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We report measurements gfray spectra from muon capture ofiCl. For the allowed Gamow-Teller
transitions to the’®®S(2939,3/2) state and thé®s(3421,5/2) state we obtained their capture rates, hyperfine
dependences, ang-v correlation coefficients. The capture rates and hyperfine dependences were compared to
shell model calculations using the complets—Dd space and the universal SD interaction. Wigh/g,
=6.7 andg,=—1.00 (or g,= —1.26) we found agreement of the model and the data at thedlie¥el.
However, we caution that the transitions are sensitive=t@ forbidden matrix elements.

DOI: 10.1103/PhysRevC.66.065501 PACS nun®er23.40.Hc, 27.30xt

I. INTRODUCTION plings and the nuclear structure.
The paper is organized as follows. In Secs. Il and Il we

The induced pseudoscalar coupling,) is the least describe the measurement setup and experimental results. In
known of the proton’s weak couplings. For the free proton,Sec. IV we discuss the comparison of the model and the data,
the Coup“ng’s determination is an important test of Chira|and the sensitivity to the Couplings constants and the nuclear
symmetry breakind1-3]. For the bound proton, the cou- Model. We conclude in Sec. V.
pling’s renormalization is sensitive to exchange currents,
A-hole excitations and possible precursor effects of chiral
phase transitions in hot, dense nuclear md#er6).

Unfortunately the effects of, are subtle and elusive. In The experiment was conducted using the M9B backward
few-body systems recent results from radiative muon capturgecay muon beamline at the TRIUMF cyclotron. The setup
(RMC) on *H [7,8] and ordinary muon captur®©MC) on  was similar to our earlier studies of othes-10d shell nuclei
He[9] are available. However their interpretations are com<{see Refs[11,13,15).
plicated by muon chemistry iAH and two-body currents in We employed au~ beam of incident momentum
3He, and the puzzling discrepancy between the valueg,of 60 MeVi/c, stopping rate 1.2 10°s™1, ande and 7 con-
from RMC on*H and OMC on®He is so far unexplained. In tamination of 10% anek0.1%. Muon stops were counted in
complex nuclei new results from allowed transitions 88 a plastic scintillator beam telescope comprising two counters
[10], °Na[11], and ?8Si [12—14 are also available. In nu- (S1 andS2) upstream of the target and one count88)
clei the difficulty is disentangling the weak dynamics from downstream of the target. The target material was isotopi-
nuclear structure. The majority of data on nuclei are consisc@lly enriched N&CI (99% chlorine-35 powder of mass 50
tent with an unrenormalized,,, but more experiments on 9 [we used isotopically pure chlorine-35 to avaietay back-
other transitions would be interesting. grounds from °Cl(«,2nv) reactiony. The material was

In this article we report measurements piray spectra packed in athin-v_valled, disk-shaped, polyethyl_ene C(_)ntainer.
from muon capture orf°Cl. In particular we describe the The target was viewed by a HPGe detector with an in-beam

determination of capture rates, hyperfine dependences afi€rgy resolution of 2.2 keVfull width at half maximum

y—v angular correlations for two3Cl—3S allowed %Qd in-beam time resolution of 10 (BWHM) for 1.33 MeV
Gamow-Teller transitions. We also compare their capture O Y-rays. A segmented Nal annulus, surrounding the

rates and hyperfine dependences to a large basis shell moddr G€ detector, was used to suppress the Compton scattering

. . 3
calculation, and discuss their sensitivity to the weak couPackground. A second Nal array, viewing the RE target,
was used for collection oy-ray coincidence data.

Events were digitized on fulfillment of the logic condition

*Present address: Department of Oncology, King Faisal Specialig € CS #STOP busy, whereGe indicates a signal in the
Hospital and Research Center, Jeddah 21499, Saudi Arabia. HPGe detectoiC S indicates no signal in the Nal suppressor,
Present address: The Boeing Company, Denver Engineering CegtS T OP indicates au™ stop in the preceding 2.As, and
ter, 14261 E. 4th Ave., MC AG-00 Bldg 6 Suite 100, Aurora, CO busyindicates that the acquisition is live. For each event we
80011. recorded energy and timing signals from the Ge detector, Nal
*present address: Communications Research Center, 3701 Carliagrays, and beam counters. We also recorded a multihit time
Ave., Box 11490, Station H, Ottawa, Ontario, Canada K2H 8S2. history of muon stops, and a pile-up bit and an overload bit

Il. EXPERIMENTAL SETUP
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TABLE I. y-ray yields perCl atom formed for the cleanly identified lines froffCl(u,»)3%S. Columns
1-5 give the relevant energies, lifetimes, and branching ratios from[&&f.The coincident fractiorf, is
discussed in Sec. Il D.

E, (E,J7); (E,J™)¢ BR Lifetime y-ray yield coinc. frac.
(keV) (keV) (keV) (%) (per uCl atom fe

1991.3 (1991,7/2)  (0,3/2") 100  (1.02:0.05) ns  (7.:1.2)x10°%  1.27+0.06
2347.8 (2348,3/2)  (0,32") 75 0.89:0.12fs  (2.8:0.5)x10°%  0.77+0.15

2717.1 (2717,5/2)  (0,3/2") 94 (70+25) fs (2.9:0.5)x10°%  1.00+0.39
2939.6 (2939,3/2)  (0,3/2") 100 (5.4-0.9)x 102 <0.30
3421.0 (3421,5/2)  (0,3/2") 100 <70 fs (5.3:0.9)x10°°  0.10+0.15

from the HPGe. The pile-up bit identifies events with a pre-above 1000 keV, the Gaussian width was approximately con-
ceding Ge detector hit within 52s and the overload bit stant at 10 ns FWHM, but the resolution rapidly got worse
identifies events with a preceding10 MeV Ge detector hit for lower energies. A weak tail at late times was observed,
within 500 us (for details see Refl11]). Data were collected but its effect on the fits to thé®S y-rays was almost negli-
for 4.2< 10" muon stops in the N&CI target, along with  gible (see Sec. Ill F Again, the best fit values of the line
y-ray background data from a LiCl target and x-ray calibra-shape parameters were used to fix the line shape in the least
tion data from various materials. squares fits to the-ray data.

Offline the data were sorted into histograms correspond- ' \ore details on the procedures for the determination of

ing to (i) a HPGe singlesy-ray energy gpetha(ll) a  the photon acceptance, energy resolution, and time resolution
HPGe Nal coincidencey-ray energy spectré.e., a HPGe a4 pe found in the Ref§11,15.

energy spectrum with a Nal coincidence requiremeand

(iii) many HPGeu STO Ptime-binnedy-ray energy spectra
(i.e., HPGe energy spectra corresponding to different time
bins). The time bins were defined by the time difference About 80 peaks were found in thgray spectrum from

B. Line identification

between the incoming muon and the outgoipgay. In fill- muon stops in NECI. To match the peaks to knowpray
ing the histograms we rejected any events with either afines we searched the nuclegiray database at the National
overload signal or a pile-up signal in the HPGe. Nuclear Data Cente(NNDC) [20] for all isotopes corre-

sponding to the capture reactiorfSNa(u~,xpynv) and
35CI(u~,xpyn v) wherex,y=0,1,2. For conclusive identi-
fication we demande@) an energy match within experimen-
A. HPGe calibration tal uncertainties(ii) consistency with other-branches of
A large body of muonic x-ray data was collected in orderthe parent state, an(ii) Doppler broadening if the parent
to determine the HPGe photon acceptance, energy resolutioptate lifetime was less than the recoil stopping time. This
and time resolution. The data comprisédL, andM series  Procedure yielded five-rays from levels in*S, 21 y-rays
x-ray spectra from S, Ca, In, Nb, Fe, Pb, and Bi, and spannetiom levels in*'S, and foury-rays from levels in®*s,
a range of energies from 500 to 4000 keV. The conclusively identifiedy-rays from 3°S are listed in
To determine the acceptance with muonic x-rays we eithefable | and shown in Fig. 1. The five-rays all feed the®S
(i) used published yield data for individual x-rgyi6—19 or ~ ground state and correspond to three allowed transitions to
(i) assumed a yield of unity for the entikeseries. Then we the (2717,5/2), (2939,3/2'), and (3421,5/2) states and
performed a least squares fit of the measured acceptancestygo forbidden transitions to the (1991,7/2 and
a smooth empirical curve to permit interpolation to the inter-(2439,3/2) states.
estingy-ray energies. In addition, the production of y-rays from the
For the energy resolution determination we fit the numer->>5(1572,1/2) and *°S(4028,1/2 —5/2") levels is pos-
ous x-ray peaks to a central Gaussian supplemented by bogfible. For the (1572,1/2) level, ay-peak was clearly iden-
low and high energy tails. The width of the central Gaussiariified at 1572 keV, but unfortunately it matches the energies
was observed to increase from 2.2 keV at 1000 keV to 3.®f both the 157250 *°S transition and a 487%3304 /S
keV at 3000 keV. Both low energy and high energy tails weretransition. The observed 1572 keV peak is Doppler broad-
observed, but their effects on the fits to thS y-rays were ened, and indicates that the short lifetid¢s state is the
almost negligible(see Sec. Il G The best fit values of the major y-ray source, but some contribution from the
line shape parameters were used to fix the instrumental lind®S(1572,1/2) level is a possibility. For the (4028,172
shape in the least squares fits to theay data. 5/27) level, weak lines were identified at energies of
For the time resolution determination we fit the prompt~5 keV below that expected for 40281572, 4028
peaks of the x-ray lines with a central Gaussian supple— 2348, and 4028-2939 transitions. Note the experimental
mented by both early and late tailsnergy windows were uncertainty for the 4028 keV excitation energy is about
used to select the x-ray3/Ve found that, for photon energies +2 keV [20], so these peaks in the Rl data may be

IIl. EXPERIMENTAL RESULTS
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5/2% o 3421 <70fs D. Cascade feeding

(=]
30t e 030 A serious concern iry-ray studies is cascade feeding into
5/2* N 0717 &Ofs interesting *°S levels from higher-lying levels. If missed,

: " such production of°S states would distort the interpretation
3/2° < 2348  0.89ps of the r_neasured rates, hyperfine dependences and angular
7/2- s 1991 1.02ns correlations, .

5 Although the comparison between our R@l data and
= the NNDC Tableg20] gave only five cleany-ray matches,
some y-peaks were never identified and mafyS states
have unknown decays. Therefore we performegd-& coin-
cidence measurement in order to study the total amount of
cascade feeding t3°S levels. Specifically, we determined
the counts for interesting-ray lines in the HPGe singles
32+ 0 8754 spectrumdenoted\) and the HPGeNal coincidence spec-
’ trum (denotedN(), and computed the super-ratio
J Sulfur—35 E(keV) lifetime - NZ/NZ o
FIG. 1. %S energy level diagram showing cleanly identified ¢ NEO8Y NSO
vy-rays. The energies, spin-parities, lifetimes, and branching ratios
were taken from Ref.20]. The coincidence fractiofy, reflects the total number of other

y-rays in prompt coincidence with the interesting-ray.
evidence that the energy of the state is actually about 402Rote in Eq.(2) the ratioNS*®YNS°®° was obtained by mea-

keV. suring the well known 1.17 and 1.33 MeV coincidentays
from a Co-60 source. The ratlS°®YNS°° serves to nor-

C. Line intensities malize the ratioNX/NZ. We stress that the approach has

To determine they-ray yields peruCl atom formed, we limitations: (i) it cannot distinguish feeding via a single-step
employed the equation cascade from a multi-step cascade, @indits interpretation

assumes an energy-independent acceptance for-thg de-
y tection by the Nal arraythe latter assumption is fairly rea-
Yy:mcabcsv’ (1) sonable for y-ray energies from 0.5 to 3.0 MgV The
“w iso . : . o
method is described in detail in Refd.1,13.

. ) The measured coincidence fractioihsfor *°S y-rays are
whereN, is the number ofy-rays detected\, is the number |isted in column seven of Table I. For the 1991, 2348 and
of lifetime-corrected muon stopsA(Q)(E) is the photon ac- 2717 keV y-rays the table shows the presence of consider-
ceptance at the appropriate enerly, is then™ Cl atomic  aple feeding from unidentified levels. The comparison of
capture fraction, an€,, andCs, are minor correction fac-  experiment and theory is therefore not warranted in such
tors, described below. The-ray countsN, were obtained cases. However for the 2939 and 3421 keVays the table
from fits with Doppler broadened or Gaussian line shapeghows the absence of large amounts of cascade feeding.
(see Sec. lllA. The atomic capture fractiorfis,=0.59  Therefore we focused our attention on the model-data com-

+0.04, i.e., the fraction of muon stops in NaCl that undergoparison of the physical observables in tHeCI(3/2*,0)
atomic capture on Cl, was taken from REgf1].! The factors —355(3/2",2939) transiton and the 3°CI(3/2",0)

Cap and Cs, accounted for photon absorption in the target_,35g(5/2" 3421) transition.
and self-vetoing by the suppress@,(, varied from 1.02 to
1.03 andCg, varied from 1.06 to 1.16). They are discussed
in detail in Ref.[11].

The resultingy-ray yields penCl atom formed are given To convert they yields to capture rates we accounted for
in Table I. The dominant uncertainties were the measuremetibie y-ray branching ratiogtaken from Ref[20]) and multi-
uncertainty in the atomic capture fraction 0f7% (see Ref.  plied by the muon disappearance réteken from Ref[25]).

[21] for detaily and the normalization uncertainty in the For 35CI(3/21,0)—°S(3/27,2939) and 3CI(3/2",0)

muonic x-ray calibration of- 15% (see Ref[11] for detaily. ~ —3°S(5/2",3421) the resulting rates and experimental un-

The statistical uncertainties iN.,, and total uncertainties in certainties are listed in Table II.

C.p andCg, were negligible. Because of the hyperfine effect in the” Cl atom, the
experimental capture rates are combinations of hyperfine
capture ratesfor details see Sec. lll)FAssuming an initial

IFor comparison the Ferndi-law yields f,=0.61 and the calcu- Statistical population of the two hyperfine states, the hyper-
lation of Vogelet al.[24] yields f,;,=0.58. The earlier experimen- fine transition rate of Sec. Il F, the published muon disap-
tal work of Knightet al.[22] gavefi,,=0.56 and Zinowet al.[23] pearance rate of Reff25], and a 2.@s wide .~ STOP gate,
gavefi,,=0.49. the observed rates in Table Il are related to the hyperfine

E. Capture rates
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TABLE II. The measured capture rates and hyperfine depen-__ 2.0 : :
dences for the®*CI(3/2",0)—%S(3/2",2939) transition and the P 154 3421 keV |
35CI(3/2",0)—355(5/2",3421) transition. Note that =0.12A ., Lo
+0.88\_ (see Sec. lll F for details % 1.0t---=--= - ZTFT i--‘——l——}——a'——'——-;——-
(E,J™); A AL IA_ i 0-5
(keV) (x10*s™) £ 001 '
4
(2939,3/2) 122522 0.74:0.17 0556 8 10 200 360 460 500
(3421,5/2) 11.9+2.2 1.60-0.19 Time (ns)
2.0 . . . . .
i; 2939 keV
capture rates viaA =0.12A , +0.88A _. The extraction of L "o ;
the hyperfine capture ratid . /A _ is discussed in the fol- % } s e S
lowing section. < L
~
F. Hyperfine dependences § I
In a nonzero spinl#0 target the muonic atom’s SL 0355 0 100 200 300 400 500
atomic state is split into hyperfine states wkh =1+ 1/2 Time (ns)
and F_=1-1/2. Due to the spin dependence of the weak 3.0 ' ' ' : :
interaction the capture rates from the hyperfine states ar€® 2.5- 1991 keV
usually different. In certain case®.g., **Cl), during the L -
muonic atom lifetime the upper HF state decays to the lower 3 -
HF state. Consequently, the time dependence-tdys from < -
-~ capture has the form N 0.51 -
Ae2ol(1+ ke Ant, @ Z _gs , , , , ,
=100 0 100 200 300 400 500

Time (ns)
whereAp is the u~ disappearance ratd,;, is the hyperfine )
transition rate, andk is related to the hyperfine dependence FIG- 2. Time spectra for the 199¢-ray (bottom), 2939 y-ray
of muon capture vik=f . (A, /A_—1). The quantityf , is (centej, and 3421y-ray (top). The points are the experimental data
the fractional population of thE , state at=0. For a spin- and the solid lines are the least squares fits. The muon disappear-

S . . “divi g he hyperfine
3/2 target and a statistical HF populatif6] the factor is ~ 27C€ rate was “divided out” to better demonstrate t
f, :5/3. Consequently, if}, is n(gitr?er tongﬁa]st nor too slow effect. Note the very large hyperfine effect for the 1991 keYay

(ie., Ap~Ap), the hyperfine dependence of muon Capture\év;z”ugsed to fix the hyperfine transition ratg (see Sec. Il F for

can be determined from the time spectrum of jheays.

For eachy-ray line its time-binned energy spectra were |n addition, representative fits to thejrray time spectra are
first fit to appropriate Gaussian or Doppler line shapes irshown in Fig. 2 and representative sensitivities to the various
order to determine its time spectrum. Theay time spectra fitting parameters are shown in Tables Ill and IV. The quoted
themselves were then fit to a convolution of the theoreticakrrors forA . /A _ include the statistical errors in the fitting
time dependencgEq. (3)] with the measured HPGe time procedure and the sensitivities to the determination of the
resolution(Sec. Il A). We accounted for the slight distortion instrumental resolution and the muon pile-up.
of the disappearance rate due to muon pile-up in th€®la
target by the method described in REf1] (a 4% effect. G. Angular correlations
Additionally we investigated the sensitivities af, /A _ and
Ay to the various parameters of the instrumental responsg.
and the muon pile-up.

In this analysis we employed the 1991 ke)ray time
spectrum to determine the hyperfine transition rage(since
the 1991 keVy-ray has a very large hyperfine effediote,
our best fit value ofA,=10.1+1.0us ! for this NaCl ex-
periment and the earlier value of,=8.1+2.2us ! for a
LiCl experiment[27], are consistenfwe are also consistent
with the recent experiment of Stocki al. [28]). Also our
experimental rate is in reasonable agreement with the pr
dicted rate ofA,=8.0 us ! from Ref.[29]. 1+ aP,(cosh), (4

The best fit values for the hyperfine dependences of the
2939 keV line and 3421 keV line are given in Table(ih  where 6 is the angle between the momentum vectors of the
extractingA . /A _ we fixed A}, using the 1991 keWy-ray).  photon and the neutrind?,(cosé) is the Legendre polyno-

Because of the spin dependence of the weak interaction,
e recoil produced in muon capture is usually oriented. In
general, this recoil orientation yields an angular correlation
between the neutrino direction and the deganay direction.
Further, when they-decay lifetime is less than the recoil
stopping time, they—v directional correlation will be mani-
fest in they-ray Doppler spectrum. Both the 2939 keNray
and the 3421 keVW-ray were Doppler broadened.

For unpolarized muons the directional correlation of the
Ep_hoton and the neutrino has the form

065501-4
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TABLE Ill. Results of our studies of the systematic uncertainties in the extraction of the hyperfine
dependence for th&CI(3/2",0)—3°5(3/2",2939) transition. The input parameters in the time spectrum fits
were thet=0 position ¢,), instrumental width ¢), muon disappearance rat&{), and hyperfine transition
rate (A). The last column is the percentage difference of the hyperfine dependence from its central value.
See text for details.

A Ap to o k ALIA- % diff.
x10° s7t x10f s7¢ chans. chans.

8.0 0.225 1504.04 1.923 —-0.15+0.10 0.76:0.16 +2%
10.0 0.225 1504.04 1.923 —-0.15+0.10 0.76:0.16 +2%

8.0 0.235 1504.04 1.923 —0.18+0.10 0.7x0.16 —-5%
10.0 0.235 1504.04 1.923 —0.19+0.10 0.7G:0.16 —6%
10.0 0.225 1503.84 1.923 —0.14+0.10 0.78:0.16 +5%
10.0 0.225 1504.24 1.923 —0.16+0.10 0.74:0.16 0%
10.0 0.225 1504.04 1.82 —0.15£0.10 0.76:0.16 +2%
10.0 0.225 1504.04 2.02 —0.15£0.10 0.76:0.16 +2%
10.0 0.225 1504.04 no tail —-0.15+0.10 0.76:0.16 +2%

mial, ande is the y—v angular correlation coefficient. Note, we found the input value of/ts and output value ofr were
for recoil spinsJ<2 or y-ray multipolaritiesL<2, higher-  highly correlated whenr/t;>0.05 (see Figs. 5 and)6 For
order Legendre polynomials do not contribute. 7/ts<0.01 the 2939 keV line yielded'=—0.43+0.13 and
To fit the y-ray Doppler spectra, and extract the-v the 2939 keV line yieldedv= —0.39+ 0.05 (the quoted er-
correlation coefficient, we convoluted the theoretical Dop-fors for the coefficients include the statistical uncertainties
pler spectrum with the HPGe instrumental line shape. In thdrom the fitting procedure and the various sensitivities to the
fitting procedure we fixed the line shape parameters at thefftting parameters However, for7/ts>0.01 the magnitude
known values, and studied the background sensitivity by tryof « decreases as the value ofts increases. Therefore,
ing background shapes of various forrtesg., linear, qua- since independent determination of theray lifetimes are
dratic, and exponentiglRepresentative fits to the 2939 keV currently unavailable, our results far are functions ofr/tg
and 3421 keV lines are shown in Figs. 3 and 4 and typicali-€., the plots of Fig. 5 and Fig.)6When the necessary
sensitivities to the fitting parameters are listed in Tables \ifetimes are finally measured the correlation coefficients
and VI. For the 2939 keV line a concern is clearly the back-may be read off these figures.
ground line at 2935 keV, which obscures a portion of the Finally because of the hyperfine effect, the observed co-
Doppler broadened spectrum of the 2939 kevay. efficient« is a linear combination of the two coefficients.
Unfortunately the Doppler line shape may be distorted byof the twoF .. states. Specifically the observed correlation
the slowing down of the recoil ion. Specifically, if the is (see Ref[37] for detail9
slowing-down timetg and they-ray lifetime = are compa-
rable, then the line shape is a function of the coefficient o= NiAsa,+n-A_a_
and the ratior/ts. From sample fits with different lifetimes nyAy+n A

®)

TABLE IV. Results of our studies of the systematic uncertainties in the extraction of the hyperfine
dependence for th&CI(3/2",0)—3°S(5/2",3421) transition. The input parameters in the time spectrum fits
were thet=0 position ¢,), instrumental width ¢), muon disappearance rat&{), and hyperfine transition
rate (A). The last column is the percentage difference of the hyperfine dependence from its central value.
See text for details.

Ay Ap to o k AL IA % diff.
x10° s7t x10° st chans. chans.

8.0 0.225 1504.04 1.923 0.40.11 1.66-0.18 +4%
10.0 0.225 1504.04 1.923 040.10 1.64+0.16 +2%

8.0 0.235 1504.04 1.923 0.3%.10 1.56:-0.18 -3%
10.0 0.235 1504.04 1.923 0.390.10 1.54-0.18 —4%
10.0 0.225 1503.84 1.923 0.390.10 1.54-0.18 —4%
10.0 0.225 1504.24 1.923 0.3D.10 1.59-0.18 -1%
10.0 0.225 1504.04 1.82 0.239.10 1.62-0.18 +1%
10.0 0.225 1504.04 2.02 0.39.10 1.62-0.18 +1%
10.0 0.225 1504.04 no tail 0.38).07 1.61+0.11 +1%

065501-5



AROLE et al. PHYSICAL REVIEW C 66, 065501 (2002
#1400 TABLE V. The systematic uncertainties in extracting thev
g ] correlation coefficient from the Doppler lineshape of the
Siz000 1 35CI(3/2",0)—255(3/2",2939) transition. Note we used a Gaussian
1 instrumental lineshape with a centrdg, width o, and small low-
r i energy tail. Different polynomials of different powers were used to
12000 ] explore the sensitivity to the parametrization of the background
r ] (i.e., ;). The last column is the percentage difference of the
11000 ] angular correlation from its central value. See text for details.
[ ] Parameter Amount Correlatiam % diff.
10000 - ] varied changed
g 1 =X i=0.0 —0.44+0.04 -2%
C =X i=1.0 —0.44+0.04 —-2%
i 14 X i=2.0 —0.44+0.04 —2%
8000~ + g ++
it o +20.0% —0.31+0.04 +28%
r ] o +10.0% —0.37:0.04 +14%
7000 ] o —10.0% —0.49+0.03 —14%
L ] o —20.0% —0.55+0.03 —28%
Moo Ter0 tes0 e 100 70w e Eo +04changed  -033:0.04  +23%
Channel Eo +0.2 changed —0.36+0.04 +16%
Eo —0.2 changed —0.49+0.04 —14%
FIG. 3. Sample fit to the Doppler broadened energy spectrum ofz —0.4 changed —0.54+0.04 —26%
the 2939 keVy-ray (the narrower Gaussian-shaped peak £% Tail 150.0% —0.39+0.03 19%
background line at 2935 kegV Tail _50.0% 0.42+0.03 20

wheren, /n_ is the relative muon occupancy of the hyper-

fine states and\ /A _

is the relative capture rates from the

IV. INTERPRETATION

hyperfine states. The relative occupancy was taken from Sec.

lII'F and isn, /n_=0.12/0.88=0.14. The hyperfine depen- Herein we discuss the comparison of experiment and
dences were taken from Table Il, and are @417 for the theory for the measured observables in the allowed transi-
(2939,3/2") transition and 1.660.19 for the (3421,5/2)  tions to the (2939,3/2) level and the (3421,5/2) level. In
transition. This vyields «a=0.0%,+0.91«_ for the Sec. IV A we describe the general dependences on weak dy-
(2939,3/2) transition and a=0.18x,+0.82v_ for the namics, and in Sec. IV B we discuss the model calculation

(3421,5/2) tra

nsition.

8000

and input parameters. Section IV C compares the model re-

z TABLE VI. The systematic uncertainties in extracting thev
§ correlation coefficient from the Doppler line shape of the
O 7500 - 35CI(3/2",0)—255(5/2",3421) transition. Note we used a Gauss-
} ian instrumental line shape with a centrdtg, width o, and small
7000 i | low-energy tail. Different polynomials of different powers were
i ﬂ used to explore the sensitivity to the parametrization of the back-
|ﬂ ground(i.e., 2;x"). The last column is the percentage difference of
6500 ! . the angular correlation from its central value. See text for details.
} J
6000 | ){ji *i* . Parameter Amount Correlatiam % diff.
L ! ] varied changed
g W -
ssoo by hifh , . X i=0.0 —0.39+0.04 0%
i } Y b I i=1.0 —0.38+0.04 +3%
5000\~ ﬁ*ﬂ *Hﬂﬂﬁlﬁi**i # +|Iﬁ DI i=2.0 —0.39+0.04 0%
b o +20.0% —0.41+0.04 —5%
4500 - o +10.0% —0.40+=0.04 —-3%
o —10.0% —0.39£0.03 0%
400?\ T S A S R S S A A S T —20.0% —0.39+0.03 0%
880 1900 1920 1940 1960 1980 2(():010;311“2(;20 Eo +0.4 changed —0.39+0.04 0%
Eq +0.2 changed —0.39£0.04 0%
FIG. 4. Sample fit to the Doppler broadened energy spectrum oE, —0.2 changed —0.38:0.04 +3%
the 3421 keVy-ray (the weaker Doppler broadened peak i&de Eo —0.4 changed —0.39+0.04 0%

background line

at 3432 keV
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0.2 — — — : f and the operators without subscripts act on leptosasd 7*
0.1 L converts the muon into a neutrino. Note that the leading con-
tribution of g, is to the effective couplin@, and the leading
—0.07 i contribution ofg, is to the effective couplingse. In the
—0.1- = Fujii-Primakoff approximation only the allowed GT operator
{ and the allowed Fermi operator are retained following the
5 —0.2 1 B ; ;
multipole expansion of Eq6).
—0.34 { B First consider the hyperfine dependence of muon capture.
—0.4 { { L We note in the multipole expansion of the Fujii-Primakoff
{ { Hamiltonian theG, term makes allowed contributions to
=059 i neutrino waves with total angular momentgfi= 1/2* only
—-0.6 15 — —5 —5 = g whereas theGp term makes allowed contributions to neu-
10 10 o / L 10 10 trino waves with total angular momentujfi= 3/2" [this dif-

FIG. 5. The y-v angular correlation coefficient versus the
ratio 7/t for the 35S 2939 keVy-ray. Only the statistical errors

are plotted.

sults with the experimental data, and emphasizes the send!
tivities to the weak couplings and the nuclear structure.
Note that we restrict the comparison of theory and experi

ference is because of in Eq. (6)]. In 3/2"—5/2" transi-
tions, neutrinos withj = 1/2° may be emitted irF . capture,
but neutrinos withj =3/2" must be emitted irF_ capture.
This makesA , /A_>1 and a strong function of the ratio
/g, . However in 3/Z —3/2* transitions the emission of
1=1/2* neutrinos is possible for botk, atoms andF_

atoms. This maked | /A_~1 and a weaker function of the

ment to the capture rates and the hyperfine dependence@‘.tio 9p/Ya-

Interpretation of the correlations is not possible at the mo-
ment as they-decay lifetimes and their mixing ratios are not

currently available.

A. Fuijii-Primakoff approximation

Next consider they—v correlation in muon capture. Note

in Eq.(6) theG4 term is a vector in spin—space while tBg

term is a scalar in spin—space. Consequently, in most cases
the magnetic substates of recoil nuclei are populated differ-
ently by allowed contributions that originate from tia,

term and theGp term. This makes the recoil orientation, and

To demonstrate the basic features of the physical obseryperefore they—v correlation, a function ofi, /g, . However

ables in allowed 3/2—3/2" and 3/2 —5/2" transitions we

an exception isy—v correlations in 3/2—5/2" transitions

first review some results of the Fujii—Primakoff approxima- onFE_ atoms. In such circumstances the emissiod-afave

tion [30,31. Recall that the Fujii-Primakoff Hamiltonian for

nuclear muon capturg82] is

v’s is required and only th&p term generates an allowed
contribution. Consequently for 3/2-5/2" transitions on

1o DA F _ atoms the recoil orientation ang-v correlation is inde-
Het o VZ - pendent of the coupling constants in the Fujii—Primakoff ap-
2 = proximation. The potential usefulness of thev correlation

X(GVl'li+GA 0"0'i+Gp0"’1\/U'i';/)5(r_ri),

coefficients for model testing is illustrated further in the Ap-
pendix.

(6) In summary, different observables offer different sensitivi-
ties to the weak couplings and the nuclear structure. For
wherev is they-momentum unit vector, 1 and are unitand example, the hyperfine dependende, /A_ in a 3/2
spin matriceqthe operators with subscripts act on nucleons—5/2" transition is particularly sensitive to the induced

pseudoscalar coupling and the correlation coefficientin a

0-2 { 3/2* —5/2" transition is particularly sensitive to the forbid-
0.1 B den matrix elements. In principle they enable a means of
—00- L both extracting the weak couplings and testing the nuclear
structure.
-0.14 | -
s —0.2 1 B B. Model calculation
—0.31 | ! r Our model calculations of the capture rates and hyperfine
—0.4- { { t L dependences were performed in the impulse approximation
using the shell moddkquations for the capture rates and the
=057 i hyperfine dependences are published in RE38,34,37).
-0.6 15 —r — —5 — — Specifically, we used the computer codgBAsH [35], the
10 10 0 y O 10 10 complete 5—-0d space, and the universal SD interaction

[36]. We fixed the weak vector and magnetic couplings to the

valuesg,=1.000 andg,,=3.706 and varied the weak axial
and induced pseudoscalar couplings. P35 nuclear ma-
trix elements were computed with harmonic oscillator wave

FIG. 6. The y-v angular correlation coefficient versus the
ratio 7/t for the 35S 3421 keVy-ray. Only the statistical errors
are plotted.
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0.6 1 L L £~ 25000
2 20000
—~ 057 - S 150007
T ol i 2 15000 AT
oY S 5000 s
> o 2939 keV
= 037 B e %% 25 5.0 75 00 125 150
el
o gp/9a
E/ 02 . L ?25000 :
5 2 20000
“ 0.1 - S 15000 e :
A,
0.0 [ | +
0 5I> 'IIO 15 20 é 50001 3421 keV
Excitation energy (MeV) o % , , . , ,
0 25 5.0 75 00 125 5.0

FIG. 7. The calculated distribution G¥Cl— 35S allowed GT 9p/90

strength distribution BgT) using the 5—-0d shell model and the FIG. 8. The calculated capture rate=0.12A , +0.88\ _ for
universal SD interactiofisee text for details the %CI(3/2",0)—%5(3/2",2939) transition (top) and the
35CI(3/2",0)—2%5(5/2",3421) transitior(bottom). The solid lines
are forg,=—1.26 and the dashed lines are fpy=—1.00. The

functions and an oscillator parameter1.90 fm. The mo- Ehaded bands correspond to our experimental results.

mentum transfer was computed using the experimental val
ues of excitation energiggiving q=101.17 MeVt for the _ _
2939 keV state andj=100.59 MeVt for the 3421 keV C. Comparison of experiment and theory

statg. Finally the »~ *Cl atomic wave function was as-  Figure 8 shows the results of our calculations of the cap-
sumed to be uniform in the nuclear volume and computedure rateA =0.12A ;. +0.88A _ to the (2939, 3/2) state and
employing a muon wavefunction reduction factor Bf  the (3421,5/2) state. As expected we found that the rate is
=0.521(see Waleck#33] and references thergirMore de-  most sensitive to the value of the couplimg. For g,
tails are given in Ref{11]. o =-1.26 andg,/g,=6.8 the computed rates were 12.2
The arguments we made in Sec. IV A for sensitivities of x 103 52 for the (2939,3/2) state and 154 10° s~ for
observables tg, andg, were based on the dominance of the i, (3421,5/2) state. Forg,= —1.00 andg,/g,=6.8 the

allowed GT matrix element in the interesting,(v) transi- computed rates were 84L0° s~ ! for the (2939,3/2) state
tion. However our model calculations show a large ~1 ' '
. and 12.3<10° s ! for the (3421,5/2) state. The calculated
(0%5/2)12(131’2);(0%/2{3 cognggnellt in the”Cl gtrquntﬂ st;’;\te rates are remarkably close to the corresponding measure-
and a arge (Gsy)™(151/7)°(0dg))" component in the two o of (12.22.2)x10° st and (11.92.2)x10% s !
S states. Consequently thes;3—0d5, single particle respectively

transition s important i both 35CI(3/2+’0) Concerning the induced pseudoscalar coupling, the calcu-
—.355(3/2",2939) and5CI(3/2",0)—35S(5/2",3421). Fur- g P piing,

thermore for B,,—0ds, single particle transitions the al- lated (3421,5/2) rate was found to exhibit some sensitivity

lowed GT matrix element is zeréthe operator obeying a t© 9p but the calculated (2939,3/2 rate was found to ex-
Al=0 selection rulg This amplifies the importance df  hibit no sensitivity tog, (see Fig. 8 This finding is in agree-
=2 forbidden contributions in both transitions. A serious Ment with the expectations of the Fuji—Primakoff approxi-
concem is clearly therefore the correct accountinglfep ~ Mation(see Sec. IV A

transition in the 3°CI(3/2*,0)—3°S(3/2",2939) and the Perfine dependenca /A _ of the (2939,3/2) transition
35C|(3/2",0)—35S(5/2",3421) 2 and the (3421,5/2) transition. Note as argued in Sec. IV A,

We further note that the calculation shows that el the 3/2'—5/2" hyperfine effect is quite strongly dependent
355 GT strength is spread over many states wih ©ONn gp Whereas the 3/2—3/2" hyperfine effect is quite
<10 MeV (see Fig. 7. This contrasts witttNa—2?*Ne and ~ Weakly dependent ow,. For g,/g,=6.7 the calculation
283, 28| (other cases of capture work on §-0d nuclej ~ gives A, /A_=1.3-1.4 for the (3421,512 transition and
where only a few states are found to exhaust a large fractioft+ /A -=0.45-0.46 for the (2939,3/2 transition (the

of GT strength(for more details see Gorrings al. [15]). range corresponds to choosing eithgy=—1.00 or g,
=—1.26). For comparison the experimental values are

1.60+0.19 and 0.740.17, respectively.
2The full calculation shows numerous other configurations with ~ Clearly the model calculations and experimental results
additional holes in the @ ,~1s4; orbitals of the relevana=35  for hyperfine dependences are in semiquantitative agree-
states. These generate single particle contribution€@i(3/2°,00  ment; for example, both concurring thfat capture is stron-
—.355(3/2,2939) and 35CI(3/2",0)—35S(5/2",3421) involving  ger for the (2939,3/2) transition and~, capture is stronger
0d—0d and 1s—1s transitions. Such single particle transitions for the (3421,5/2) transition. However, at the level of 1-2
generate substantial allowed Gamow-—Teller contributions. o, some indication of disagreement between model and data
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1.00

=

<
>~ 0.501

<
0.25+

2939 keV
10.0 12.5 15.0

009% 25 5.0 75

3421 keV
10.0 125 15.0

0%% 25 5.0 75
9p/ga
FIG. 9. The hyperfine dependence\ /A_ for the
35CI(3/2",0)—355(3/2",2939)  transition (top) and the
35CI(3/2",0)—355(5/2",3421) transition(bottom. The solid lines
are forg,=—1.26 and the dashed lines are fjy=—1.00. The
shaded bands correspond to our experimental results.

is suggested fog,/g,=6.7, the data favoring a smaller

value ofg,/g,.

Is this evidence for the medium modification of the in-

duced coupling? Recall in discussing the= 35 structure in
Sec. IVB we identified the large contribution ofsg,

—0dg, transitions and =2 forbidden operators. For ex-

ample, the fact that A,~A_ not A,>A_ for

35CI(3/2%,0)—°S(5/2",3421), both in the data and in the
model, is supporting evidence that forbidden terms are im
portant here. This means that the observables are sensitive
the ratio between the allowed Gamow-Teller matrix element§h
and the various=2 forbidden matrix elements. The matrix "
elements are rather dependent on the particular admixtures 8Lf1
leading
(0dsp) Y4 15,/,)#(0ds,0) 2 configuration for®®Cl and the lead-

the various hole-states in the
ing (0ds,)'4(1s,/,)%(0d3,)° configuration for 3°S. There-
fore we believe it is unwise to blame the coupliggfor the

small discrepancies between the model and the data.

In Sec. Ill D we discussed in detail our concerns over,
cascade feeding from the higher lyingS levels into the
interesting3>S levels. Although no higher lying levels were

convincingly identified in the singles data, and paay co-

PHYSICAL REVIEW C 66, 065501 (2002

state with a hyperfine dependence08, /A _<2.4 would

also not change our result by more than the quoted experi-
mental uncertainty=0.1923 In such circumstances our con-
clusions regarding the comparison of model and data and the
values ofg, and g, are not affected. However, with both
25-30% cascade feeding and a larger hyperfine effect, the
measured hyperfine dependences and direct hyperfine depen-
dences would be significantly different. While the combina-
tion of such large cascade feeding with such large hyperfine
dependences is not excluded by our data, we think it un-
likely.

V. CONCLUSION

In summary, we have measured theray spectra from
muon capture on isotopically enriched Ral. For the
35CI(3/2",0)—2°S(3/2",2939) transition and®>CI(3/2",0)
—355(5/2",3421) transition we obtained their capture rates,
hyperfine dependences amel correlation coefficients. Con-
cerning the capture rates and hyperfine dependences the ex-
perimental results are in semiquantitative agreement with a
large basis shell model calculation usigg/g,=6.7 and
g.=—1.00(or g,= —1.26). However, we note that larde
=2 forbidden contribution from large si,,— 0ds, single
particle transitions are probable indications of model depen-
dences. We therefore are unwilling to claim a determination
of g, nor g, , with any precision.

For the angular correlations, since independent measure-
ments ofy-ray lifetimes and mixing ratios are currently un-
available, the comparison of model and data was thwarted.
X\/ith such supplementay-ray data the correlation coeffi-

fonts for the twoy-rays would permit additional testing of
e calculation and the extraction of the coupligg. For
rther details see Sec. Il G and the Appendix. We therefore
courage any future efforts to measure these quantities.
We would also encourage a more thorough theoretical in-
vestigation of these allowed Gamow-Teller transitions. In
particular, a more quantitative assessment of the model un-
certainties and the various approximations is worthwhile. For
example, in our model we have employed a uniform muon
wavefunction and harmonic oscillator nuclear wave func-
tions, and the effect of these simplifications on the observ-
ables should be studied.

incidences were observed in the coincidence data, a contri-

bution of up to 30% feeding to the 2939 keV level and up to
25% feeding to the 3421 keV level is not excluded. For the
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dependences the “worse case scenario” for cascade feeding

is somewhat more difficult to quantify. For the 2939 keV line

a 30% feeding from a higher lying state with a hyperfine 3note for the 2939 keV line, whera , /A <1, feeding from a
dependence 0.86A , /A _<1.4 would not change our result state with a hyperfine effect , > A _ is more troublesome whereas

by more than the quoted experimental uncertaint.17,

for the 3421 keV line, wherd . /A _>1, feeding from a state with

and for the 3421 keV line a 25% feeding from a higher lying a hyperfine effeci\ . <A _ is more troublesome.
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APPENDIX: USEFULNESS OF THE y—v CORRELATIONS

In this appendix we describe the usefulness of the
correlation coefficients in the testing of the nuclear mode
calculation. We consider the example of the 3421 kekay
from the (5/2+,3421) excited state. Assuming negligible
slowing-down effects the measured-v correlation coeffi-
cient was found to ber= —0.39+0.05.

In our toy model for the®Cl(3/2",0)—3°S(5/2",3421)
—35(3/27,0) sequence we will assume that the
353(5/2",3421) lifetime is fast enough that slowing-down
effects are negligible and that the 3421 keVay is pure M1

radiation. The purpose of the toy model is to illustrate the

potential sensitivities of the correlatiom, and the impor-
tance of a measurement of tHeS(5/2",3421) lifetime and
the 3421 keVE2/M1 mixing ratio.

According to Ciechanowicz and Oziewi¢37] the y—v
angular correlation coefficient may be written as the prod-
uct

a:aZBZI (Al)
wherea, is determined by the. capture process ar, is
determined by they-decay process. We obtaineg using

PHYSICAL REVIEW C 66, 065501 (2002

TABLE VII. Toy model results for they-v correlation coeffi-
cient « in the 3CI(3/2",0)—3%5(5/2",3421)-35(3/2",0) se-
quence. The results labeled “full” corresponds to the complete
Imodel calculation and the results labeled “approx” corresponds to a
model calculation omitting the second forbidden matrix elements.
The quoted values are fg,= —1.26.

9p a a
“full” “approx”
0 —0.240 —0.216
— —0.236 —-0.210
-8 —-0.232 —0.203
—-12 —0.228 —0.196

Our toy model results are given in Table VII fa,
=—1.26. It shows results from the full calculation as well as
from a calculation omitting the interesting second forbidden
matrix elements. As argued in Sec. IV A the correlation co-
efficient is rather weakly dependent on the induced coupling
gp but somewhat more dependent on second forbidden
terms.

Our measured value= —0.35+0.05 and the calculated
valuesa= —0.23 are significantly different. Unfortunately in

the 1s—0d shell model with the universal SD interaction as the absence of any experimental data on the state lifetime
discussed in Sec. IV B. We tod&,= +0.3741 from Table | and theE2/M1 mixing ratio it is impossible to know if the

of Ciechanowicz and Oziewid87] under the assumption of discrepancy is a reflection of problems in the model calcula-
a pure M1 decay. Note that we computed the two correlation of the muon capture or the invalidity of our model as-

tions coefficientsa™ for the two hyperfine stateB. and
then combined the values to obtain the observed correlatio
a=0.18x,+0.82x_ (see Sec. lll G for detai)s

sumptions of fasty-decay and purd 1 radiation. We there-
fore strongly encourage the measurements afd é for the
355(5/2",3421)-355(3/27,0) y-decay.
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