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Isotope dependence of radiative muon capture on the58,60,62Ni isotopes
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We report measurements of the photon rates and energy spectra from inclusive radiative muon capture on
three nickel isotopes using a photon pair spectrometer at the TRIUMF cyclotron. The values ofRg , the partial
branching ratios of radiative muon capture for photon energies.57 MeV, for 58,60,62Ni were found to be~in
units of 1025) 1.4860.08, 1.3960.09, and 1.0560.06, assuming a Fermi-gas photon spectral shape. The
results reveal a significant isotope effect in the nickel branching ratios and a simple empirical scaling of the
present nickel and earlier nuclearRg data with neutron excess. Furthermore, the observed atomic mass and
neutron excess dependence of the entire nuclearRg data set is well reproduced by a relativistic Fermi-gas
calculation. The ability of the model to reproduce the variation of theRg data using the Goldberger-Treiman
formula forgp suggests there is no compelling reason to invoke a more exoticA-dependent renormalization of
gp . @S0556-2813~98!00409-9#

PACS number~s!: 23.40.Hc, 11.40.Ha, 27.40.1z, 27.50.1e
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I. INTRODUCTION

In semileptonic weak interactions the nucleon’s axial a
induced pseudoscalar form factorsFA(q2) and FP(q2) and
coupling constantsga5FA~0! and gp5FP(20.88mm

2 ) em-
body how the strong interaction dresses the nucleon’s w
interaction. The approximate chiral symmetry of light qua
interactions relates these weak form factors to the pion de
constantf p and the pion-nucleon coupling constantgpNN . It
predicts that the induced pseudoscalar coupling is due
single pion exchange between the nucleonic current~to
which it couples strongly! and the leptonic current~to which
it couples weakly! and yieldsgp56.5ga , a solid prediction
of low-energy QCD@1,2#. The controversy concerning th
experimental determination of the pseudoscalar coupling
the free proton, with ordinary muon capture on H2 yielding
gp5(7.061.3)ga @3# and radiative muon capture on H2
yielding gp5(9.860.760.3)ga @4,5#, has not~yet! seriously
threatened the theoretical foundations ofgp .

When investigating bound nucleons rather than f
nucleons, one normally uses the impulse approximation
replaces the free axial and pseudoscalar couplingsga andgp

by effective axial and pseudoscalar couplingsg̃a and g̃p.
Differences between the free and effective couplings, du
the intrinsic differences between free and bound nucl
structure, to the effects of two- throughA-body exchange
currents, and to deficiencies in nuclear models, are of c
siderable interest. Theoretically, the renormalization ofg̃a

and g̃p via mechanisms including core polarization@6,7#,
mesonic currents and isobar excitations@8–10#, and the par-
tial restoration of chiral symmetry@11#, have been explored
Experimentally, while a lot is known about the size and s
tematics of the effective axial coupling in nuclei@12,13#, not
much is known about the effective pseudoscalar coupling
nuclei.
PRC 580556-2813/98/58~3!/1767~10!/$15.00
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It has been argued for many years thatRg , the ratio of the
rates of inclusive radiative muon capture and inclusive or
nary muon capture~for the experimentally observable pho
tons.57 MeV!, is relatively sensitive to the induced pse
doscalar coupling and relatively insensitive to the nucl
structure ingredients~see, for example, Ref.@14#!. The argu-
ment for the pseudoscalar coupling sensitivity is based on
four-momentum transfer which is far from the pion-pole

ordinary muon capture~OMC! ~making the effect ofg̃p

small! but can be close to the pion-pole in radiative mu

capture~RMC! ~making the effect ofg̃p large!. Detailed cal-
culations@15–22# generally confirm thatRg is sensitive to

g̃p, with Rg roughly doubling wheng̃p is changed from 0 to

6.5ga , and roughly doubling again wheng̃p is changed from
6.5ga to 13ga . The argument for the structure insensitivity
naively grounded in the partial cancellation of the nucle
matrix elements in the ratio of the RMC and OMC rate
However, because of the different role of the Gamow-Te
dipole and quadrupole matrix elements in RMC and OM
the cancellation of the nuclear structure dependences inRg is
incomplete.

Recent experimental work by groups at PSI@23,24# and
TRIUMF @25–27# have yielded high-quality nuclear RMC
data for light, medium, and heavy nuclei. These RMC rat
together with the corresponding OMC rates@28#, reveal a
simple systematic trend in the radiative muon capture pa
branching ratio across the Segre´ chart: Rg decreases asA
increases.

A number of authors have used a variety of models@15–
22# to calculate the dependence ofRg on g̃p and thereby
enable extraction of the effective pseudoscalar coupling fr
the nuclear RMC data. Using the available model calcu
tions, Gmitröand Truöl @29# and Döbeli et al. @23# pointed
out that the systematicA dependence of theRg data maps
1767 © 1998 The American Physical Society
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1768 PRC 58T. P. GORRINGEet al.
into a strikingA dependence of the couplingg̃p. These au-
thors conjectured a substantial renormalization of the ps
doscalar coupling in the nuclear medium, with a large

hancement ofg̃p for light nuclei and a large quenching ofg̃p

for heavy nuclei. Interestingly, Ericsonet al. @8#, based on
the effects of pion exchange currents andD-hole excitations,
had previously speculated that the pseudoscalar coup
might be substantially quenched in the nuclear medium.

However, there are good reasons to be rather caut
about interpreting the systematics ofRg with A as evidence
for the quenching ofg̃p with increasing mass number. On
reason for caution is that the small values ofg̃p in heavy
nuclei are obtained by applying the Fermi-gas model@17#,
whereas the large values ofg̃p in light nuclei are obtained by
applying the shell model@19–21#. Therefore the systematic
of the extracted values ofg̃p with the atomic mass may in
fact reflect the systematics of the extracted value ofg̃p with
the nuclear model. It is evident that before one claims
decrease ofRg with A as evidence of a decrease ofg̃p with
A, one must assess the alternative sources of systemati
pendences ofRg on A.

In fact, a number of effects~including variations in muon
binding energy, proton Coulomb energy, and Pauli blocki!
will lead to systematic variations ofRg with A. These effects
influence the phase space, and consequently the ca
rates, for OMC and RMC. Since they influence the ph
space and capture rates for OMC and RMC differently, th
also influenceRg . Whether such effects can or cannot a
count for the systematic behavior of theRg data is, therefore
the basic question.

Several theoretical papers have examined the behavio
Rg with A including, most recently, the work of Fearing an
Welsh @18#. Using a relativistic Fermi-gas model and th
local density approximation they observed a number of s
tematic dependences ofRg on atomic numberZ, atomic
massA, and neutron excessa5(N2Z)/A. For example, the
increase in muon binding energy withZ yielded a decrease
in Rg with Z and the increase in Pauli blocking witha
yielded a decrease inRg with a. Including such effects
Fearing and Welsh found reasonable agreement betwee
calculated and measured dependence ofRg on A. However,
the comparison of model and data made by Fearing
Welsh was somewhat limited by the published experime
data set. Specifically, the RMC data were from targets w
strongly correlated values ofA and a, rendering separation
of the empirical atomic mass and neutron excess depend
of Rg difficult.

This work is the first experimental study of the isoto
effect in radiative muon capture. Our main goal is to mo
thoroughly explore the systematic behavior ofRg and, in
particular, to separate the empirical dependences onA anda
of the nuclearRg data. Disentangling the dependence ofRg
on a and A will more critically test the various model ca
culations and assist in isolating the contribution of ‘‘sta
dard’’ nuclear effects~such as Pauli blocking! and ‘‘exotic’’
nuclear effects~such asg̃p quenching!. Specifically, we have
measured partial branching ratios for the58,60,62Ni isotopes
and, in essence, determinedRg while substantially varyinga
and essentially fixingA. We chose the nickel isotopes b
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cause the OMC rates are measured@30#, Fermi-gas calcula-
tions of the OMC and RMC rates are available@17,18#, and
a random phase approximation calculation of the OMC a
RMC rates is underway@31#.

The article is organized as follows. In Sec. II we briefl
describe the RMC spectrometer at the TRIUMF cyclotr
and provide details of the nickel targets, in Sec. III we d
scribe the analysis of the photon rates and energy spe
and in Sec. IV we discuss the extraction of the nickel isoto
partial branching ratiosRg and their comparison to earlie
nuclear Rg measurements and to the Fearing and We
Fermi-gas model calculation@18#.

II. EXPERIMENTAL SETUP

The experiment was performed on the M9A muon bea
line at the TRIUMF cyclotron. Them2 production runs used
a beam momentum of 63 MeV/c and an incident flux of
;43105 s21. Thep2 calibration runs used a beam mome
tum of 75 MeV/c and an incident flux of;83104 s21. The
63 MeV/c m2 beam and the 75 MeV/c p2 beam yielded
approximately the same stopping distribution and stopp
fraction in the nickel targets.

The nickel targets were situated;15 cm downstream of
four beam counters and;15 cm upstream of one vet
counter. Each of the58,60,62Ni targets comprised approxi
mately 55 g of Ni with chemical and isotopic purities o
better than 99%~the targets were supplied by Oak Ridg
National Laboratory!. The 58,62Ni targets were rolled rectan
gular plates of dimensions 5 cm35 cm30.2 cm mounted in
a polystyrene support of mass;6 g. The 60Ni target was
nickel powder contained in a thin-windowed 7 g acrylic box
of inner dimensions 5 cm35 cm30.3 cm and mounted in a
polystyrene support of mass;6 g.

Photons fromm2 stops in the target were detected usi
the RMC spectrometer, which is described in detail in R
@32#. Photons emerging from the target were detected
conversion toe1e2 pairs in a cylindrical lead sheet an
tracking thee1 and e2 in a cylindrical wire chamber and
cylindrical drift chamber.

Data were collected for a total of 5.731010, 7.831010,
and 7.831010 incidentm2 on the58,60,62Ni, respectively, and
4.63109 and 4.83109 incidentm2 on an empty nickel plate
~i.e., polystyrene support! target and an empty nickel powde
~i.e., polystyrene support and acrylic container! target. Data
were also collected from radiative pion capture~RPC! in
carbon and nickel targets for background, calibration, a
normalization measurements.

III. DATA ANALYSIS

A. Event selection

To extract the nonprompt~i.e., muon-induced! photon
events from the raw events we applied a series of c
Tracking cuts required a sufficiently large number of poin
and a sufficiently smallx2 for the fits to thee1 and e2

trajectories. Photon cuts imposed geometrical requirem
on the e1, e2 and photon trajectories, the most importa
being that thee1 ande2 tracks coincide at the converter an
that the photon originate from the target. In addition,
‘‘false photon’’ cut removed events due to ran
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dom combinations of Michel electron tracks, a cosmic
removed events with coincident hits in the cosmic-r
counters, and a prompt cut removed events with coincid
hits in the beam counters. More details on the cuts can
found in Refs.@5,27#.

The nonprompt photon energy spectra and time spe
from the 58,60,62Ni isotopes, after applying the cuts, a
shown in Figs. 1 and 2, respectively. The58,60,62Ni energy
spectra contain 1038, 1492, and 848 photons in the R
energy window 57 to 100 MeV and 0, 1, and 1 photon~s! in
the higher energy window 100 to 150 MeV, respective
@indicative of the small size of the (p2,g) and cosmic back-
grounds#. The muonic58,60,62Ni lifetimes obtained from the
58,60,62Ni time spectra were 15469, 16968, and 188612 ns,
respectively~statistical uncertainties only!, which are consis-
tent with the lifetimes of 152.362.4, 166.262.6, and 193.4
63.5 ns measured by Bobrovet al. @30#.

B. Backgrounds

To obtain the number of nickel RMC events from th
number of nonprompt photon events we subtracted sev
sources of background events. These were~i! radiative muon
capture events fromm2 stops in the acrylic-polystyrene ta
get holders,~ii ! radiative pion capture events leaking throu
the prompt cut,~iii ! m2→e2nn̄g bremmstrahlung event
leaking from the kinematically allowed region below 5
MeV to the kinematically forbidden region above 53 Me
due to the small high-energy tail of the detector respo
function, and ~iv! cosmic-ray events not rejected by th
cosmic-ray cuts. These backgrounds were very importan

FIG. 1. The nonprompt photon energy spectra from the58,60,62Ni
isotopes forE.57 MeV. The58,60,62Ni spectra contain 1038, 1492
and 848 photons in the energy region 57 to 100 MeV and 0, 1,
1 photon~s! in the energy region 100 to 150 MeV, respectively.
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the recent measurement of RMC on H2 ~branching ratio
;1028) but rather small in this measurement of RMC on
~branching ratio;1025). More detailed discussions of thes
background sources can be found in Refs.@5# and @27#.

The most carefully treated background was radiat
muon capture on the polystyrene-acrylic target holders, si
it was different for the60Ni ~powder! target and the58,62Ni
~plate! targets. From fits to the nickel time spectra we det
mined target-holder background contributions of,1.3%,
~4.960.7!%, and,1.8% in the58,60,62Ni nonprompt photon
spectra, while from the measured stops in ‘‘full’’ an
‘‘empty’’ target runs we determined target-holder bac
ground contributions of 0.3 %, 3.8 %, and 0.4 % in t
58,60,62Ni nonprompt photon spectra~using the previously
measured RMC branching ratio for carbon@26#!. Their con-
sistency gave confidence in the target-holder backgro
subtraction.

The other background sources were~i! similar for each
isotope and~ii ! very weak relative to the nickel signal. Fo
the radiative pion capture background we set an upper l
of ,0.4% via the relative counts in the 100–150 MeV r
gion of them2Ni and p2Ni data. For them2-decay brems-
strahlung background we set an upper limit of,0.2% via
Monte Carlo simulations andm1→e1nn̄g measurements o
the high-energy tail~the m1 data were collected during ou
earlier measurement of RMC on H2 @4,5#!. For the cosmic-

d
FIG. 2. The nonprompt photon time spectra from the58,60,62Ni

isotopes. The histogram is the experimental data and the curv
the ‘‘best fit’’ exponential curve. The fit yielded lifetimes for th
muonic 58,60,62Ni isotopes of 15469, 16968, and 188612 ns, and
background contributions of,1.4, 4.960.7, and,1.8 %, respec-
tively. The absence of counts in the time region 0 to 25 ns is du
the prompt cut.
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1770 PRC 58T. P. GORRINGEet al.
ray backgrounds we obtained contributions of~0.42
60.07!%, ~0.3960.07!%, and ~0.7660.13! % for the
58,60,62Ni isotopes via beam-off measurements.

After the subtraction of 4, 79, and 7 background photo
the unnormalized58,60,62Ni energy spectra contained 103
1413, and 841 signal photons in the energy range from 5
100 MeV.

C. Detector response function

To convert the number of RMC photons to a part
branching ratio of RMC photons we required the respo
function of the pair spectrometer. The response funct
D(E,E8) determines the probability of detecting a photon
true energyE with a measured energyE8.

The true (E) and measured (E8) energy dependence o
D(E,E8) was obtained via a computer simulation. T
GEANT Monte Carlo package@34# was used to simulate th
interactions of the initial photon and subsequent electron
the target and detector, and the RMC data analysis pac
was used to analyze the simulated photon events in the s
manner as the experimental photon events. The meas
~i.e., E8) photon energy spectra were simulated for true~i.e.,
E) monoenergetic photon energies of 50 to 140 MeV in
MeV steps. The results revealed a response function c
prised of a Gaussian peak of full width at half maximu
~FWHM! ;12% with a relatively large low-energy tail and
relatively small high-energy tail. A simple analytical fun
tion, described in the Appendix, was fit to the simulat
photon spectra and used to parametrize theE andE8 depen-
dence ofD(E,E8). A similar parametrization was used i
Ref. @27# although, due to the different triggers of this an
the earlier work (A1A8)•B•C•>1D versus (A1A8)•B
•C•>2D, the functional form ofD(E,E8) was somewhat
different.

The absolute normalization ofD(E,E8) was obtained
from a comparison between a measurement and simula
of RPC on12C. The simulated spectrum was obtained us
the analytical form ofD(E,E8) in the Appendix and the
measured RPC on12C photon yield and energy distributio
of Perroudet al. @33#. Figure 3 shows a comparison of th
measured and simulated RPC on12C spectra, in which the

FIG. 3. Comparison of the measured~histogram! and simulated
~curve! photon energy spectra from radiative pion capture on12C.
The simulated spectrum was matched to the measured spectru
multiplying by an overall normalization factor ofF50.89.
,
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simulated spectrum was matched to the measured spec
by multiplying by an overall normalization factor ofF50.89
60.03. The good agreement between the measured
simulated RPC on12C spectral shapes provided confiden
in the calculation of theE andE8 dependence ofD(E,E8).
The value of the factorF is consistent with the inefficiencie
of the trigger scintillators and the wire chambers which a
implicit in the measured spectrum but not in the simula
spectrum. The uncertainty inF is due to the uncertainty in
the RPC on12C photon yield quoted in Ref.@33#.

Several multiplicative correction factors were then a
plied to account for differences between the measuremen
nonprompt radiative muon capture photons and prompt
diative pion capture photons. Three multiplicative factors
counted for the efficiencies of the false photon cut, cosm
cut, and prompt cut, which were applied to the RMC data
not to the RPC data~by efficiency we mean the cut’s effi
ciency for passing valid RMC photon events, not the cu
efficiency for rejecting invalid RMC photon events!. In the
case of the prompt cut, values ofep50.88, 0.89, and 0.90 for
58,60,62Ni were obtained based on the width of the prompt c
and the muon lifetime in the nickel isotopes. In the case
the false photon cut and the cosmic cut, values ofe f50.99
and ec50.89–0.94 were obtained from their measured
fects on the prompt~RPC! photon events in the nonpromp
~RMC! photon data. The range in values ofec was due to
different accelerator-related background rates leading to
ferent cosmic-ray counter singles rates during the exp
ment. Finally, a correction factorCd50.97 accounted for

TABLE I. Fraction of muons stopping in the target assembl
for the 58,60,62Ni runs. Column two gives the fraction of inciden
muons that stop in the nickel target material and the polystyre
acrylic container. Column three gives the fraction of incident muo
that stop in the nickel target material only. See text for details.

Target
Stop fraction for
Ni and container

Stop fraction for
Ni only

Stop fraction for
container only

58Ni 0.35 0.34160.003 0.00560.003
60Ni 0.45 0.39160.013 0.06160.013
62Ni 0.35 0.34160.003 0.00560.003

by

FIG. 4. The reconstructed photon origin along the beamline a
after the tracking cuts but before the photon cuts. The three pe
are due to the beam counters~left!, the target assembly~center!, and
the veto counter~right!.
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TABLE II. The nonprompt photon energy spectra after background subtractiondN(E8)/dE8 for the
58,60,62Ni isotopes.

E8
~MeV!

dN(E8)/dE8 for 58Ni
~counts per 2 MeV bin!

dN(E8)/dE8 for 60Ni
~counts per 2 MeV bin!

dN(E8)/dE8 for 62Ni
~counts per 2 MeV bin!

59.0 137.0 190.7 118.0
61.0 119.0 185.9 116.0
63.0 135.0 188.8 96.0
65.0 111.0 160.2 115.0
67.0 93.0 136.3 93.0
69.0 81.0 111.5 63.0
71.0 76.0 95.3 50.0
73.0 54.0 91.5 44.0
75.0 43.0 51.5 28.0
77.0 39.0 44.8 26.0
79.0 26.0 21.9 11.0
81.0 24.0 12.4 13.0
83.0 16.0 17.2 3.0
85.0 5.0 8.6 6.0
87.0 4.0 2.9 1.0
89.0 3.0 1.9 2.0
91.0 2.0 1.0 0.0
93.0 0.0 1.9 0.0
95.0 0.0 0.0 0.0
97.0 0.0 1.0 0.0
99.0 0.0 0.0 0.0
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pion decays between the beam counters and the carbon
get, a correction factorCt50.94 accounted for differences i
the absorption and sizes of the carbon and nickel targets,
a correction factorCv50.98 accounted for the vetoing o
photon events due to random hits in theA, A8, andB trigger
scintillators. The uncertainties in all the correction facto
(ep , e f , ec , Cd , Ct , andCv) were negligible in the final
determination of the partial branching ratiosRg .

D. Muon stop counting

Due to the small quantity of each nickel isotope, a
therefore the small size of each nickel target, the meas
ment of the muon stopping fraction was critical. The pro
lem is illustrated in Fig. 4, a plot of the reconstructed pho
origin along the beamline axis. The peaks are due to pho
from m stops in the beam counters, target assembly, and
counter.

To measure the muon stopping fraction, a prescaled c
cidence of any two of the four beam scintillators genera
beam-sample triggers in addition to the photon triggers.
fline the beam-sample data were analyzed to determine
muon, electron, and pion composition of the beam, and
stopping fraction of the incident muons in the target asse
blies. Thep, m, ande identification used the amplitude an
timing signals from the beam scintillators and indicated
95% m2, 5% e2, and 0.1%p2 beam composition. The
muon stopping fraction determination used the amplitu
and timing signals from the beam, veto, and inner trig
scintillators which completely enclose the target assem
‘‘Full’’ and ‘‘empty’’ target measurements yielded the frac
tion of muons stopped in the target material~powder or
plate! and in the target container~polystyrene and/or acrylic!.
tar-

and
f

rs

d
re-

b-
n

ons
eto

in-
ed
f-
the

the
m-

a

de
er
ly.
-

The various stopping fractions are listed in Table I—t
quoted errors are based upon conservative estimates o
systematic uncertainties in the ‘‘full less empty’’ subtracti
procedure.

IV. RESULTS

A. Extraction of Rg

The true RMC photon spectrumdL(E)/dEand the mea-
sured RMC photon spectrumdN(E8)/dE8 are related
through

dN~E8!

dE8
5Nm f capepe fecCdCtCvFE dED~E,E8!

dL~E!

dE
,

~1!

whereE andE8 are the true and measured photon energ
D(E,E8) is the Monte Carlo simulated detector respon
function,F is the overall normalization factor obtained fro
RPC on12C, the correction factorsep , e f , ec , Cd , Ct , and
Cv account for the differences between RMC and RPC r
ning, andNm and f cap are the number of dead-time correct
m stops in Ni, and the fraction of muons having stopped
nickel that undergo muon capture@30#, respectively. Note
thatdL(E)/dE is defined as the photon yield per muon ca
ture. The measured RMC photon spectradN(E8)/dE8 are
given in Table II while the numerical values of the remaini
quantities in Eq.~1! are given in Table III. Tables II and III
along with the analytical form of the response function in
Appendix, should enable straightforward comparison of
ture model calculations of the true RMC photon spectr
dL(E)/dE with the measured RMC energy spectru
dN(E8)/dE8.
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1772 PRC 58T. P. GORRINGEet al.
To determine the radiative muon capture partial branch
ratio for true photon energies above 57 MeV

Rg5E
57

dE
dL~E!

dE
~2!

the function ofdL(E)/dE in Eq. ~1! was varied to fit to the
measurements ofdN(E8)/dE8 in Table II. The resulting
‘‘best fit’’ dL(E)/dE then determines the best fitRg .
Clearly, the method requires a conjecture or hypothesis
the true energy dependence ofdL(E)/dE; we used both a
Fermi gas spectral shape and a closure approximation s
tral shape.

In the first approach we used the Fermi gas calculation
Fearing and Welsh@18#. This is a relativistic calculation us
ing the local density approximation and realistic matter d

TABLE III. The number of dead-time corrected muon sto
(Nm), the fraction of muon captures per muon stop (f cap), and the
various correction factors~see text! ep , e f , ec , Cd , Ct , andCv ,
for the 58,60,62Ni measurements.

Target Nm (31010) f cap ep e f ec Cd Ct Cv

58Ni 1.79 0.931 0.88 0.99 0.94 0.97 0.94 0.9
60Ni 2.85 0.924 0.89 0.99 0.89 0.97 0.94 0.9
62Ni 2.36 0.912 0.90 0.99 0.89 0.97 0.94 0.9

FIG. 5. Results of the fits of the Fermi-gas spectral shapes~the
curves! to the measured spectral shapes~the histograms! for the
58,60,62Ni isotopes, respectively. The theoretical curves have b
convoluted with the detector response for comparison to the exp
mental data.
g

or

ec-

f

-

tributions, which is discussed in Sec. IV C. In the minimiz
tion procedure the energy dependence ofdL(E)/dE was
fixed by the model, and the overall normalization
dL(E)/dE was extracted from the best fit. The best fits
dL(E)/dE to (dNE8)/dE8 for the 58,60,62Ni isotopes are
shown in Fig. 5. They show good agreement between
spectral shapes of the data and the model withxpdf

2 values of
0.8, 1.0, and 0.9 for58,60,62Ni, respectively. The resulting
values of the partial branching ratioRg for 58,60,62Ni are 1.48
60.08, 1.3960.09, and 1.0560.06 ~in units of 1025). The
quoted errors include both the statistical and systematic
certainties, with the dominant systematic uncertainties co
ing from the overall normalization and them-stop counting.

In the second approach we used the closure approxi
tion discussed, for example, in Ref.@17#. It is derived from
the assumptions that~i! the muon radiates the photon and~ii !
muon capture occurs to a single nuclear excitation energ
yields

dL~E!

dE
}~122x12x2!x~12x!2, ~3!

wherex is the ratio of the photon energy to the end-po
energyE/km . While the above assumptions are quite unre

n
ri-

FIG. 6. Results of the fits of the closure approximation spec
shapes~the curves! to the measured spectral shapes~the histograms!
for the 58,60,62Ni isotopes, respectively. The theoretical curves ha
been convoluted with the detector response for comparison to
experimental data.
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istic, Eq. ~3! is a convenient form that often empirically fit
the RMC spectral shapes rather well. In the minimizat
procedure both the overall normalization and the param
km were varied to obtain the best fit. The best fits
dL(E)/dE to dN(E8)/dE8 for the 58,60,62Ni isotopes are
shown in Fig. 6. Thexpdf

2 of 1.8, 2.0, and 1.3 for58,60,62Ni
indicate poorer agreement between the data and mode
the closure approximation spectral shapes than the Ferm
spectral shapes; the closure approximation either over
mated the higher-energy photon yield, underestimated
lower-energy photon yield, or both. The resulting values
the partial branching ratioRg and the parameterkm for
58,60,62Ni are 1.3960.10, 1.3660.11, and 1.0160.07 ~in
units of 1025) and 9262, 9062, and 8962 MeV, respec-

TABLE IV. Summary of the values ofRg extracted using the
Fermi gas spectral shapes and closure approximation spe
shapes for the58,60,62Ni isotopes.

Nickel
isotope

a5
(N2Z)/A

Rg Fermi gas
spectral shape

31025

Rg closure approx.
spectral shape

31025

58 0.034 1.4860.08 1.396 0.10
60 0.067 1.3960.09 1.366 0.11
62 0.097 1.0560.06 1.016 0.07

FIG. 7. The partial branching ratioRg versus atomic massA
~top! and neutron excessa5(N2Z)/A ~bottom! for the current
58,60,62Ni Rg data~solid circles with error bars! and the Fermi-gas
model of Fearing and Welsh~open circles for the58,60,62Ni values
and crosses for the other values!. The solid curves are least-squa
fits to theA anda dependences of the earlier nuclearRg data.
n
er
f

for
as
ti-
e
f

tively. The quoted errors include both the statistical and s
tematic uncertainties, with the dominant systematic unc
tainties coming from the overall normalization,m-stop
counting, and the correlation betweenRg andkm .

The results obtained with the Fermi-gas and closure
proximation spectral shapes reveal a slight model dep
dence toRg ~the betterxpdf

2 of the Fermi-gas fits compared t
the closure approximation fits favoring the former over t
latter!. However, the subsequent conclusions are not affec
by this model dependence.

Table IV summarizes the values ofRg for the 58,60,62Ni
isotopes extracted with both the Fermi-gas and closure
proximation spectral shapes. Our most basic result is the
nificant isotope effect in the partial branching ratios for r
diative muon capture on58,60,62Ni. The ratio of the values of
Rg for the heaviest (62Ni! and lightest (58Ni! isotopes are
0.7160.03 using the Fermi-gas spectral shape and 0
60.04 using the closure approximation spectral shape. Th
ratios are rather accurately determined since many of
systematic uncertainties associated with them2-stop count-
ing, overall normalization, energy calibration, and bac
ground subtraction cancel out~the 58Ni and 62Ni targets
were fabricated identically!.

B. Comparison to earlier Rg data

Figure 7 shows the branching ratioRg for the nickel data
plotted versus both atomic massA and neutron excessa ~the
values ofRg extracted using the Fermi-gas spectral shape
shown rather than the closure approximation spectral sh
due to the betterxpdf

2 ). For comparison we have overlaye
curves embodying theA and a dependence of the earlie
nuclearRg data. The curves are least squares fits of quadr
equations in eitherA or a to the data of Refs.@23–27#. The
fits versusA and a of the earlier data yieldedxpdf

2 of 1.56
and 1.28, respectively, indicating their good representa
of the general trends of the experimental data.

What do the Fig. 7 comparisons of thea/A dependences
of the earlier nuclear and current nickel data indicate? Fi
the plot versus atomic mass reveals theRg data set is not a
smoothly decreasing function ofA ~i.e., our nickel data and
the earlier nuclear data do not coincide in this plot!. Sec-
ondly, the plot versus neutron excess reveals theRg data set
is a smoothly decreasing function ofa ~i.e., our nickel data
and the earlier nuclear data do coincide on this plot!. Figure
7 therefore indicates that atomic mass-dependent effects
insufficient, and neutron-excess-dependent effects are c
cal, in understanding the systematics of theRg data set.~Of
course it would be naive to believe a single parameter co
completely determineRg , but the overall trend ofRg with a
is quite compelling.! In summary, without reference to
nuclear models, the observation of a simple scaling of theRg
data set witha but notA, and the resulting inferences con
cerninga- andA-dependent effects, is a basic result of th
experimental work.

An earlier hint of the empirical scaling of the nuclearRg
data being with neutron excess rather than atomic mass
the 27Al and 28Si Rg data of Armstronget al. @27#. The
measured radiative muon capture partial branching ratios
27Al and 28Si are 1.4360.13 and 1.9360.18, respectively
~in units of 1025). As with the nickel data, the27Al and 28Si

ral
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data are consistent with the overalla dependence, but incon
sistent with the overallA dependence, of the nuclearRg data
set. The difference between, and the significance of, the27Al
and 28Si results was discussed in Ref.@27#.

C. Comparison to the Fermi-gas model

There exist two calculations of the atomic mass and n
tron excess dependence ofRg over a broad range ofA anda.
They are the calculations of Christillin, Rosa-Clot, and S
vadio ~CRS! in Ref. @17# and of Fearing and Welsh~FW! in
Ref. @18#. Both the CRS and FW calculations use the Ferm
gas model and the local density approximation. Howev
while the FW model is a relativistic calculation employing
realistic nuclear matter distribution, the CRS model is a n
relativistic calculation employing a uniform nuclear matt
distribution. Essentially, the CRS calculation is an ear
simplified version of the FW calculation. Therefore, we co
pare the nuclearRg data set to the latter not the former.

The FW model results were taken from either Ref.@18#
or, in the specific case of the nickel isotopes, calculated
the purpose of this manuscript by H.W.F. In both cases
muon 1S binding energies (EmB) were taken from Ford and
Willis @37# while the m-atom 1S probability distributions
(uf1S(r )u2) were obtained from nonrelativistic wave fun
tion solutions of a Fermi nuclear charge density. Tw
parameter Fermi distributions were used for the nuclear m
ter distributions with the nuclear radii and skin thickness
taken from either Ref.@35# or Ref.@36#. The proton Coulomb
energies (EC) were determined from the energy difference
spheres of chargesZ and Z21 and the isospin symmetr
energies (DE) were determined by requiring the agreeme
of the experimental and model nuclear mass differences.
calculations usedgv51, ga521.25,gm53.71, and the as
sumption that the corresponding form factors were indep
dent of the four-momentum transfer squared. All calculatio
used an assumed pion-pole dominance for the fo
momentum transfer squared dependence of the induced p
doscalar form factor. Thusg̃p was given by the standar
Goldberger-Treiman formula, which in the nuclear mediu
depends linearly on the effective mass, with the valuegp
56.5ga for the free nucleon. The absence of second cl
currents was assumed, i.e.,gs5gt50. For further details on
the model calculation and the input parameters see Ref.@18#.

Figure 7 showsRg versusa and A for both the experi-
mental data~nickel data and earlier data! and the FW model
calculation. Since the FW calculation is only applicable
medium-heavy nuclei, the FW results are only graphed
Z.20 nuclei. Since the FW calculations ofRg universally
overestimate the experimental values ofRg , the calculated
values have been universally multiplied by a factor of 0.
~i.e., only the relative values ofRg for the model calculations
are significant!. The newRg results from the FW model cal
culations for the58,60,62Ni isotopes were 4.20, 3.71, and 3.2
respectively~in units of 1025 and before multiplication by
0.36!. Figure 7 clearly shows the overall consistency of t
measured and calculated values ofRg when plotted versus
neutron excess. In particular, the experimental and theo
cal isotope dependences for the NiRg data are in good agree
ment. For example, the ratio ofRg between the62Ni and
58Ni isotopes is 0.78 for the model calculation compared
-
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0.7160.03 ~Fermi-gas spectral shape! and 0.7360.04 ~clo-
sure approximation spectral shape! for the experimental data
As a consequence of the significant nickel isotope effect,
measured and calculated Ni data points lie on
a-dependence curve, but below theA-dependence curve, o
the earlier nuclear data.

The addition of the nickel isotopeRg data to the earlier
nuclearRg data enables a better separation of theA and a
dependence ofRg and a better test of the FW model calc
lations ofRg . The ability of the FW model to reproduce th
variation of theRg data using the Goldberger-Treiman fo

mula for g̃p suggests no reason to invoke a more exo

large-scaleA-dependent modification ofg̃p. In the FW
model the effective pseudoscalar coupling is proportiona
the effective nucleon mass, and consequently, to first

proximation, g̃p is simply reduced by a constant factor
m* /m'0.67 from the GT value. Even in a more refine
approximation, cf. the discussion of option 8 in Ref.@18#,
this nucleon mass effect is nearlyA independent. It is some
what a matter of semantics whether one calls this eff
‘‘quenching,’’ but our view is that the standard one-pio
exchange picture on which the Goldberger-Treiman relat
is based, is sufficient to describe the data. Thus there is
evidence for the more complicated non-one-pion excha
mechanisms which have been suggested to explain a
posedA dependence ofg̃p. Rather, we believe the evidenc
for a large enhancement ofg̃p for light nuclei and a large
quenching ofg̃p for heavy nuclei~see Refs.@23# and@29#! is
more likely a result of the different systematics of the vario
models used for the different nuclei. For example, the la
values ofg̃p were extracted from shell model calculations f
light nuclei @19–21# while the small values ofg̃p were ex-
tracted from Fermi-gas model calculations of heavy nuc
@17#. Since the Fermi-gas model does not give the corr
overall scale of the nuclear matrix elements, t
A-independent part ofg̃p, which effects this scale, cannot b
determined. Hence comparisons of absolute values ofg̃p be-
tween the shell model calculations for lighter nuclei a
Fermi-gas model calculations for heavier nuclei are like
misleading. Lastly, the absence of any large-sc
A-dependent renormalization of the induced pseudosc
coupling is in general agreement with the various determi
tions of g̃p from OMC on light nuclei. The values ofg̃p from
OMC on 12C @38–41#, 16O @42–44#, and 23Na @45,46# are
universally consistent with the Goldberger-Treiman estim
of the free proton value of the induced pseudoscalar coup
gp56.5ga ~an exception is the lower value ofg̃p from OMC
on 28Si @47–49#!.

The physical origins of thea and A dependence ofRg
were addressed in detail in Ref.@18#. A number of effects in
the FW model calculation, including muon binding energ
proton Coulomb energy, isospin symmetry energy, and P
blocking lead toZ-, A-, anda-dependent systematic varia
tions inRg ~these effects alter the reactionQ value, available
phase space, and consequentlyRg). Interestingly, theZ or A
dependences introduced by the muon binding energy, pro
Coulomb energy, and isospin symmetry energy while in
vidually are quite large, together are quite small~the de-
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crease inRg with A due to the first and third effects is large
canceled by the increase ofRg with A due to the second
effect!. However, the increasing Pauli blocking with increa
ing neutron excess yields a decreasingRg with increasinga
that is clearly exhibited in the final results of the FW calc
lation of Rg versusa. The model indicates that Pauli block
ing is an important source for thea dependence of theRg
data.

Of course the Fermi gas model has deficiencies, for
ample, omitting the influences of collective motion and gia
resonances that are important ingredients in muon cap
~for a thorough discussion see the comprehensive articl
Mukhopadhyay@14#!. Therefore we cannot exclude the po
sibility that the deficiencies in the FW calculations cou
lead to accidental agreement with theRg data. A more so-
phisticated theoretical study of theA and a dependence o
Rg is, therefore, warranted and welcomed. New theoret
investigations of ordinary and radiative muon capture us
the random phase approximation are currently underw
@31#.

V. SUMMARY

In summary, using the RMC spectrometer at the TRIUM
cyclotron we have measured the photon rates and en
spectra following radiative muon capture on the58,60,62Ni
isotopes. The values of the partial branching ratios (E.57
MeV! for radiative muon capture on58,60,62Ni were found to
be~in units of 1025) 1.4860.08, 1.3960.09, and 1.0560.06
assuming a Fermi-gas photon spectral shape and 1.3960.10,
1.3660.11, and 1.0160.07 assuming a closure approxim
tion photon spectral shape. The nickel results demonstra
significant isotope effect and a comparison of the curr
nickel Rg data and earlier nuclearRg data suggests a simpl
scaling with neutron excess but not with atomic mass.

In addition, thea andA dependence of the current nick
Rg data and earlier nuclearRg data is well reproduced by th
Fermi-gas model calculations of Ref.@18#. Since the stan-
dard Goldberger-Treiman formula forg̃p, modified only by
its dependence on effective mass, seems sufficient to y
agreement with the data, we believe there is no compel
evidence for a more exoticA-dependent renormalization o
g̃p. This is generally consistent with the various determin
tions of g̃p from OMC on light nuclei.
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APPENDIX: DETECTOR RESPONSE FUNCTION D„E,E8…

The response function of the pair spectrometer, i.e.,
probability of detecting a photon of true energyE with a
measured energyE8, was obtained from a Monte Carl
simulation based on theGEANT computer program@34#. In
the energy rangeE550–150 MeV the response functio
D(E,E8) revealed a central peak with a relatively large lo
energy tail and a relatively small high-energy tail. To conv
niently parametrize its energy dependence we used a Ga
ian peak with a logarithmically varying low-energy tail an
an exponentially varying high-energy tail

D~E,E8!5b ln~x!/x

for E8<~E02s0!, ~A1!

D~E,E8!5Ae2~E82E0!2/2s0
2

for ~E02s0!,E8,~E01s0
2/s2!,

~A2!

D~E,E8!5Ae2~E82E0!/2s2

for E8>~E01s0
2/s2!. ~A3!

The quantityb is used to match the functions in Eqs.~A1!
and ~A2! at E85E02s0 and the quantityx is given by

x5
~a2E8!

~a237 MeV!
. ~A4!

According to Eqs.~A1!–~A3! the energy dependence of th
response function is governed by the energy dependenc
the parametersA, E0 , ands0 of the Gaussian peak,a of the
low-energy tail, ands2 of the high-energy tail. The energ
dependence ofa, A, E0, s0, ands2 were themselves param
etrized by third-order polynomials, for example,

a5a01a1y1a2y21a3y3, ~A5!

wherey5(E8260 MeV)/60 MeV. The coefficientsai for
the parametersa, A, e0, s0 , ands2 are listed in Table V.
These details are provided so that future theoretical spe
can be convoluted with the detector response function
compared to the data.

TABLE V. The coefficientsa0, a1, a2, and a3 governing the
energy dependence of the various parametersa, A, E0, s0, ands2

of the response function of the pair spectrometer.

a0 a1 a2 a3

a 56.1 62.5 20.826 0.0
A 9.4131024 2.6131023 20.27031022 0.83531023

E0 54.5 57.7 20.315 0.0
s0 2.03 10.4 1.25 20.428
s2 0.786 0.508 0.425 20.164



E.
,

s

s

l.

l.

i-

e

.
D

.

rt

a-

cl.

D.

L.

.

C.

.

, D.
,

, D.
,

E.

J.
ani-

1776 PRC 58T. P. GORRINGEet al.
@1# M. L. Goldberger and S. B. Treiman, Phys. Rev.110, 1178
~1958!.

@2# V. Bernard, N. Kaiser, and U-G. Meißner, Phys. Rev. Lett.69,
1877 ~1992!.

@3# G. Bardin, J. Duclos, A. Magnon, J. Martino, A. Richter,
Zavattini, A. Bertin, M. Piccinini, A. Vitale, and D. Measday
Nucl. Phys.A352, 365 ~1981!.

@4# G. Jonkmanset al., Phys. Rev. Lett.77, 4512~1996!.
@5# D. H. Wright et al., Phys. Rev. C57, 373 ~1998!.
@6# I. Towner and F. Khanna, Nucl. Phys.A399, 334 ~1983!.
@7# A. Arima et al., Adv. Nucl. Phys.18, 1 ~1987!.
@8# M. Ericson, A. Figureau, and C. The´venet, Phys. Lett.45B, 19

~1973!.
@9# J. Delorme, M. Ericson, A. Figureau, and C. The´venet, Ann.

Phys.~N.Y.! 102, 273 ~1976!.
@10# J. Delorme and M. Ericson, Phys. Rev. C49, 1763~1994!.
@11# M. Rho, Annu. Rev. Nucl. Part. Sci.34, 531 ~1984!.
@12# D. Wilkinson, Phys. Rev. C7, 930 ~1973!; Nucl. Phys.A209,

470 ~1973!; A225, 365 ~1974!.
@13# B. A. Brown and B. H. Wildenthal, At. Data Nucl. Data Table

33, 347 ~1985!; Phys. Rev. C28, 2397 ~1983!; Annu. Rev.
Nucl. Part. Sci.38, 29 ~1988!.

@14# N. Mukhopadhyay, Phys. Rep., Phys. Lett.30C, 1 ~1977!.
@15# P. Christillin, Nucl. Phys.A362, 391 ~1981!.
@16# P. Christillin and M. Gmitro¨, Phys. Lett.150B, 50 ~1985!.
@17# P. Christillin, M. Rosa-Clot, and S. Servadio, Nucl. Phy

A345, 331 ~1980!.
@18# H. W. Fearing and M. S. Welsh, Phys. Rev. C46, 2077~1992!.
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