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We report measurements of capture rates and hyperfine dependences in muon capthiee torvarious
states in Ne and F isotopes. We also report comparisons of the capture rates and hyperfine dependences for six
ZNa — Ne transitions with the 4-0d shell model with the empirical effective interaction of Brown and
Wildenthal and the realistic effective interaction of Kuo and Brown. Fits to the data with the Brown and
Wildenthal interaction yield an effective coupling, = —1.01 = 0.07 and an effective coupling ratio
0p/0, = 6.5 = 2.4. The value ofg, is consistent with values of, extracted fromg*/B~ decay and
(p,n)/(n,p) charge exchange data, and the valuéﬁp‘ﬁa is consistent with the predictions of PCAC and
pion-pole dominance. We evaluate the nuclear model dependence of these va@iesdd /g, and examine
the role of the Gamow-Teller and other matrix elements in th#Na — éJB'Ne transitions.
[S0556-281®6)05911-F

PACS numbds): 23.40.Bw, 11.40.Ha, 23.40.Hc, 27.34.

I. INTRODUCTION The nonconservation of the nucleon’s weak axial current
permits the renormalization @, andg, in nuclear matter.
In the absence of second class currents the nucleonis the impulse approximation the nuclear weak current is the

weak axial current has the general form sum of A one-body nucleon weak currents, the effects of
. 5 ) 5 . two- through many-body currents being incorporated by re-
Jus=[Fal@) ys7,—1F (%) v5A,] 7", (1) placing the free nucleon couplings andg, with effective

nucleon couplingg, andg,. A number of authors have

where g, is the four-momentum transfer arfei(9?) and SR :
Fp(q?) are the axial and induced pseudoscalar form factorsexplored the renormalizaticgy, andﬁp due to various effects

The corresponding axial and induced pseudoscalar couplin'c om meson exchgnge cur.rents afdexcitations[5-7] t.o
constants are defined in terms of their form factors byf'€ Partial restoration of chiral symme{i§]. Long ago Eric-
son and co-workerfb,6] investigatedp-wave pion exchange

g.=FA(0) and gp=mMFp(+O.9mi) respectively. The dy- ! )
namics of the nucleon’s weak axial curréhbw the nucle- Surrents and predicted quenching factors of 0.70 and 0.33 for

on’s weak interaction is dressed by the nucleon’s strong inda @ndgp in infinite nuclear matter. In finite nuclear matter
teraction are encoded in the form factorBA(q?) and they anticipated an increasing quepchlng with increasing
Fp(g?) and the coupling constants, andg,,. mass towards the limiting values of infinite nuclear matter.
Two basic assumptions, partial conservation of the axiaRecently Delorme and EricsofY] augmented thep-wave
current (PCAC) [1,2] and the pion-pole dominance of the pion exchange currents wittwave pion exchange currents
induced pseudoscalar form factor, render a simple relationand obtained quenching factors of 0.70 and 0.60gtpand
ship between the form factos,(q?) andFp(g?) [3] 0p in infinite nuclear matter. In either case the effective weak
couplings g, and 'gjp are interesting and complementary
2 2m,MF4(0) probes of non-nucleonic effects in nuclei.
Fe(a) = mz+q® (2) The established probe ﬁg is nuclear muon capture. The
i role of the induced pseudoscalar coupling in weak processes
and the predictiorg,/g,=6.7 (m,, m,, andM are the is governed byy/M and is therefore negligible ig decay
muon, pion, and nucleon masgeBCAC is grounded in the (whereg/M~ 0.00]) but significant inu capture(where
SU(2), X SU(2) g chiral symmetry of QCD and the relation- q/M~ 0.1). Existing studies ofj, include measurements of
ship of the pion to its spontaneous and explicit symmetryobservables in inclusive and exclusiue capture as well as
breaking. Pion-pole dominance BH(q?) is grounded in the ordinary and radiative.~ capture. The challenge is to mea-
assumption that one-pion exchange dominates heavy mesesnre observables ip~ capture with as large ’g'p depen-
and multimeson exchange between the hadronic and leptontence and as small a nuclear-model dependence as possible.
currents in semileptonic weak processes. The world averagehe current status of the experimental determinationg,of
value of g,/g, extracted from measurements of ordinaryis rather intriguing.

muon capture on hydrogen @/g, = 6.9 = 1.5[4], con- The most celebrated determination gf concerns the
sistent with Eq(2) and the assumptions of PCAC and pion- 2C(0*, 0)(x~,») ?B(1*,0) transition. Utilizing novel tech-
pole dominance. niques, groups at P$9,10] and KEK[11,12 have measured
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both the longitudinal and average polarizatior8, @nd F.=J;+1/2 andF _=J;—1/2; in nuclei with positive mag-
P, of the ¥?B recoil. Compared to muon capture rat®g, netic moments thé _ state is the true ground state and in
and P, offer a greater sensitivity t'§p and a lesser sensitiv- nuclei with negative magnetic moments the state is the
ity to nuclear model uncertainties since they are governed byrue ground state. The capture rates from EFhe and F .
the relative, not absolute, capture rates to @ magnetic  states, denoted ~ and A *, are in general different and it
substates. The most recent extractiorggfirom theP; and  has long been recognized that the hyperfine dependence
Pay data using the @ shell model, Cohen-Kurath effective A*/A~ can be rather sensitive §,/g, and rather insensi-
interaction, and Woods-Saxon wave functions yiél#&J,  tive to nuclear model uncertaintiésee for example the re-
= 85 * 19 o0r 9.7+ 1.7, co_nsistent with_Ec(.Z) and the  view of Mukhopadhyay27)).

assumptions of PCAC and pion-pole dominaiite differ- The physics of thg,/g, sensitivity and nuclear model
ent values correspond to different measurements of Muofsensitivity of A, /A _ is nicely demonstrated in the Fujii-
capture rates to'B excited states This conclusion is  primakoff approximatiori28] where only the FermiF) and
Stre”%@g”eﬁ’ by the aglgeemf”t of Ehe measured and CaICé’:"amow-Teller(GT) nuclear matrix elements are employed.
lated “C(0", 0) « ™“B(17,0) u capture rate and .. o example of a 3/2 — 1/2* (J,—J;) transition the

ﬁ*-de_cay rate. . . Fujii-Primakoff approximation forA /A" yields (see for
While ordinary muon captur€OMC) is a spacelike pro- example Ref[27])

cess withg?~ +m? in the domain of high-energy photons,
radiative muon capturé€RMC) is mainly a timelike process

2
with g~ —mi. Consequently, RMC is closer than OMC to AYIA - = Gp ®)
the pion pole an("gfp plays a much larger role in the radiative 8(3 Gp— Ga)%+ %G,ZJ

process than the ordinary process. This led to proposals to

extract g, from the ratio of inclusive RMC to inclusive whereG, andGp are the so-called Fujii-Primakoff effective
OMC. The ratioR promised a high sensitivity tg, and a  coupling constants

lower sensitivity to nuclear model uncertainties than either

the inclusive RMC or OMC rates. Recently, experimental Ga=—[0ga+(a/2M)(g,+gm 1, (4)
work at PSI[14,15 and TRIUMF[16,17] have accumulated
a large body of data for inclusive radiative muon capture Gp=—(0/2M)(gp—Ja+ Ty + ),

rates on nuclei fromt?C to 2°Bi that indicateR decreases
systematically a®\ increases. A variety of nuclear models
(phenomenological18,19, Fermi-gas[20,21], shell model constants of the weak vector current. E :
. Equati®nis strongly

[22—24], and RPA sum ruleg25]) have been used to extract ~ :
g, from the RMC/OMC data and, at face value, suggest dependent 0,/, and,_du? to the cancellation of the GT

p ; , PO " 8natrix element in theA “/A™ ratio, is independent of the
progressive and substantial quenchingggffrom light to  \jear model.
heavy nucleias predicted by Ref6]). However, the nuclear ¢ ¢ rse. although the Fuijii-Primakoff approximation is

model uncertainties in the extraction g from R, epito- 5 eyl guide, a full calculation employing matrix elements
mized byGy/g, values of 7.3+ 0.9[19] and 13.6.13[22]  peyond the Fermi and Gamow-Teller matrix elements is nec-
obtained ywth two different r_nodels using the lsaﬂﬁ® datg, essary to extrad§,/g, from A*/A~. In the literature there
make claims of a progressive and substantial quenching ofre a3 number of calculations of*/A~ for exclusive OMC
gp controversial. Whethegy, is or is not renormalized in  jnclyding the groundbreaking work of Walecka féiti [29]
nuclei is the subject of lively debate. and Bernbeu for !B [30] and the more recent studies of
In this paper we report measurements of capture rates ar}@oshigiri Ohtsubo, and Moritg31,37 for B and 13C and
hyperfine dependences in muon capture?d¥a to various Kuz'min ’et al.[33] f,or 9Be. 108 ar,ld 115, Generally the full
states in Ne and F isotopes. The main goal was an extractiofy|cy|ations show that “/A* retains a relatively strong de-
of the effective couplingg, and /g, from the capture engence 01g,/g, and a relatively weak dependence on the
rates and hyperfine dependences of the six observeg,ciear model. However, when the GT matrix element is

*Na(n~,») *Ne* transitions, including an evaluation of gyl the arguments for stror@,/g, sensitivity and weak
the nuclear model dependence of the effective coupling cons ,clear model sensitivity collapse.

stants. The paper is organized as follows. Section Il is an 1ha 15 state of thew atom is formed with theé=, and
overview of the hyperfine effect in nuclear muon capture,- hyperfine states statistically populatefB4], i.e.
Sec. lll describes the experimental setup, Secs. IV and \{+:(J,+1)/(2‘]_+1) andf_=J,/(23,+1). Howevér du}—
describe the analysis and results of the experiment, and S . thel,u atom'’s lifetime, M 1 Al\ugerl transitions cause the
VI deals with th? extraction dj, andgpF a from_the capture per HF state to deexcite to the lower HF state. The rate of
rate and hyperfine dependence data af‘d their nuglear mo‘#r‘@perfine transitions\, is governed by the overlap of the
dependence. We have previously published valueg,ffa 1,00 and nuclear wave functions and the relative size of the
extraqed fr‘;g“ the Qyperflne_ depz)sendencias of two of thesﬁyperfine splitting and electronic binding energies. The
transitions, “Na(3/2 , 0)(u v)"Ne(1/2", 1019 and  ¢5mer leads to a systematic increasetipwith Z while the
Na(3/2%, 0)(u~,v) “Ne(3/2", 1823, in Ref. [26]. latter leads to sudden decreasesAin when the increasing
hyperfine splitting with increasing atomic number halts
shell emission aZ~6, L shell emission aZ ~18, etc. Mea-
For nonzero spin J;#0) nuclei the B state of the surements of\; have been performed for muonic atoms of
muonic atom is split into two hyperfingdHF) states Op-shell[35—-37 and 1s-0d shell nuclei[39,38,40,4], and

andg, andg,, are the vector and weak magnetic coupling

Il. HYPERFINE EFFECT IN NUCLEAR MUON CAPTURE
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momentum bite with electron and pion contamination of

p~ BEAM . R
~20% and<0.2%, respectively. The collimator was con-
@ structed of Pb bricks lined with CHsheet; the lining pre-
POLYETHYLENE POLYETHYLENE venting the production of high-energy muonic x rays by

SHIELD SHIELD

stopping muons in CH not Pb. The?Na target was a 5.0
cm diameter and 0.5 cm thick disk of pure metallic sodium
packed in a thin-walled polyethylene container under 2 N
atmosphere. The target was angled at 45° to the beam and
i detector axes in order to maximize muon stops and minimize
v absorption.

Three plastic scintillators, S1 mounted on the downstream
face of the collimator, S2 and S3 mounted on the upstream
and downstream faces of the target respectively, defined a
muon stop via the logic SB2- S3. Their energy thresholds

were set above minimally—ionizing particles in order to dis-
e tinguish muons from electrons.
Two high-purity n-type Ge detectors, Gel and Ge2,
800 onr o ggéffgﬁ:f viewed the target at 90° to the beam axis. Gel was a 33%
' efficiency detector with in-beam time and energy resolutions
(FWHM) of 7.5 ns and 2.7 keV at 1.33 MeV. Ge2 was a

FIG. 1. Schematic view of the experimental setup showing the40% detector with in-beam time and energy resolutions
n~ beam and collimation, the beam scintillatg®l, S2, and S3  (FWHM) of 12.5 ns and 2.8 keV at 1.33 MeV. Gel and Ge2
the ?*Na target, the Ge detectof@el and GeRand their Compton  were located at distances of approximately 12 cm and 14 cm,
suppressoréCS1 and CSp respectively, from the target center, a compromise between

_ 19 the detector acceptances and resolutions. Typical singles
for several atoms, for example muonit8 and *°F, the hy-  (ates above their 400 keV energy thresholds were
perfine transition raté\y, is of the order of the muon disap- 1« 103sec in Gel and 2 10%/sec in Ge2.

pearance ratép, . Surrounding the two Ge detectors, Gel and Ge2, were

A method of .measuring the.,- hyperﬁr!?‘ dependencp of two Compton suppressors, CS1 and CS2. CS1 was a ten-
capture, exploiting the hyperfine transitions from the UPPClalement array of optically isolated BGO crystals and CS2
to lower HF states and consequently:a capture time de-

. : . : was a six-element annulus of optically isolated Nal crystals.
pendence that is a function o 7/A ", was pioneered for The in-beam time resolutionsr§ were approximately 15 ns
inclusive OMC by Winston and Teleg@i88,39 and exclu- bp >
sive OMC by Deutsctlet al. [35]. In the work of Winston for CS1 (BGO)_ and 20 ns foro CS2Nal) and thi in-beam
et al. the hyperfine dependence of inclusiué capture on energy resolutionsq) were 40% for CS1 and ;SA’ for CS2.
19F was obtained from the neutron time spectra and the rel "€ Purpose of CS1 and CS2 was two-fold. Firstly, used as a
sult, AT/A~ = 0.3+ 0.1, established thg-A character of Veto_on their own Ge detectofi.e., GelCS1 and
u~ capture. In the work of Deutsatt al. the hyperfine de- Ge2CS2) they reduced the continuum background due to
pendence of thé"'B(3/27,0) — Be(1/27,320 transition ~ Compton scattering. Secondly, used in coincidence with the
was obtained from the 320 keY-ray time spectra and the opposing Ge detectofi.e., Ge1CS2 and GeZCS]) they
result, A"/A~ < 0.17, yielded an upper limit on the pseu- identified y-y cascades. Under beam conditions CS1 and
doscalar coupling, < 12. CS2 afforded signal-to-noise improvements of a factor of 3

A major part of this work is a study of the hyperfine for Gel and a factor of 4 for Ge2.
dependence of exclusiye™ capture on”*Na. Like the cases
of muonic B and '°F, the hyperfine transition rate in B. Electronics

ZNa is conducive to hyperfine dependence measurements

[26,41]. Further, muon capture offNa offers a number of An _event was defined as the OR of the logic_signals
Gamow-Teller transitions that, in conjunction with the G81CS1 uSTOPbusy, and GeZS2 uSTOP busy,

highly successful 4-0d shell model and USD empirical in- Where Gel and Ge2 indicate signals in the Ge detectors,
teraction, make a promising case for the extraction ofCS1 andCS2 indicate the absence of signals in the corre-

Pb (Lead) Pb (Lead)

COLLIMATOR

GERMANIUM
DETECTOR #1

( GERMANIUM
TARGET DETECTOR #2

Ta/G, from the measurement of “/A ~. sponding Compton suppressogSTOP indicates one or
more stopped muons in the previous ZuBec, andbusy
ll. EXPERIMENTAL SETUP indicates the data acquisition system was live. The veto sig-

nals CS1 andCS2 were the outputs of ten-fold or six-fold
OR'’s of discriminators on each of the ten or six elements of
The experiment was performed on tNE9B decay-muon the suppressors CS1 and CS2. The discriminator thresholds
beamline at the TRIUMF cyclotron. Figure 1 is a schematicwere set to~500 keV and the veto widths were set to 80 ns.
view of the experimental arrangement. The uSTOP signal was the output of a 243 updating gate
After collimation, theu™ beam yielded a stop rate of 1.1 that was set by SI52- S3. The receipt of an event initiated
x10%sec h a 5 cmX 5 cm beam spot and a 5%) the digitizing and recording of the energy and time signals

A. Beam, target, and detector setup
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from Ge detectors, Compton suppressors and beam scintilla- 20.0 T . T
tors, a 5usec history of muon stops in the target, and various
diagnostic information.

The energy signals from Gel and Ge2 were processed by
a pair of Tennelec TC-243A spectroscopy amplifiers and
digitized by a pair of LeCroy 3512 buffered ADC’s. To
minimize distortions the energy signals were processed and
digitized in the experimental area rather than the counting
room. To optimize the spectroscopy amplifier shaping con-
stants and pole zeros they were adjusted under beam-on con-
ditions. 9% : 200 500 80.0

The timing signals from the Ge detectors were generated ‘ LE4—LE1 (ns) ' ’
by a coincidence between a pair of constant fraction dis-
criminators(CFD’s) on each Ge timing circuit. One of each
CFD pair, Gel° and GeZ with the lower thresholds, deter- ~ FIG. 2. Plot of Gel«STOP (the time between the incoming
mined the timing for the coincidence output, and the other offuon and outgoing photors LE4-LE1(a measure of the Ge pulse
each CFD pair, Gl and Ge?' with the higher threshold, risetime for thel , x rays _of muonic Iea_d. The correla_ltlon bet_ween
determined the~ 400 keV energy threshold for the coinci- -E4-LE1 and GexSTOP is a result of time walka horizontal line
dence output. Their coincidences CeGel" and would indicate the absence of time whlk
Ge2°.Ge2" then defined the logic signals Gel and Ge2, . . . .
respectively. In addition, a series of leading-edge discrimina-Ge signals with correspon_dlng Suppressor _S|gn_als above
tors (with thresholds of approximately 100, 250, 500, ano|~500 keV was extended with the software rejection of Ge

750 ke\) generated a series of timing signétsiown as LE1 signals with corresponding suppressor signals abed€0
through LE4 to provide pulse-shape information for Ge1 K&V The signal-to-noise improvement, due to the software
and Ge2. Compton suppression, was approximately a factor of 5 for

The 5 usec history of muon stops in the target was op-Geland 3 fo][ (;362' dati fih luti f1h
tained using a router box. The router box consisted of one * Source of degradation of the energy resolution of the Ge

: =5 detectors is pulse pileup. Events were rejected in the analysis
nput, & Susec cable-delayed S$2 S3, one gate, a s if either the Ge detector’s corresponding pileup(BIUP1 or
wide pulse generated by an event, and four outplis, .

' PUP2 or overload bit(OVLD1 or OVLD2) were set. The
throughT 4. The outputT,; corresponded to the first de-

) resulting improvement in the energy resolution was negli-
layed S1S2:S3 in the gate, the output,b corresponded 10 gine in the full width half maximum but significant

the second delayed S§2- S3 in the gate, and so on. The (20 in the full width tenth maximum. A second source
four outputs fed four TDC channels that digitized the time ofof gegradation of the energy resolution of the Ge detectors
the first, second, third, and fourth delayed S2 S3 pulses. was long-timescale drifts in the gains and pedestals during
If more than four S1S2- S3 pulses occurred within the gate the experiment. To correct these long-timescale drifts we
only the first four S1S2-S3 pulses were recorded. The ar- employed a gain and pedestal stabilization procedure. The
rangement acted as a four-hit capacity multihit TDC. stabilization procedure consisted of the monitoring of the
Lastly, also digitized and recorded on receipt of an evententroids of several strong-ray peaks to measure and cor-
were the individual amplitude and ORed timing signals fromrect gain and pedestal shifts during the experiment. We used
the two suppressor arrays, amplitude and timing signals frorthe 511 keVe*e™ annihilation peak and the 1274 and 2127
the S1, S2, and S3 beam scintillators, and bits indicatindgceV (n~,nv) capture peaks and determined their centroids
previous Ge pulses within 50sec(known as the pile-up bits every 200 000 events or roughly every 500 sec. This stabili-
PUP1 and PUP2and previous huge Ge pulseE*¥ 10  zation procedure yielded a FWHM improvement of 0.2 keV
MeV) within 500 usec(known as the overload bits OVLD1 in Gel and 0.3 keV in Ge2.
and OVLD2. Despite the use of constant fraction discriminators in the
Gel and Ge2 timing circuitry pulse-shape variations led to
IV. DATA REDUCTION some residual time walk. This is illustrated in Fig. 2 where
Ge-uSTOP, the time difference between the incoming muon
During the experi_ment data were collected fr_om a total ofgng outgoing photon, is plotted versus LE4-LE1, a measure
~1x 10" u” stops in*Na, ~2x10'% .~ stops in*'P (for  of the Ge signal risetime, for the fe, muonic x ray. In Fig.
background studi¢sand about~1x10° ™ stops each in 2 small values of LE4-LE1 correspond to fast risetime Ge
Ca, Fe, and Plifor Ge detector acceptance and resolutionpy|ses and large values of LE4-LE1 correspond to slow rise-
studie3. Beam-on and beam-offNa, ®°Co, and **'Cs  time Ge pulses and the presence of time walk is indicated by
source calibration data were also collected. In this section Wghe presence of correlations between LE4-LE1 and Gel-
describe the offline cuts and corrections applied to the raw, STOP timegthe absence of time walk would be indicated
data and the determination of the Gel and Ge2 energy ang, a horizontal ling
time resolution functions and acceptances. Using the spectra of GRSTOP versus LE4-LE1 we
were able to parametrize the Ge signal time walk for the
prompt x ray data and then correct the Ge signal time walk
An important source of background in the Ge detectors igor delayedy-ray data. To do this plots similar to Fig. 2 were
Compton scattering. In the analysis the hardware rejection ajenerated for a number of muonicrays (579 keV CIK,,

10.0 ]

Gel1—uSTOP (ns)
o
=}
T
1

>
o
T

L

A. Cuts and corrections
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938 keV PbM ,, 1255 keV FeK,, and 2500 keV Ph.,) v-ray lifetime 74 is short or comparable to the recoil’s stop-
and for both Ge detectors. The resulting curves were fit to thging time 7., the observedy-rays are Doppler broadened.
quadratica+ Bt+ yt? where the coefficientsr, 8, and y  For the Ne and F isotopes produceduin2®Na the value of
characterized the Ge signal time walk and its energy depery_ in the sodium target was about 18 s.
dence(actually, no significant energy dependenceaing, In the case of the two-body final state in the (,v) re-
andy for either Gel or Ge2 was observetdsing the “best  action the recoil’s initial velocity is fixed. Formulas for the
fit” v_alues of a, B, ar_1d v determined from the x-ray data, Doppler line shapes appropriate to the (,») reaction and
the time walk corrections were ma(_je to theay data. circumstances where, > 74 and 7, ~ 74 have been given
The cuts and corrections described above were used. Grenacet al.[42] and Prat{43]. In the case of the three-
sort the data and generate the necessary energy and trg dy final state in theg ,nv) reaction the recoil’s initial
specira for the subsequent analysis. velocity is a continuous distribution. Expressions for the
Doppler line shapes appropriate to the (jnv) reaction
have been given by Milldid4] for the cases ofl) a two-step
To determine the Gel and Ge2 energy resolution funcprocess involving the reactionZ, Al(n~,v)[Z—1A] fol-
tions,R;(E) andR,(E), we used a number of high statistics, lowed by neutron emission, aii@l) a direct neutron emission
background-free, Doppler-freg rays between the energies procesqZ,A](u~,nv)[Z—1A—1].
of 500 and 3000 keV. For both Gel and Ge2 the resolution |n fits to Doppler broadeneg rays we used resolution
functions were taken as the sum of a main Gaussian peak afignhctionsR,(E) andR,(E) convoluted with the appropriate
a satellite Gaussian peak — the sum conveniently representyoppler line shapes of Reff42—-44. We varied the param-
ing the low-energy tails irR,(E) and Rp(E). The param-  eters of the Doppler line shapes, for example theecoil
eters of the resolution functions, the relative amplitude ancyngular correlation coefficients, to obtain the best fit.
relative position of the two peaks andxg, and the widths
of the main and satellite peaksl' and o¢, were obtained
from fits of R{(E) andR,(E) to the y-ray line shapes. The )
energy dependence of the resolution functions were therefore 10 détermine the acceptances of Gel and Gez2 as a func-
determined by the energy dependence of the parametefi@n of energy,eAQ,(E) andeA€,(E), we used the inten-
re, Xe, o, andos,. It was found for both Gel and Ge2 sities of the muonic x rays from the P, Ca, Fe, and Pb targets.
thatog increased smoothly with energy while the remainingIn the case of the muonic P and Fe X ray data we employed

parameters were essentially energy independent. At 1.3 €K, Kg, K, andK; transitions and the yield determi-

MeV the Gel and Ge2 EWHM were 2.7 keV and 2.8 keVnations of Hartmanet al.[45] for u~ Fe and Voge[46] for

and EWTM were 4.8 keV and 6.7 keV u~ P. In the case of the muonic Pb x-ray data we employed
To determine the Gel and Ge2 time resolution functions’fh_e Lv{ andM, transitions and extrapolat_ed the yield deter-

R,(t) and Ry(t), we measured muonic x-ray time Sloectramlnatlons of Hartmanet al.[47] for muonic atoms between

; Z=49 and 79 toZ=82. The yields from th&=49 to 79
gr?gg?e;/ﬂ;est}éoogtg%%gg ,kg\% .:.:ﬁé ?nnljj ozg;f,tswae;nptr? muonic atoms varieq by; 3% ¥or theL , and £7% for the
duced promptly and are ideal for determinify(t) and M, so the extrapolation is propably better for thethan the
Ry(t). As for they-ray energy spectra the x-ray time spectra'vI o+ In the case of the muonic Ca x-ray data we employed
were fitted to the sum of a main Gaussian peak and a satelliltge sum of the yields of thil series x-ray transitions.
Gaussian peak — the sum conveniently representing the Using the P, Ca, Fe, and Pb x-ray data the Ge detector

early-time tails in the time resolution functions. The param-2ccéptances were computed via

B. Ge energy and time instrumental line shapes

D. Ge detector acceptances

eters in the fits were the position of the main pegk the N
relative amplitude and relative position of the satellite peak eAQ= W (5
r. and x;, and the widths of the main and satellite peaks u ' xtablsy

oy and o7. The energy dependence of the parametgrs

re, X, o', ando? therefore determined the energy depen-whereN, is the number of counts in the x-ray pedk, is the
dence ofR;(t) andR,(t). In the case of Gel it was found Number of livetime-corrected muon stopy§, is the appropri-
thatt, shifted by~ 1.4 ns ands$ narrowed by~0.9 ns from ~ ate x-ray or x-ray series yield per muon stop, &ndand
1000 to 3000 keV whiler,, x,, and o" were essentially fsvare correction factors that account for the absorption of x

energy independent. In the case of Ge2 it was found thd@ys in the target and the self-vetoing of x rays by the Comp-
% narrowed by~1.8 ns from 1000 to 3000 keV while, ton suppressors, respectively. The factgy was calculated

: : using they-ray absorption tables of Storm and Isrfé48
re, X, ando{" were essentially energy independent. For both d?ts vaKJesydiﬁeredpfrom unity by less than a fewépe]rcent

Gel and Ge2 the energy dependences of the energy depel)- : R
dent parameters were found to be reasonably represented e exception was thMl, in " Pb where, due to the large
absorption and the low x-ray enerdy, was 0.8). The

functions of the formt,=a+be °E. Above 1000 keV the . LA . e
FWHM of the time resolutions of Gel and Ge2 were betteI,:self—veto correction factof, is discussed in detall in Sec.
IV E and its values differed from unity by amounts from 3%

than 10 ns and 13 ns, respectively. to 15%

The resulting determinations of the Gel acceptance are
plotted as a function of energy in Fig. 3 along with a fit to the

The recoil nucleus following.~ capture on**Na has a  curveA,/(B;+ E,). The curve, and the “best fit” values of
velocity of ~0.005 c. Consequently, when the recoil's the coefficientsA; andB, for Gel andA, andB, for Ge2,

C. y-ray Doppler line shapes
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10 T T T V. RESULTS

8 r 1 A few remarks on notation: in the following sections we
discussy-ray and state yields, yields due to capture from the

6 T F., F_ and experimental mixture of HF states, and yields

10™%eAQ

due to directu™ capture to a state and yields due to direct
and indirectu. ™ capture to a state. By the experimental mix-
ture of HF states we mean the fractional population of the
T F_ andF . HF states in the 2.xs uSTOP gate which, due
to the hyperfine effect, were 0.97 and 0.03 respectiede
5000 3000 4000 Sec. V D. By direct capture we mean the production of state
Energy (keV) Sby u~ capture to stat& and by indirect capture we mean
the production of stat& by u~ capture to a higher energy

FIG. 3. The Gel acceptance versusay energy obtained from StateS’. We will denote y-ray yields and state yields by
the muonic P, Ca, Fe, and Pb x-ray data. The solid line is the “best v @1dY’s, yields from Jtrhe':i  Fo, aort];g experimental mix-
fit" of the curve A;/(B;+E,) to the x-ray data and the dashed tUré of HF states byy™, Y~, and Y®>, respectively, and

lines are a conservative estimate of the uncertainty in the accepi€lds due to direc™ capture production of a state by an
tance. unprimedY and yields due to direct and indireet” capture

. : 10bs
production of a state by a primed’. For example,Y,,

. refers to they-ray yield due to direct and indiregt™ capture
were used to parameterize the Gel and Ge2 acceptancesﬂlgm the experimental mixture of , and F_ states. The

the subsequent data analysis. Based on the uncertainties égme notation is used far~ capture rates\. To obtain the
the x-ray counts and yields, the number of muon stops, an apture rateA from the yield Y we useA=ApY where

the correction factor§,, andf,, we obtained a conservative Ap is the muon disappearance rate, the sum ofithecap-
uncertainty of~20% in the Gel and Ge2 acceptances. ture andu~ decay rates. ’

i A. y-ray yields from u~ capture on 2Ne
E. Self-veto correction factorf, vrayy H P

o L . . 22 muon capturey rays, from the mass 20, 21, 22, and 23
A significant correction in d_etermmmg th_e yields of both o isotopes and mass 20 fluorine isotope, were identified
X rays andy rays was self-vetoing. Self-vetoing occurs when;, the = 2Na data. They are listed in Table I along with the

a valid x-ray ory-ray signal in Gel or Ge2 is rejected due 10 spins " parities, and energies of their initial and final states.
a signal in the surrounding Compton suppressor CS1 or CSZhey include niney rays due to transitions if®Ne, seven
This self-vetoing may result from prompt coinciden¢&® rays due to transitions if?Ne, and three, two, and one
example when g-ray cascade results in the detection of one,, rays due to transitions if'Ne, 2°F, and *°Ne, respec-
y ray in the Ge detector and anothgrray in the Compton tively. The y-ray lines observed in the mass 23 neon isotope
suppressor delayed coincidenceor example when a de- are shown in the Fig. 4 energy level diagram. Representative
layedy ray is detected in the Ge detector and a prompt x rayy-ray energy spectra, illustrating the quality of the data, are
is detected in the Compton suppregsar random coinci- shown in Fig. 5.
dencegwhen unrelatedy rays are detected in the Ge detec- The yields of the muon capturg rays were determined
tor and Compton suppresgofm he amount of self-vetoing is, using the equation
therefore, dependent on the detector, target and transition,
and must be determined for each x ray anday. y/obs_ N, ©6)

To determine the Gel self-veto correction factor we mea- 7 NLeAQT i f o fy
sured, for each x-ray angray, the ratio of the counts in the obs - ) ] ]
Gel singles and GeCS2 coincidence spectra. This ratio Where Y™ is the y-ray yield, N, is the counts in the
determines the fraction of Gel events that have a CS2 coirix-fay peak,N, is the number of livetime-corrected muon
cidence that is proportional to the fraction of Gel events tha8tops,eA{} is the Ge detector acceptance at the appropriate
had a CS1 coincidence (ifg). The proportionality con- y-rfay energy, andf,,, fg,, andfy are target absorption,
stant between the Ge€S2/Gel and GeTS1/Gel ratios Self-veto and muon lifetime correction factors, respectively.
was then obtained from measurements of the coinciderftor the*Na y raysf,, differed from unity by less than 3%
0Co 1.17 and 1.33 Me\} rays with the Compton suppres- andf, differed from unity by amounts from 5% to 15%. The
sion logic switched off. Due to the very similar solid angles additional factorf in Eq. (6) compared to Eq(5) corrects
CS1 and CS2 subtended to the target the proportionality corfor the muon capturey rays that fall outside the 2.(ks
stant was 1.0 and therefore the Gel self-veto correction fage STOP gate. Due to the complications of the updating
tor fg, for each y ray or x ray was computed from #STOP logicf, was determined by a Monte Carlo simula-
1-Gel-.CS2/Gel. Similarly, the Ge2 self-veto correction tion and found to be 0.80.
factor fg, was computed from 4 Ge2 CS1/Ge2. The y-ray countsN, were obtained from fits to the

Lastly, our method for determining the self-veto correc-y-ray peaks using the energy resolution functions described
tion makes the assumption of no angular correlations in thén Sec. IV B and the resulting-ray yieldsY'*are listed in
Ge: CS coincidences. However, since the self-veto correctiofable I. The values OY;"bS are the weighted averages of the
is quite small, errors due to this assumption should be negyields obtained from the Gel and Ge2 détaall cases the
ligible. Gel and Ge2 yields were consisterit is important to note
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TABLE |. The 22 observedy-rays from isotopes of Ne and F producedin capture on®*Na. The
y-ray yieIdsY’y"bSincIude both direct and indirect capture, and they are per muon stop not per muon capture.

Product E; (keV) Jr E; (keV) Jr E, (keV) Y2 (x1072)
Ne 1017 12 0 5/2" 1017 1.24-0.28
2Ne 1702 712 0 5/2" 1702 0.17-0.04
ZNe 1823 312 0 5/2* 1823 1.43-0.30
ZNe 2315 5/ 1823 3/2¢ 492 0.12£0.04
2Ne 2315 5/2 0 5/2% 2315 0.13:0.04
2Ne 3432 317 1017 12 2415 0.17:0.04
2Ne 3432 312 0 5/2* 3432 0.26:0.05
ZNe 3458 12 1823 3/2" 1635 0.7%0.17
2Ne 3458 12 1017 1/2¢ 2441 0.46-0.10
22Ne 1274 2 0 0" 1274 23.0:5.2
22Ne 3357 4 1274 2" 2083 2.95-0.61
22Ne 4457 2 1274 2" 3183 3.770.77
2Ne 5147 2 4457 2" 690 0.61-0.20
22Ne 5147 2 1274 2" 3873 0.66-0.15
2Ne 5523 4 3357 4t 2166 0.25:0.05
2Ne 5641 3 3357 4t 2284 0.17-0.04
2INe 1746 712 351 5/2" 1395 0.73:0.16
2INe 2789 Uz 351 5/2" 2438 0.32-0.07
2INe 2789 1z 0 3/2" 2789 0.06:0.01
20Ne 1634 3 0 0" 1634 0.480.10
20F 656 3t 0 2" 656 0.13:0.03
20 823 4* 0 2* 823 0.06-0.01

that the values of{;ObS are y-ray yields per muon stop not The state yields(gbsfor the 17 states, calculated from the

per muon capture, include both direct and indirect productiory-ray yieldSY;"bSin Table | using Eq(7), are listed in Table

of the y ray’s parent state, and correspond to the experimenH. The values onng are averages of the Gel and Ge2 data

tal mixture of F, and F_ states. The quoted errors in the and the quoted errors include the statistical uncertainties in

yields include the statistical uncertaintieshh, and the un- N, and the uncertainties in the acceptances, various correc-

certainties in the acceptances and various correction factorson factors, and the branching ratios. In some cases, where

the state is strongly populated such as the 1274 keV level in

22Ne, the uncertainties are dominated by th&0% overall

normalization uncertainty. In other cases, where there is con-
The 22y rays correspond to 17 states in the various Nesiderable feeding such as the 656 keV level %fiF [i.e.,

and F isotopes with six states ffiNe and*’Ne, two states in  whereSY'°Yk) and=Y'°Yj)/f,, are comparablethe un-

21Ne and 2OF, and one state iI’?ONe. The yleldS of these Certaintiesy are much |aryger_

states were calculated using the equation

B. State yields frompu~ capture on *Na

 obs - ) C. Parentage of states in muon capture orf*Na
YP=2 YN e 2 YITK) W) _ . .

j k In the interpretation of the hyperfine dependence data
(Sec. V D itis essential to know the parentage of each state.
where the summation ovérrepresents the sum of the yields By parentage we mean what fraction of the state’s population
for the  rays from the state of interest and the summationS due to direciu~ capture and what fraction of the state’s
overk represents the sum of the yields for theays feeding PoPulation is due to indiregi ~ capture via a higher energy
the state of interest. The subtraction of the texn’°*k) state. We will denote the state of interest®gand the higher

N Y ’
from the termSY'°*j) in Eq. (7) means the quantity?®s  €Nergy state byg'. _ -
Jo ; ; The parentage of stateé due to directu™ capture Pg)

represents the diregt™ capture yield. The factof,, in Eq. ” ; ”
(7) corrects for any unobservegray branches from the state Was obtained using the equation

of interest. It is given byf,, = Zbr(j) — the sum of the yobs
branching ratios of the observedrays — and was calcu- pgz_,obs__, 8
lated using the branching ratio compilations of Efgf]. YL oy
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FIG. 4. Energy level diagram for the low-lying levels &iNe

showing the niney rays and six states observed following muon ! ' ' ' 'T T

capture orf®Na. The solid vertical lines correspond to the observed (b)

vy-ray branches and the dashed vertical lines correspond to the un- § - 1809keV, 2TAl(u", v) _

observedy-ray branches. The spin parities, energies, lifetimes, and ©

branching ratios are from the tabulations of Epi)]. - _

)

. . . . = 8 23 -
whereEY’y"bS(J)/fbr is the yield of stateS due to both direct ~ Z er 1823keV, SNalu’,v)
and indirect capture and2™ is the yield of stateS due to S
direct capture only. The parentage of st8tdue to indirect

. ! . . (=2
,L_f capture via stat&' (Pg) was obtained using the equa- 8r .
tion

s PE:Y;ObS °'rr]so'"'ualoo““l""l""""'I
Ps=<orobs 7 T fms: 9) 1810 1820 1830 1840
SOOIV ™ (kev)

where in the denominatd@ Y **{j)/fy is the yield ofS due
to direct and indirect capture, in the numera bSis the
v-ray yield for the transition from the stat® to the state

S, and Pg is the parentage of staf& due to direct capture
to stateS'. The correction factof s accounts for the popu-
lation of the stateS by the stateS’ via a multistep, rather
than a single-stepy-ray decay.

The state parentages, calculated using the values of

Y,**and Yg*in Tables | and Ii using Eqe8) and(9), are  \yhereA is an arbitrary normalization factod,, is the muon
listed in Table Ill. The values dPg andP3 are averages of disappearance ratd,, is the hyperfine transitiotHF) rate,
the Gel and Ge2 data and the quoted errors include the sth; is the initial population of the-, hyperfine state, and
tistical uncertainties iMN., and the uncertainties in the accep- Y;+/Y'f is the hyperfine dependence of theray yield.
tances, various correction factors, and branching ratiossquations(10) and (11) assume the difference in the disap-
Table Il ir_1di2c3;ate§, for example, the pgrentage of the 101hearance rates from the two HF statég), = Ap -
Eglzl/esizgi;nke%eslé\ f{gt;cs)%) i‘){; t?lthIrﬂeLCtz():;pt;I:dt(OS;he Ap_, is much smaller thar\,, which is the case if*Na
+ 5)% due to indirect capture via th&Ne 2315, 3432, and gfé}gg An ;rg'oodi'rgﬁigéﬁg)' V\S/gggg ;zsumsgglitattgz tWOiZF
3458 keV states, respectively. f,=(J+1)/(2J;+1). Effects leading to a nonstatistical
population att=0, for exampleM 1 transitions in theu™
atomic cascade, were examined by Congldi®# and are
In the presence of hyperfine transitions the time depenexpected to be negligible in muonfcNa.
dence ofy rays from muon capture is given by Based on Egs(10) and(11) the hyperfine dependence of
the y-ray yields Y;+/Y;_ can be extracted from the-ray
time dependencef’y(t). In turn, thesey-ray hyperfine de-
pendences carry their parent state’s hyperfine dependence,
e, Y, =Ygt

FIG. 5. The Gel energy spectra in the region(®fthe 1017
keV y-ray and(b) the 1823 keVy ray following muon capture on
ZNa. The points are the experimental data and the solid lines are
the “best fits” using the measured energy resolution functions. The
energy spectra also show background lines from th@’( and
(m~,v) reactions on aluminuntsee Ref[26] for more details

k=, (Y, Y, -1), (12)

D. y-ray hyperfine dependences fromu~ capture on ZNa

Y!(t)=Ae Aol(1+ke Ant),

Y

(10

with
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TABLE IlI. State yields, capture rates, and hyperfine dependences corresponding to the 17 observed states
in Ne and F isotopes following.~ capture on®Na. The state yield¥2™ and capture rated 2 include
direct capture only. The hyperfine dependent@S/Ys~ = ALT/AL include both direct and indirect
capture and are weighted averages of the hyperfine dependences-odgd emitted by the particular parent

State.

Product E; (keV) Jr YP5(x1072) APS(x 10%s7Yh  YETIYL = ALTIAS

2Ne 1017 1z 0.59+0.17 4.9-1.4 0.18+0.03
2Ne 1702 717 0.16+0.04 1.4-0.3 <0.50

2Ne 1823 317 0.49+0.11 4.1-0.9 0.23+0.04
2Ne 2315 5/2 0.26+0.06 2.1-0.5 0.87-0.48
2Ne 3432 312 0.49+0.10 4.1-0.8 0.98:0.36
2Ne 3458 12 1.25+0.26 10.4-2.2 <0.19

22Ne 1274 2 16.0+3.7 133+31 0.88:0.07
2Ne 3357 4 2.52+0.52 21+ 4 1.97+0.06
2Ne 4457 2 3.28+0.67 276 1.00+0.08
2Ne 5147 > 1.28+0.31 11+3 0.41+0.17
22Ne 5523 4 0.25+0.05 2.10.4 2.27+0.38
2Ne 5641 3 0.60+0.14 5.0-1.1 <1.2

2INe 1746 712 0.77+0.17 6.4-1.4 1.32:0.14
2INe 2789 1z 0.38+0.08 3.2:0.7 0.64-0.15
2ONe 1634 3 0.48+0.10 4.0-0.8 0.93:0.14
20 656 3" 0.03+0.02 0.2:0.2 0.79-0.19
20F 823 4" 0.16+0.04 1.3-0.3 <16

Two methods(denoted A and Bwere used to extract For the strongety-rays transitions at the energies of 1017,
values on’f/Y;’ and thereforeYs"/Yg™ from the y-ray 1274, 1823, and 2127 keV it was feasible to use both meth-
time spectra. In method A, 120 time-binned energy spectrads A and B to extracty’"/Y!” while for the weaker
were generated corresp_ondlng 1010 ns Wld_e bins fr_om vy-rays transitions only method B was practical. Where both
t=—100 to+1100 ns. Fits to the-ray peaks in each time- mahods were feasible they were consistent. The results of
binned energy spectrum were then performed to determingq geterminations of the-ray hyperfine dependences are
the y-ray time spectray ,(t). Finally, fits to they-ray time isteq in Table Il (where method A was used we quote the
spectra, using the theoretical time dependence of BfS.  oihoqd A results We quote the state hyperfine dependences

and (11) convoluted with the time resolution functions , +,\,/ - . :
Ry(t) andR,(t), were used to extraort’y+/Y;_ andA,,. The YS'/YS that are the weighted averages-pfay hyperfine

weighted average of the values &f, was 15.5+ 1.1 us™! dependence‘sé’f/Y’y’ that dgcay from the sam+e pa[ent state.
and has been discussed in REZ6]. Representativey-ray I all cases they-ray hyperfine dependencas, "/Y’,~ cor-

time spectra, illustrating the quality of the data, are shown if€Sponding to the same parent state were in mutual agree-
Fig. 6. ment. The results are the weighted averages of the Gel and

In method B they-ray energy spectra were divided into Ge2 data and the qUOted errors include the statistical uncer-
two time windows, an early time window with=0 to 170  tainties inY(t), the uncertainties iR;(t) and Ry(t), and
ns, and a late time window with=200 to 1000 ns. For the the correlations oTY’f/Y’f with A, andAp.
case ofu~?°Na, whereA, = 15.5+ 1.1 us™ 1, the early To test for distortions of the-ray time spectra we also
(late) time windows correspond to periods of significéimt  fitted the time spectra of events following™ stops in targets
significany F, HF state population. The ratio of-ray  of Ca, Fe, and Pb. In the Ca, Fe, and Pb targets the muon
counts in the early and late windowR, is therefore a func- |ifetime ranges from 78 to 330 rsee Ref[51]) and there is
tion of Y, "/Y',” . The values oR were obtained from fits to no observable hyperfine effect. Good fits were obtained us-
the y-ray peaks in the corresponding early and late energihg a prompt x-ray peak and a single exponential with the
spectra. They-ray hyperfine dependenbéf/Y’f was then  appropriate muon lifetime.
extracted fronR using a Monte Carlo simulation that deter-  Lastly, the weighted mean of the values &jf, extracted
mined the relationship betweeﬁf/Y’y’ andR (we used a from the 1017, 1823, and 2127 ke)ray time spectra with
Monte Carlo simulation because of the complications of themethod A, and the assumption of initially statistically popu-
updatingu STOP logic angw.~ pileup). The method required latedF _ andF . hyperfine states, were used to determine the
values ofAp and A, as input; we tookAp = 8.31+ 0.02 fractional population of thé& _ andF ., states in the experi-
wus from Suzukietal. [51] and A, = 155+ 1.1 us™? mental 2.0us uSTOP gate. We obtained fractional popula-
extracted from method A. tions of 0.97 and 0.03 for thE_ andF, hyperfine states,
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TABLE lll. The measured parentagég' of the various Ne and F states produceduin capture on
2Na. The state$ andS’, defined in the text, correspond to rows and columns, respectively. As an example
the parentage of the 1017 keV state #Ne is (47+3)% direct capture to the 1017 keV state and
(37=5)%, (15*2)%, and(2+ 1)% indirect capture via the 3458, 3432, and 2315 keV states, respectively.

Es

Ne 3458, 1/2 3432, 3/2° 2315, 5/2 1823, 3/2 1702, 7/2° 1017, 1/2
3458 1.00

3432 1.00

2315 0.0%0.02 0.93:0.02

1823 0.55-0.01 0.03:0.01 0.08-0.02 0.34:0.01

1702 0.05-0.02 0.96-0.01

1017 0.37-0.05 0.15-0.02 0.02-0.01 0.47-0.03
2Ne 5641, 4 5523, 3 5147, 2 4457, 2 3357, 4 1274, 2+
5641 1.00

5523 1.00

5147 1.00

4457 0.15:0.05 0.85-0.05

3357 0.06-0.01 0.09-0.01 0.86-0.01

1274 0.03-0.01 0.01-0.01 0.05-0.01 0.13-0.02 0.1%0.01 0.67-0.03
2INe 2789, 1/2 1746, 7/2°

2789 1.00

1746 1.00

2ONe 1634, 3

1634 1.00

20F 823, 4" 656, 3"

823 1.00

656 0.78:0.10 0.22-0.10

respectively. Yields and capture rates measured in the 2.&ates viaAF = AS@ + SAF, is
us uSTOP gate were therefore related to the and F

hyperfine state vyields and capture rates by 2./2G212 J 3 F
YOPS=0.97Y~+0.03r" andA% = 0.97A" + 0.03\". SAT= gy (T
v 5 Ji 1
VI. INTERPRETATION OF THE p~2*Na DATA P
A. Formulas for nuclear muon capture XE 2 V(2J+1)(23"+1) JI, ] :[
J ’ i
A number of authors have published formulas for muon ’ '
capture rates and their hyperfine dependertmsexample X[iJ_J,<Jf”»&‘]_/\A/IJHJiXJf”»&J’_MJ’||Ji>*
Refs. [27,52,53). Using Walecka’'s notationn52] the u~ o
capture rate from a statistical mixture Bf, andF _ hyper- X(J03'0|10)+i7 Y (3| 75— 75293,
fine states is ~ol Ama
2 2 - X{(I TS —T5793;)* (I1I' - 1]10)
Gy 4 ~ -
tat_ 2 R ~ ~ ~el 2
A= e v zai+1[§o {£a= Mol VBRI (| £y M9) (TS~ T3
w X(J1J'0|11))]. (13
Fel_ 5 2 2
+J21 [ 75=75°99) ] | b1slav: (12 In these equationS is the universal weak coupling constant,

v is the neutrino momentung, 5 is the muon wave function
and the hyperfine incremenA", which determines the at the nucleus, and;, M;, 7%, and7®are the so-called
u - capture rates from the individuéd, andF_ hyperfine longitudinal, charge, transverse electric, and transverse mag-
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j;(gx) and spherical and vector spherical harmoni¢ and
Wi

1500

MY'=jaxYY(6,4), (14)

1000

MY =] (g )16, ). (15)

In the case of harmonic oscillator wave functions g,
Mj, T2, and 77?9 SPME’s can be evaluated analytically
(for example see Donnelly and Haxt@b4]).

The operatorsL; and T’i' are of special significance cor-
responding to, in the long wave length limit, the familiar

obesd o o] Gamow-Teller operatofGT)
0 50 100

channel no. 1 [

A
— = el i
Aﬁl_'\ﬁ§7? Jizg;gagga OiT; (16)

] responsible for Gamow—Teller transitions.

N e+A[)'f

500

1000
T

B. Na — %3Ne shell model calculations

To calculate the OBTD's for the various
BNa(u~,v) Ne transitions we used thexsasH shell-
model computer codgs5]. The calculations were performed
in the 1s-0d model space using two effective interactions;
the empirical interaction of Brown and WildentH&6] (de-
noted USD and the realistic interaction of Kuo and Brown
[57] (denoted KUQ. The two-body matrix elements of the

N USD interaction were obtained by Brown and Wildenthal
0 50 100 from a fit to ~440 energy levels of $0d shell nuclei. The
channel no. two-body matrix elements of the KUO interaction were ob-
tained by Kuo and Brown from the Hamada-Johnson
nucleon-nucleon potenti@b8]. In the following calculations

FIG. 6. The Ge2 time spectra () the 1017 keVy ray and(b) ~ we used an oscillator parameterof 1.804 fm and single-
the 1823 keVy ray following muon capture oriNa. The points  particle energies of 3.948, —3.164, anc+1.647 MeV for
are the experimental data and the solid lines are the theoretical timg,g 0dsj,, 1Sy, and (i, orbitals, respectively.
distributions convoluted with the measured time resolution func- Figure 7 is a comparison of the measured energy levels
tions. We have divided out the~ disappearance rate to more with the KUO and USD calculated energy levels féNe. In
clearly show thew™ hyperfine effect. The calibration is 9.58 ns per the case of the USD interaction Fig. 7 shows good agreement
channel. between the experimental and theoretical low-lying positive

parity states with an r.m.s. deviation between the measured
netic operators. In deducing E¢42) and(13) it is assumed and calculated energy levels 6f40 keV. The good agree-
the muon wave function is constant over the nuclear volumement suggests identification of the 2507 keV experimental

In general the operator8;, M3, 79, and77® contain  state with the 9/2 model state. In the case of the KUO
contributions from one-, two- and many-body weak nucle-interaction Fig. 7 shows, at first glance, poor agreement be-
onic currents. However, in this paper, we will assume thatween the measured and calculated energy levels. However, a
these operators can be represented by the sulnomie-body  means of reconciling the measured and calculated levels has
weak nucleonic currents, and that the effects of two- throughbeen suggested by Cod al. [59]. Based on the calculated
A-body currents can be incorporated by replacing the freguuadrupole moments they identified the 5/27/2; , and
coupling constants by effective coupling constaf®s)..g,  9/2; model states as members oKa=5/2" rotational band
by g,). In such circumstances the nuclear matrix elements ofn( the 1/2 , 3/2; , and 5/2 model states as members of a
Ly, My, 7.5, and73™can be written as sums of products K = 1/2* rotational band and by a2 MeV downward shift
of single-particle matrix elementsSPME’S and one-body of the K=5/2" band relative to the&K=1/2" band. Cole
transition densitie$OBTD’s) where the SPME's contain all et al. obtained good agreement between the experimental
the weak interaction information and the OBTD’s contain allgnd theoretical energy levelsee Fig. 7. Apparently, the
the nuclear structure information. KUO interaction does a relatively good job for the energy

The£;, My, 75, andTT*9SPME's, assuming their one- spacing of states within a rotational band, but a relatively
body form, can be expressed as combinations of the weakoor job for the energy spacing of the rotational band heads.
nucleon form factors and SPME's of the four multipole op-  We conclude, therefore, that the-Dd shell-model calcu-
eratorsM', MY} - o, MY} -V, andMY oV, where the func- lations, using either the USD and KUO effective interac-
tionsMY' andM}! are products of spherical Bessel functionstions, yield sufficient agreement between the experimental

N e+AD?

500
T
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AS®and SAF, the formulas of Donnelly and Haxtds4] for

v 3458
3‘_—“2: R P s the £y, M;, TS, and7]? SPME’s, and the@xBAsH shell-
S 2z 2, e -l model computer code for the OBTD’s. We fixed the values
of the weak vector, magnetic, and pseudoscalar couplings
o 256 2 2507 ° A ke constants ay, = 1.0,g,, = 3.706, andj, = 6.7, (for 5
2w N i < @, < 15 the input value ofj, had little effect on the
3 wes I w23 o P output value ofg,). While the pseudoscalar coupling is de-
” wee T moz 3 1856 3 1856 fined atg?= + O.9mi the other weak couplings are defined at
[—— g°=0; in order to scale these couplings betweérof 0 and
- o1 1000 T 1000 +0.9mi we chose a dipole form with? = 0.73 Ge\? for
their form factors. The momentum transfgmwas computed
via q+g%/2M, = m, — AE — €,, whereM, is the target
" - A o mass, AE is the difference in the measuretfNa and
BNe — USD  BNe — Expt. PNe — Kuotshift ZNe — Kuo ZNe* nuclear binding energies, arg is the muon binding
ar EeV) 20 ERe) 28 Ee)  2F EGkeY) energy. The value of .42, was obtained from|e,¢2,

=R| ¢15(0)|?> where|¢,(0)|? is the muon wave function

FIG. 7. Comparison of the experimental energy level diagramfor a point nuclgzus an® is the reduction factor for a finite
for 2Ne with the calculations of thest0d shell model employing nucleus. Foru™*Na, R=0.67 (see Ref[52] and references
the USD empirical effective interactidi6] and the KUO realistic ~ therein. _ _
[57] effective interaction. The two diagrams for the KUO interac- The values ofg, obtained from the fits wereg,
tion, labeled “modified KUO” and “KUO,” correspond to the =—1.01+ 0.07 for the USD interaction ang, = —1.34
cases of a shifted and unshiftéd=5/2" rotational bandsee texk + 0.08 for the KUO interaction where the quoted errors
[59]. include experimental but not theoretical uncertainties. Com-

parisons of the measured and calculaged capture rates

and model energy levels to clearly identify experimentalUsing these “best fit” values of, are given in Table IV for
states with model states. the USD interaction and Table. V for t_he KUO interaction.
They show the USD and KUO interactions do a good job in
reproducing the general distribution pf~ capture to>*Ne
_ excited levels with strong capture to the 3458 keV state,

To extract the effective weak couplirgy, we have fitted intermediate capture to the 1017, 1823, and 3432 keV states,
the calculateqw™ capture rates to the measurgd capture  and weak capture to the 1702 and 2315 keV states. Quanti-
rates for the six observetfNa(u ~,v) #Ne* transitions. The tatively the measured and calculated capture rates agree
extraction ofg, from the x~%*Na capture rate data is an well for the strong and intermediate 1017, 1823, 3432, and
important trial for the extraction df,/g, from the x"?*Na 3458 keV transitiongto within +2¢) but the experimental
hyperfine dependence data. We seek answers to questioniges are larger than the theoretical rates for the weak 1702
such as: Are certain types 6fNa — 23Ne transitions well and 2315 keV transitions. Values @ extracted from a fit to
predicted or not well predicted by the nuclear model, and ar¢ghe 1017, 1823, 3432, and 3458 keV capture rates, omitting
certain types of*Na — ?*Ne nuclear matrix elements accu- the 1702 and 2315 keV capture rates, wgge= —0.95
rately computed or not accurately computed by the nucleafUSD) andg, = —1.30(KUO), close to the values from the
model? fits to all six 2Na — 2Ne transitions.

To calculate the observed capture ratése., A The value ofg, extracted from oug.~ capture data using
=0.97A5 + 0.03\¢) we have used Eq¢12) and(13) for ~ the USD interaction is in agreement with the valuesggf

C. Extraction of G, from the %*Na — ?*Ne data

TABLE IV. Results of the fits of the calculated and measuged capture rates and hyperfine depen-
dences for the siX¥®Na — 2°Ne* transitions using the £0d shell model and the USD empirical effective
interaction. The “best fit” value 0, is —1.01+0.07 and the “best fit” value o§,/g, is 6.5+ 2.4. Note the
capture rates\ 2 include direct capture only whereas the hyperfine dependengelrs™ = ALT/AL
include both direct and indirect capture.

Ef (keV) J7 APS(x 10°s7) APS(x 10%s7Y) YLT/YS = ALTIAS YSTIYE = ASTIAG

expt. calc. expt. calc.
1017 1/2¢ 49+14 5.26 0.180.03 0.14
1702 712 1.4+0.3 0.64 =<0.50 0.18
1823 3/2 4.1+0.9 6.28 0.2x30.04 0.20
2315 5/2 2.1+0.5 0.71 0.9&0.36 1.66
3432 3/2 4.1+0.8 2.40 0.8%0.48 0.31

3458 1/2 10.4+2.2 8.97 =<0.19 0.10
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TABLE V. Results of the fits of the calculated and measyxedcapture rates and hyperfine dependences
for the six>*Na — 23Ne* transitions using the<0d shell model and the KUO realistic effective interaction.
The “best fit” value ofg, is —1.34+0.09 and the “best fit” value 0f,/g, is 7.9+ 2.2. Note the capture
ratesA‘S’bsincIude direct capture only whereas the hyperfine dependefidey s~ = A5*/AS™ include both
direct and indirect capture.

Er (keV) J7 AQPS(x 10°s7h) APS(x 10°s7Y) YLIYL = ALTIAS YSTIYE = ALTIAL

expt. calc. expt. calc.
1017 1/2 49+14 4.96 0.180.03 0.18
1702 712 1.4+0.3 0.11 =<0.50 0.49
1823 3/2 4.1+0.9 5.96 0.230.04 0.16
2315 5/2 2.1+0.5 0.64 0.980.36 0.23
3432 312 4.1+0.8 2.61 0.8%0.48 0.44
3458 12" 10.4+2.2 8.22 <0.19 0.13

extracted from previous3 /B8*—decay and [§,n)/(n,p) cal rates consistently larger than experimental rates for
charge exchange data using the USD interadts@e for ex-  second-forbidden uniqué decay — the reverse of the 2315
ample[60]). The ~30% difference in the values @, ex-  keV transition case. It would be speculative to draw conclu-
tracted from the KUO and USD calculations is due to sys-ions on the difference between tNey,- o matrix element
tematically smaller GT matrix elements in the KUO in M~ capture and’j’ decay based on one~ capture transi-
computation compared to the USD computation. Systematigon and a fews-decay transitions, but, it does suggest that
differences between the empirical USD interaction and realypile the 1s-0d shell model with USD interaction does a
istic KUO interaction are not surprising — they are philo- 444 job in reproducing the Gamow-Teller matrix elements,

s_ophically distinctly different interactiqns — anld it high- it does a poorer job in reproducing the spin-quadrupole ma-
lights the fact that one quotes effective couplings in thetrix elements

context of an effective interaction. Such systematic differ- " only significant difference between the USD calcula-

ences have been reported by Jizngl. [61] tion with G, = — 1.01 and the KUO calculation wiff, =

Unlike the 1017, 1823, 3432, and 3458 keV transitions,_1 34 is the 1702 keV/ y h h
the measured and calculated capture rates for the weak ' 'Szt e_l € ”ani'“‘Erl‘ where the capiure rates are
6.4 X 10°s™~and 1.1X 10° s™ -, respectively, a factor of

1702 and 2315 keV transitions do not agree quantitatively. ) ) _ .
The reason is suggested by Table VI, which compares the 6 difference. An inspection of the KUO and USD interac-
calculatedu ™ capture rates using) all nuclear matrix ele-  tion OBTD'’s for the 1702 keV transition indicate the domi-
ments, andii) only GT nuclear matrix elements. While the nant ds,—0ds;, OBTD is considerably larger in the USD
1017, 1823, 3432, and 3458 keV transitions, where expericalculation(0.51) than the KUO calculatior(0.27. Addi-
ment and theory agree well, are dominated by the GT matritionally, the r.m.s. value of the other OBTD’s are0.09 in
element, the 1702 and 2315 keV transitions, where experboth the KUO and USD cases, and consequently there is
ment and theory agree less well, have little or no contributiormore interference between the dominadt©— 0ds, single-
from the GT matrix element. particle transition and other single-particle transitions in the
An examination of the KUO and USD calculations for the KUO calculation than in the USD calculation. This is the
2315 keV transition shows it is dominated by the spin-origin of the very different 1702 ket~ capture rates in the
guadrupole matrix elemenf.e., M j;,- o) rather than the KUO and USD calculations.
Gamow-Teller matrix element(i.e., Mg;-0). Spin- In summary, the comparisons of the KUO and USD cal-
quadrupole matrix elements have been examined via secondulations with the observeg™ capture rates indicate the
forbidden unique3 decay. However, Warburtdi62], using  high quality of the model calculations of GT matrix elements
the 1s-0d shell model and USD interaction, found theoreti- for the strong and intermediate 1017, 1823, 3432, and 3458

TABLE VI. Comparison of theu™ capture rates calculated usifig all nuclear matrix elements, arl)
only Gamow-Teller nuclear matrix elements. Results employing both the USD effective effective interaction
and the KUO realistic effective interaction are listed.

Es (keV) T OAPS(x 10%s7Y)  APS(x 108s7YH)  APS(x 10°s7hH  APS(Xx 10°s7Y)

USD (GT only) uUsD KUO (GT only) KUO
1017 12 4.81 5.26 4.72 4.96
1702 712 0.00 0.64 0.00 0.11
1823 3/2F 3.62 6.28 2.96 5.96
2315 5/2 0.06 0.71 0.10 0.64
3432 3/2 2.44 2.40 3.35 2.61

3458 1/2 10.74 8.97 11.54 8.22
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TABLE VII. Comparison of the Gamow-Teller transition prob- | | L L !
abilities (Bgy1) of Siebelset al. [63], extracted from measurements
of the ZNa(n,p)?>>Ne* reaction at forward angles and medium
energies, with $-0d shell model calculations using the USD em-
pirical effective interactiorj56] and KUO realistic effective inter-
action[57]. A Bgt sum is quoted for the 3432 and 3458 keV tran-

|
o4

ot
HH

T

s (arb. units)

£
T

sitions as they are unresolved in the [§) experiment. <

& g [
E; (keV) Jr Bgr (Expt) Bgr (USD) Bgr (KUO) u X ;

C a B
0 5/2©  0.038-0.006  0.026 0.054 § SSRNNET 3 CLILLL P s
1017 12" 0.048:0.007  0.111 0.123 o Ll ﬂ“
1823 3/2 0.041+0.008  0.130 0.120 . 0 1 2 3 2 5
2315 5/2+ <0.021 0.039 0.038 excitation energy (MeV)
3432-3458 3/2-1/2* 0.318:0.033  0.334 0.438

FIG. 8. Comparison of thé®Na(n,p) 0° cross section measured
by Siebelset al.[63] with the 23Na(u ~,v) 2>Ne* capture rate data.
he points are then,p) data and the bars are the {,») data(the

Ne levels are bound up to 5.193 MgWThe resemblance reflects

keV transitions, but some difficulties with thé = 2 matrix
elements and the weak 1702 and 2315 keV transitions. Th

agreement of the values gf extracted using thestOd shell . . .
del with USD int tion f = t dat d the importance of the GT nuclear matrix elements in both the
model wi Interaction from Ouf — capture data an (n,p) data and theg ~,v) data. Note they-ray detection method in

previousﬁﬂﬂ‘ decay and §,n)/(n,p) charge exchange i,o myon capture experiment makes t&la g.s.— *Ne g.s.
data builds confidence in the model’s application to muon,,nsition unobservable.

capture on”>Na. The generally good agreement of the KUO

and USD calculations with the™ capture data, albeit with  gtates is 0.74+ 0.09 for the USD computation and 1.1
somewhat different “best fit” values of,, is additional 13 for the KUO computation, consistent with the different

evidence of the high quality of the nuclear models. “pest fit” values of §, using the USD interactiond
=—1.01) and the KUO interactiong, = —1.34).
D. Bt values for the 2Na — 2*Ne Gamow-Teller transitions Finally, in Fig. 8 we compare thé®Na(n,p) 0° cross

As a further test of the nuclear model we have comparedection with the’Na(u~,») capture distribution to the low-
the KUO and USD calculations of GT transition probabilities ¥ing “Ne levels. The resemblance reflects the importance
with determinations of the GT transition probabilities via the of the GT matrix elements in théNa — *Ne transitions
(n,p) charge exchange reaction 8tNa. The ,p) reaction  Observed via both then(p) and (u~,») reactions.
at medium energies and forward angles is an established
probe of GT transition probabilitiesBi1) and Siebels®t al. E. Extraction of §,/g, from the **Na — *Ne data

23 H

[63] hzye recently meazufre?dNa(dn, P) | Ne* c(;ross sectg)nsl To extract the coupling constant raﬁg@a we have fitted
a; medium ener%es a}nh OIrWa: - ang eslan Iextracte Valu§Re calculated hyperfine dependences to the measured hyper-
0 3GIT to afrgjm derf_o tdi ow-lying“Ne levels. fine dependences for the six observ&Na(u~,v) ZNe*

alues ofbgr defined by transitions. The hyperfine dependencés' /Y5~ listed in

1 2 Table Il include both direct and indirect capture to each state
BGTZZJi—_I_l‘ < Jt Ji>

and obtained from thé*Na(n,p) data and the USD and

(17 and were calculated via
KUO calculations are listed in Table VII. They include val-
ues ofBgy for the two lowest-lying 1/2 states(1017 and . i .
3458 ke\}, 3/2" states(1823 and 3432 kel and 5/2° where Ag /A g, is the hyperfine capture ratio for the state
states(g.s. and 2315 ke)in 2Ne (the non-GT 1702 kev S’ including only direct captureAs™/Ag™ is the hyperfine
transition is not included In the case of ther(,p) data a capture ratio for the stat@including both direct and indirect
Bt sum is quoted for _the 3432 and 3458 keV transitionscapture,P g is the parentage of the staBdue to the state
[they are unresolvable in thea(p) experiment and aBgr g andfg is a correction factor given by
upper limit is quoted for the 2315 keV transitigit was
unobserved. in the n;p) experi.mer)} Table VII shows , 0.97+0.03Y§,/Y;,
agreement in the general distribution Bt strength ob- fg = .
tained from the §,p) experiment and KUO and USD calcu- 0.97+0.03Ag/Ag

lations with strong transitions to the 3432-3458 keV dou- o .
blet, intermediate transitions to the 1017 and 1823 ke\iN Ed. (18) the summation includes all stat&s leading to

states, and weak transitions to the g.s. and 2315 keV statf1® Production of stat& agd the specific linear combination
This builds additional confidence in the model calculationsof direct capture ratios\g,/Ag, in the direct and indirect

of the 2Na — ?*Ne GT matrix elements. The ratio between capture ratios\§"/A§~ ensures that the production of state
the measured and calculated sumBgyf; values to the six S by capture to stat&' is in accord with the measured par-

A
S ot
i=1

’+ r+ +
Ys As _ fg'pg’A—ﬁ', (18)
Ys  As Ag

(19
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4 . 4 . . H H 23 H

unity by <6%, account for the observed capture rate being}lionS non—CTT r_natrr1ix elemen]:csdplaEy a large m'eﬁ'glf\léo-l?
obs ~ N . - s or example, in the case of direBt, capture to the
Qes ur;t;;.gms +0.03\s , notsimplyAs (wheref s would keV state, 26% of the rate is due to the GT matrix element

- ! alone, 46% of the rate is due to interference terms involving
To extractgy/g, from the hyptsetgftme depsndence data Wethe product of GT and non-GT matrix elements, and 27% is
have used Eqs12) and(13) for A®*andSA "™, the formulas g6 to non-GT matrix elements. Consequently, cancellation

I ag o i
of Don?nelly and Haxton for they, M,, 75, and 77 of the nuclear model uncertainties Nt /A , due to cancel-
SPME'’s, and th@xsAsH shell-model computer code for the |5tion of the GT matrix elements iNS/Ag , is not guaran-

OBTD’S' In the fits we fixed the weak vector and magnetiCiaeq. To gain insight into the relative role of the GT and

couplings ag, = 1.00 andgy, = 3.706 and the weak axial ;0 T matrix elements in the extraction §f/g, from the
o _ querfine dependence data, we arbitrarily scaled all non-GT

and USD calculation fits of the ~ capture rates. In both the  nayix elements relative to GT matrix elements by a factor of

KUO and USD computations varying the input valueqf 1 50 in the fits. With the scaled non-GT matrix elements we
between 0.75 and 1.5 had little effect on the output value OBbtainedEj /G. = —6.6 + 2.3 compared t@,/g, = —6.5
a 6+ 2. o/0a .

9p/0a - + 2.4 with the USD interaction ang,/g, = —8.2 = 2.2
The values ofj,/g, obtained from the fits were 65 2.4 compared t@/g, = —7.9+ 2.2 witgethg KUO interaction.
for the USD interaction and 7.& 2.2 for the KUO interac- For the USDpinteraction the “best fit” values of . /AL
tion, where the quoted errors include experimental but nok. " -"1017 keV transition changed from 0.14 tSo 0 f7 and
theoretical uncertainties. Comparisons of the measured al a ' .

. . N - r the 1823 keV transition changed from 0.20 to O(ii&
caIEuIated hyBerfme dependences using the "best fit value%UO interaction showed similar change§hese small dif-
of gpFa and g, are presented in Tables IV and V for the

Hod ’+ ! = H
USD and KUO interactions, respectively. Both calculationsferences INgp/a and As”/As suggest a mild overall de
gendence on the non-GT matrix elements.

show generally good agreement with the data although th The comparisons of the measured and calculatedap-

USD calculation does better than the KUO calculation in the .
case of the weak 1702 and 2315 keV transitions. ture rates suggested the weak 1702 and 2315 keV transitions

The value Ofépra obtained from the USD interaction V€' problematic. Therefore we repeated the fit of the hyper-

, . , . , - fine dependence data $/g, omitting either the 1702 keV
fitted to the six hyperfine dependences is consistent with th ransition or the 2315 keV transitions or both. In these fits

21
m;v\?gtuaﬁslg%/g%gffég; kzg\fl r;]d i;igeeggagfgeﬁggti?‘eo;p/" 2 changed by no more than 0.4 for the USD calculation
yp P nd 0.8 for the KUO calculation. The small changes in

earlier work [26]. The values ofg,/g, obtained with the dﬁpfva reflect, in part, the small influence of the 1702 and

KUO and USD calculations are mutually consistent ant2315 keV transitions on the fit due to the large uncertainties

agree with the predictions of PCAC and pion-pole domi-. . Fog—
g in their values ofy_ /Y .
nance and the most recent analyses of R™C and In conclusion, these tests suggest that the valug,af
— 16, 1 H 1 ’ P a
O OMC experiments, They do not indicate a Iargeextracted from the hyperfine dependence data is only mildly

renormalization oﬁpFa in 2Na. An important point is that o ;

the hyperfine dependence data deter@gfé notg, . Mul- sensitive to the_ poorly known non-GT matrix gl_ements and
L a P the poorly predicted 1702 and 2315 keV transitions.
tiplying the values ofjpf a extracted from the hyperfine de-

pendence data by the valuesgyfextracted from the capture
rate data to obtaifgip introduces additional uncertainties.

The Fujii-Primakoff approximation indicates that to the A danger in the extraction of the effective couplings
extent that GT matrix elements dominate other matrix eleandg,/g, is undetected feeding of the six observéiNe
ments, the value cﬁ’p/@a obtained from the hyperfine depen- states. Undetected feeding, yi@ capture to higher energy
dence data is nuclear model independent. Therefore it is im®*Ne states, would increase the apparent capture rate and
portant to ask, to what extent do the GT matrix elementhange the apparent hyperfine dependence, and thus cause
dominate other nuclear matrix elements in th&Na — errors in the extracted values 9f andg,/g, .
ZNe hyperfine dependence data, and to what extent does the Feeding of the observe&Ne states from higher energy
value of'g'p/"'a depend on the nuclear model? To answer®Ne bound states yieldy rays in the energy range 0—4
these questions we used the results of Secs. VI C and VI IMeV (the neutron emission threshold is 5.193 MeV in
which indicated(i) the GT matrix elements are rather well 2>Ne). In both Gel and Ge2, excluding therays from the
computed while the’ = 2 matrix elements are less well 1017-3458 keV*Ne states, we observed no othéNe y
computed by the nuclear model, afid the strong and in- rays and no unidentified rays. We obtained, for known
termediate 1017, 1823, 3432, and 3458 keV transitions ardecays to the 1017—3458Ne stateg49], the following ap-
rather well predicted and weak 1702 and 2315 keV transiproximate limits on feeding: 38361017 was< 5%, 3836
tions less well predicted by the nuclear model. — 1823 was< 5%, 3988-2315 was< 15%, and 3836

In some?*Na — 2?*Ne transitions we found non-GT ma- — 1702 was< 30%. The poorer limits on feeding to the
trix elements play a small role iN/Ag . For example, in 1702 and 2315 keV states compared to the 1017 and 1823
the case of diredf . capture to the 1823 keV state, 83% of keV reflects the lower yields of the former compared to the
the rate is due to the GT matrix element alone, 12% of thdatter. These data established that undetected feeding due to
rate is due to interference terms involving the product of GTany individualy ray was small but not that undetected feed-
and non-GT matrix elements, and 4% is due to non-GT maing due to severay rays was small.

F. Undetected feeding of the’*Ne states
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TABLE VIII. Calculated values of the polarizatioa, and alignmenia, of the ?>Ne recoil following
muon capture of°Na from theF , andF _ hyperfine states. The valuesaf anda, are calculated using the
1s-0d shell model and the USD empirical effective interaction. They are calculated (igiad nuclear
matrix elementgdenoted “all”) and(ii) only GT nuclear matrix elemenfslenoted “GT").

E; (keV) J7 ay a; a; a, a;y ay a; ay
(all) (all) (all (all) (GT) (GT) (GT) (GT)

1017 1/2¢ 0.279 0.000 -—0.002 0.000 -0.200 0.000 —0.440 0.000
1702 712 0.707 -0.181 0.218 -—-0.981

1823 3/28  —0.270 0.030 —0.039 -0.969 0.129 —0.178 0.574 —0.258
2315 5/2¢ 0.952 0.098 0.546 —0.510 0.889 0.239 0.410 —0.748
3432 312 0.035 -0.189 0.169 -—0.704 0.121 -0.176 0.550 —0.254
3458 1/2*  —0.158 0.000 —0.031 0.000 —0.200 0.000 —0.437 0.000

To address the possibility of a number of individually Donnelly and Haxton for theC;, M;, 79, and 77?9
insignificanty-ray feedings leading to a collectively signifi- SpPME's, and the 4-0d shell model with USD interaction
canty-ray feeding we measured the mean number of coincifor the OBTD’s. We used values of the weak coupling con-
denty rays for each of the nine observéiNe y rays. This  stants ofg, = 1, g,, = 3.706,g, = —1.01 andg, = 6.5

. . . . 1% 1 . 3 . 1 .
guantity was Qeterm|ned py measuring the 'ratl'o of theg*a (i.e., the “best fit" values ofg, and"g'p/gja). The calcu-
y-rays counts in the Gel singles and GE52 coincidence |4tions were done using) all nuclear matrix elements, and
spectra normalized to the ratio of the 1.33 Me¥Co (i) only GT nuclear matrix elements

y-fay’s counts in the Gel singles and GEB2 coincidence Table VIII lists the resulting values af; anda, for the

spectra. We assumed no energy dependence for the CS2 pho- »3 23 o -
ton acceptance and no directional correlation for the coinci>* Na — “Ne transitions. It indicates, anda, can be

dent y rays (the method is primitive We found the mean very sensitive to non-GT matrix elements. For example, the

number of coincidenty rays for each of the observedNe ahgnment.az in F_ cr?lpture to the 1823 ke\??Ne state Is
y rays was consistent with the-ray yield measurements of — 0-97 using all matrix elements an€l0.26 using only GT
Table I. For the 1017 keV transition, the coincidence mea/Matrix elements, and fche polar|z-at|a@|n F_ capture to the
surements gave 0.560.03 coincidenty rays per 1017 kev 1017 keV Z3Ne state is 0.00 using all matrix elements and
y ray while the yield measurements predicted 0:56.17, —0.44 using only GT matrix elements. Measurements of ei-
and for the 1823 keV transition, the coincidence measurether the recoil alignment or recoil polarization in
ments gave 0.560.06 coincidenty rays per 1823 ke ray ~ -Na(u~,») ?Ne* would therefore be very valuable in ex-
while the yield measurements predicted 0:68.16. Unfor- ~ @mining the non-GT matrix elements and the nuclear model
tunately, for the 1702 and 2315 keV transitions, where th&lependence of the values@f andg,/g, extracted from the
measured yields are larger than the calculated yields, pod@pture rate and hyperfine dependence data.
statistics prevented a useful comparison of the coincidence
measurements and yield measurements. We cannot rule out VIl. SUMMARY
feeding as the source of the difference in the calculated and
measured yields for the 1702 and 2315 keV transitions.
Lastly, indirect evidence for the weakness of undetecte
feeding came from thé*Na(u ~,») #Ne shell model calcu-
lations and the %Na(n,p) >>Ne experiment. Both the
(p~,v) calculations and then(p) experiment indicated 70—
80% of the (,v) or (n,p) strength to bound®Ne states was
to the six observed®Ne states.

In summary, we have measured the capture rates and hy-
&)erfine dependences corresponding toy2ays and 17 states
produced in muon capture ofiNa to various isotopes of Ne
and F. The data include transitions to six low-lying states in
ZNe: two 1/2" states at 1017 and 3458 keV, two 3/2
states at 1823 and 3432 keV, one 5/&ate at 2315 keV and
one 7/2" state at 1702 keV. Using thes®d shell model

and the USD empirical effective interaction and KUO real-
istic effective interaction we have extracted “best fit” values
of g, andg,/g, from these data.

Our tests of the relative role of GT and non-GT matrix  The resulting values o, obtained from fits to the cap-
elements in the extraction @pf'a were somewhat crude. ture rates are-1.01 = 0.07 for the USD interaction and
Here we suggest that measurements of 4fiée orientation —1.34 = 0.08 for the KUO interaction. The value @,
in the 2Na(u ~,») Ne reaction would provide a more de- extracted from the.~ capture data with the USD interaction
finitive test of the relative roles of the GT and non-GT termsis consistent with the values a@f, extracted fromg* /8~
and the model dependence of the extracted valugg @hd  decay and §§,n)/(n,p) charge exchange data also using the
0p/0a.- USD interaction. This builds confidence in the model's ap-

Equations for the polarizatioa, and alignmeng, of the  plication to x~?*Na. The difference between the KUO and
recoil nucleus along the recoil direction have been publishedSD values ofg, was traced to systematically larger GT
by several authors including Ciechanowicz and Oziewiczmatrix elements in the KUO calculation than the USD cal-
[53]. We have calculated,; and a, for the six Na — culation. The two calculations agreed with the measured
ZNe transitions using Eq3.9) of Ref.[53], the formulas of w~ capture rates for the strong and intermediate 1017, 1823,

G. Recoil orientation in muon capture on ZNa
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3432, and 3458 keV transitions but the calculated rates werkons. Lastly, studies of the role of the rather well-known GT
smaller than the measured rates for the weak 1702 and 23}hatrix elements and the less well known non-GT matrix el-
keV states. This disparity was traced to the dominance of thements in extractin@p/"a from the hyperfine dependence
GT matrix elements in the 1017, 1823, 3432, and 3458 ke\fata suggest the results are only mildly nuclear model depen-
capture rates but little or no contribution of the GT matrix dent.
elements in the 1702 and 2315 keV capture rates. Concerning future work, on the experimental side a deter-
The “best fit” values ofg,/g, obtained from fits to the mination of the recoil alignment or recoil polarization in
hyperfine dependence data are &52.4 using the USD  0n capture orf®Na would be valuable in further testing
interaction and 7.9= 2.2 using the KUO interaction. These 1o nuclear models used to extray and §,/g, from the

values are in mutual agreement and are consistent with th@apture rate and hyperfine dependence data, while on the

prsphctmns of PCAtC and p'on'pOIf %‘;@'”?qg? a[‘_d/.‘f’ar"ertheoretical side an investigation of Wood-Saxon wave func-
ordinary muon capture experimerrts YI€dINg 9p/9a tions and Hartree-Fock wave functions rather than harmonic

= 8.5= 1.9 or 9.7= 1.7[13] and *0O yieldingg,/g, 7-9 . : o
[64]. Our results do not indicate a large renormalization OfoscHIator wave functions, and an examination of the assump-

Uy/0a in **Na (a possible explanation of the nuclear RMC 3%”602\%5%”;?3;{3 el;tc))lg wave function over the nuclear vol-
data. However, as discussed by Kirchbach and Rigsal, ’ :

since OMC probe@p at spacelike four-momentum transfer ~ We would like to thank Dr. Volodya Kuz’'min and Dr.
while RMC probes’gjp at mainly timelike four-momentum Tanya Tetereva for helpful discussions on theoretical issues
transfer, a small renormalization Ejt) in OMC but a large and Dr. Jules Deutsch for helpful discussions on experimen-
renormalization ofj, in RMC cannot be excluded. Compari- tal issues. We would also like to thank the TRIUMF techni-
son of the measured and calculated hyperfine dependencesl staff for the operation of the TRIUMF cyclotron and both
show generally good agreement between the models and thiee National Science Foundatigd.S,) and the Natural Sci-
data, although the USD interaction did a better job than thences and Engineering Research Cou(€dnada for their
KUO interaction for the weak 1702 and 2315 keV transi-financial support.
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