEn 1T

FiO. 8 Reduced total capture rales lie, APPZ/Zi] v
niomic nember [adapted from Kakyams and Fujll (Ref 125
The solid line represenis the PrimakolT formala, bui it bas been
smvoothied) thevelore compariuons for individue! efemenis mighs
be ermuneous.



35 TOTAL NUCLEAR CAFTURE RATES FOR NEGATIVE MUOMNS

muon fnmuonie alomi. A rensonnbly consistent and we-
curate body of information is now available There are
several unsetiled problems, however: One is the hyperfine
effect in light nucls} {=specially boron ond nittogen), and
andthér is that o better understanding Iz needed of the
flostustions in the capinre rate as a function of both the
atomic number and the neatron content of the noclide. _
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