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The photon spectrum from radiative absorption of negative muons in Ca has been measured
with a high-resolution pair spectrometer. The data are analyzed in order to determine the induced
pseudoscalar coupling constant g~ in nuclear matter. When compared to models which use a realis-
tic nuclear response function and avoid the closure approximation, a value of g~/g~ ——4.0+1.5 is ob-
tained, which indicates a quenching of this coupling compared to the nucleonic value by a factor
0.57+0.25.

I. INTRODUCTION

For ordinary muon capture, once considered a testing
ground for the parameters of the semileptonic weak in-
teraction, the interest has shifted to nuclear structure as-
pects. The transition operator is thought to be sufficiently
well understood, that one may test different nuclear model
wave functions against a measured transition rate. ' For
the rare muon absorption process (p, v„y), however, the
original motivation for investigating muon capture still
persists, since a particularly elusive part of the muon-
nucleon interaction, the induced pseudoscalar coupling
mediated by one-pion exchange, plays an important role
here. While contributing negligibly to P decay and little
to ordinary muon capture the induced pseudoscalar cou-
pling influences strongly the photon spectrum and the ab-
solute rate for the radiative absorption mode. This was
realized first for the elementary process p p~nv&y, but
the low rate has so far prohibited an experimental obser-
vation of this process. However, as was first demonstrat-
ed by Rood and Tolhoek, the sensitivity prevails for cap-
ture on complex nuclei and the doubly closed shell nu-
cleus Ca has emerged as the standard experimental and
theoretical laboratory for testing these ideas.

The present information on the induced pseudoscalar
coupling constant g~ (at q = —0.88m„) and on radiative
muon capture experiments can be quickly summarized,
since previous work is not extensive. From the latest
work on the orthomolecular capture rate for muonic hy-
drogen one extracts gz ——(7.0+1.5)gz. This value com-
pares favorably with gr

——(10.0+2.5)gz derived from the
P decay and muon capture rate of the ' N(J =0
E~ =0.12 MeV) to ' O(g.s.) transition and with

gz ——(9.0+1.7)g~ obtained from the recoil polarization
and the capture rate of the ' C(g.s.) to ' B(g.s.)-transition. 6

Within the limited precision all values agree with the
theoretical expectation gz

——6.78g~, which is computed
with the hypothesis of partially conserved axial vector

current and pion-pole dominance (see, e.g., Wolfenstein ).
The three previous ineasurements of the Ca(p, very)

photon spectrum ' are displayed in Fig. 1. For experi-
mental reasons, which are discussed below, only the spec-
trum above 57 MeV is measurable. The accuracy of the
data reflects the principal difficulties of radiative muon
capture experiments, the low yield (the radiative branch
contributes only 2&10 to the total muon absorption
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FIG. 1. Radiative muon capture photon spectra from previ-
ous experiments: ~, Ref. 8, 430 events total, hE/E =17%, ,
Ref. 9, 4500 events total, hE/E = 16%%uo,

' histogram Ref. 10, 1230
events total, AE/E=29%. (A~ is the ratio of the radiative to
the ordinary muon capture rate. )
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rate) the modest resolution attainable for photons between
50 and 100 MeV energy (between 16% and 29% FWHM
was obtained with NaI spectrometers), and the high back-
ground environment from high-energy neutrons. Only the
latest experiment' was able to overcome completely the
latter problem and a value of gz ——(6.5+1.6}g~ was ex-
tracted from the measured rate. This rate is, as we will
show below, confirmed by the experiment reported here.

Though the apparent precision on gz from (p, v&y)
experiments is comparable to that of other experiments,
some reservations have to be made concerning its interpre-
tation. In radiative muon absorption we are dealing with
an inclusive process, and all the possible final states of the

K system, bound or unbound, can contribute. Conse-
quently the theoretical spectrum, which is compared to
the data, is not only sensitive to the parameters of the
Hamiltonian, which we are interested in, but also to the
nuclear model used to describe the initial Ca ground
state and the final K energy levels. Most early calcula-
tions, '" ' in particular those used in comparison with
previous experiments, rely on the closure approximation,
where the total transition strength is taken at a single
mean energy. The maximum photon energy k,„,which
corresponds to this excitation energy, enters as a second
free parameter, if theory and experiment are compared.
Since the rate varies as k~,„,the two parameters k~,„and
gz are strongly correlated in a low resolution experiment,
where primarily the rate is measured.

As pointed out by Christillin et al. , ' ' the closure ap-
proximation should also be critically examined on purely
theoretical grounds, simply because the closure sum in-
cludes states of the nuclear excitation spectrum, which are
energetically forbidden to contribute for high-energy pho-
tons. With increasing photon energy the allowed part of
the excitation spectrum shrinks. Therefore all closure-
type calculations overestimate the experimental rate or
lead to highly improbable, negative values of gz/g~ ex-
cept for one calculation, " which was used to obtain the
value of g~ quoted above. In this latter work, however, a
large reduction of the rate due to a modification of the
bound muon propagator was reached, which could not be
reproduced in later calculations. ' All complications with
the closure approximation are avoided, if a nuclear
response function dependent both on excitation energy
and momentum transfer is used' or if in a shell model
calculation all partial transitions are summed. ' '

When we started our experiments these microscopic
calculations were in progress. This provided part of the
motivation. The main incentive, however, was an experi-
mental one. We had built and successfully operated with
radiative pion capture reactions a high-resolution,
neutron-insensitive photon detector —a pair spectrom-
eter—for energies up to 250 MeV. The big advance in
muon fluxes at the Swiss Institute for Nuclear Research
meson factory allowed a measurement of such a low yield
reaction as radiative muon capture even with a low accep-
tance detector with higher statistical accuracy than previ-
ous work. With an energy resolution of 1.5% (FWHM)
an unfolded spectrum can be presented with absolute ener-
gy calibration, which puts for the first time radiative
muon capture results on firm ground and hopefully will

stimulate further refinements of theoretical calculations,
especially in the direction of tracing the origin of the ap-
parent quenching of the induced pseudoscalar coupling,
which results when our data are analyzed with the models
of Christillin' and Gmitro et al. '

We will discuss the implications of our results further
in detail in the last section, after giving a rather thorough
account of our experimental procedures. We feel forced
by the troublesome history of radiative muon capture ex-
periments to expose all problems we encountered and their
solutions, if found, at length.

II. EXPERIMENTAL METHOD

A. Muon beam and detector system

In our experiment we made use of the most intense
muon beam available at the isochronous proton synchro-
cylotron of the Swiss Institute of Nuclear Research (SIN}.
In this beam line (pE1) pions with a momentum of 220
MeV/c are accepted at forward angles from the Be pro-
duction target, bent into a superconducting solenoid with
a 5 T magnetic field, which serves as the decay section,
and finally a muon beam with a momentum of 125
MeV/c is focused onto the experimental target (Fig. 2).
At a proton current of 100 pA this beam can deliver a
muon intensity up to 30 MHz into an area of 24 cm .
The length of our spectrometer required a target position
2 m downstream from the best focal point for this beam.
During our experiment the current of the SIN accelerator
reached only 20 to 40 pA. Consequently, typical muon
intensities available for our experiment were limited to 5
MHz into an area of 7X7 cm2. After suitable degrada-
tion 80% of this beam could be brought to rest in either
one of two metallic Ca target configurations used:

(i} plates with volume 11X9X4cm and surface densi-
ty 7 g/cm,

(ii) grains with volume 10X10X10 cm and surface
density 10 g/cm .

Both targets were packed into thin, sealed containers of
surface density less than 0.1 g/m . The muons were dis-
tributed in time into 3.S nsec wide bunches arriving with
20 nsec separation due to the 50 MHz radiofrequency of
the SIN accelerator. The (estimated) electron contamina-
tion was 1%, while we deduced a pion contamination of
(1.3+0.2)X10 from the prompt high energy part of
our spectrum (see below).

The arrangement of muon and photon detectors is
sketched in Fig. 2. The incoming flux was primarily mea-
sured with the last scintillation detector (p3) in front of
the target. Its efficiency could be monitored comparing
the coincidence rate of counters pz, p3, and pz to that of
p2 and p5. The size of the latter scintillator was chosen
such that it intercepted only a small fraction of the beam
passing through detector p3. The last scintillation counter
in the beam, p, q, was used only to determine the fraction
of muons stopping in the target. It was removed during
data taking at high intensities to eliminate a potential
background source. Contributions to the nontarget asso-
ciated background were eliminated mainly by local lead
shielding blocks, as apparent from Fig. 2. The two major
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FIG. 2. The e"perimental setup. Left: Top view of second half of muon beam and experimental area with the pair spectrometer.

Q: quadmpoles, S: slits, V: channel blocker, M: superconducting solenoid, PS: pair spectrometer. Right: Cross section through

beam detectors and pair spectrometer. 1—5: Scintillation counters (p& —p5), 6: polyethylene degrader, 7: calcium target, 8: charge

particle veto counter (sclntillator) 9: lead shielding, 10: trigger counters (A B-) (sclntlllator) 11—13 multiwlre proportional

chambers, 14: gold/lead converter and converter chamber, 15: magnet return yoke.

sources were the m.uon beam dump and the degrader. All
muons, which passed the lead collimator, had to pass also
counter p3 (10X10X0.3 cm ). This is an important re-
quirement, since the beam telescope could not be part of
the trigger, because during the muon lifetime of 340 nsec
in Ca on the average 1.7 muons were found in the target.

The photons were detected in a pair spectrometer.
Since the properties of this detector have been described in
detail elsewhere, ' we give only its most salient features
here and concentrate on those aspects different from the
standard configuration.

Photons entered the spectrometer through a hole in a
lead shielding wall with a solid angle of 1.9%. This hole
was covered with two scintillation counters (AC) which
vetoed charged particles. A thin, one-gap multiwire pro-
portional chamber was sandwiched between two thin foils
to convert photons into electron positron pairs. We used
two different configurations of converters. In most of the
runs two 88 pm gold foils (2.6% radiation length each)
were mounted on each side of the chamber. A smaller
data sample was taken with a 600 pm lead foil (11%radi-
ation length) on one side and a 176 pm gold foil on the
other side. The converter chamber allowed to distinguish
those events originating in the first converter from those
created in the second, and therefore to correct for the
average energy loss in the second converter. This correc-
tion was only made for the two thicker converters. The
electron-positron pair was bent in the 0.6 T magnetic field
by 180'. The entrance and exit trajectories of the pairs
were registered in three large multiwire proportional
chambers (MWPC, active area 212X48 cm ). Finally a
double row of eight scintillation counters (A;, B;, i =1,8)
signaled the arrival of a pair.

The transfer of the wire chamber information to
CAMAC and magnetic tape via a PDP 11/40 computer
was initiated, whenever the following trigger condition
was fulfilled:

Trigge~=(A;B;) X(AJBJ ) XACXFOR; i~jj +1 .

The FOR requirement in the above trigger referred to a
fast signal derived from the multiwire chambers. We re-
quire two hits in at least two of the three planes in both
chambers behind the converter. This requirement was
turned off for some runs to confirm that no good events
were lost in using the FOR information. Those events,
which occurred within 20 nsec after the arrival of a beam
particle, were labeled prompt triggers on the data tape.
With the lead-gold converter arrangement and an incom-
ing muon rate of 5 MHz typical rates were AB;J: 385
sec ', AB,J XAC (neutrals): 63 sec ', trigger (hardware
photon candidates): 10 sec ', events on tape (photon can-
didates): 6.5 sec . After off line pattern recognition the
reconstructed photon rate reducted to 0.08 sec '. The
majority (98.5%) of the taped events originated from ei-
ther one of the following background sources: p-decay
electrons not vetoed by the charged particle anticounter or
photons converted in the edges of lead collimator. Both
types of events showed only a single charged particle
track or sometimes, if both the electron and the positron
had sufficient energy to exit from the collirnator, two
tracks with large spatial separation in the first and the
second chamber. These events were easily distinguished
from the photons converting in the converter foils, which
showed no tracks in the center of the first chamber and
two closely spaced tracks in the center of the second
chamber. The remainder of the nonreconstructable events
arose from random triggers (e.g., showers in different
parts of spectrometer) or genuine pairs, where one of the
members was hitting the chamber frames, but still triggers
the counters. All these types of events were easily rejected
by the pattern recognition program (see also Ref. 21).

High energy neutrons could only contribute to the
trigger if they produced a knock-on proton in the first
layer of trigger counters. If the proton had sufficient en-

ergy to pass through the second trigger layer, but small
enough momentum to be bent in the spectrometer by 180',
it might be electronically registered, but only one track
appeared in the chambers. Thus the pair spectrometer
was completely insensitive to neutrons.
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where energies are given in MeV, P is the Panofsky ratio
[P =o(m p~m. n)lo(m. p~ny)=1. 53 (Ref. 22)] and 6
is the step function. This expression is multiplied with
the relative acceptance A„~(E~) and folded with the reso-
lution function R(Ez,Ez Er ) and then compa—red to the
data, i.e., the spectrum is fit with the function

S(Ey) No I T(Ey)A i(Ey)R(Ey Ey Ey)dEy

The resolution is characterized by a superposition of a
Gaussian distribution given by the energy loss due to ioni-
zation, the multiple scattering, the spatial resolution, the
accuracy of the field map, the approximations used in the
analysis of the chamber data, and a low energy tail arising
from radiation energy losses. We chose the following pa-
rametrization:

E& & Ez bE, R =N exp( —yo), —
3 3

E'r &E~ —&&, R =N g c;exp( —y;)I g c;,

with

i=0 i=O

f R(E„',E~ Er)dEr =1—

B. Calibration procedures

The standard method to obtain the line shape and ac-
ceptance for monoenergetic photons relies on the radiative
pion capture reaction in hydrogen. The reaction

p~ny occurring with 39.5'% probability yields
monoenergetic photons with an energy of 129.4 MeV.
The reaction m. p~n. n with a subsequent decay of the n
into two photons yields a continuous energy spectrum be-
tween S5 and 83 MeV. Before and after the experiment in
the muon area we have calibrated the pair spectrometer
using a liquid hydrogen target in the ~El-pion channel of
SIN. This calibration procedure was described previously
in detail. ' Three aspects were, however, different in the
p-capture application: (i') Different converter configura-
tions were used. (ii) The magnetic field was lower (0.6 T
instead of 0.8 T). (iii) Since photons down to an energy of
40 MeV were detected, the line shape could no longer be
assumed to be constant for the energy. region of interest.
For radiative pion capture all interesting transitions occur
between 100 and 130 MeV photon energy, where the line
shape is nearly independent of energy.

Apart from measurements with a field of 0.8 T, which
confirmed our published results, we measured for both
converter configurations the photon spectrum from hy-
drogen at 0.6 T. The three spectra are shown in Fig. 3.
We summed the contributions from both 88 pm gold con-
verters (i.e., did not make use of the converter chamber in-
formation) and treated the 176 pm gold and 600 pm lead
converter separately. Three quantities are of interest in
the analysis of these data, the relative acceptance as a
function of the photon energy, the absolute acceptance at
the calibration energy, and the resolution as a function of
energy. These three quantities were determined from a fit
to the spectra of Fig. 3 in the following way. The expect-
ed photon spectrum can be expressed as

T(Ey ) = [6(Ey —SS)—6(Ey —83)]+5(Ey—129.4),2P
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FIG. 3. Calibration spectra for the pair spectrometer from
radiative pion capture in liquid hydrogen for different convert-
ers. Top: 2X88 pm gold, center: 600 p,m lead, bottom: 176
pm gold. The upper line corresponds to the m p~ny reaction,
the continuum to the ~ p~nm reaction with subsequent decay
of the m into two photons. The solid line represents the results
of the fit described in the text.

yg (Eq —bE——) l2o~i,

o; =R;(Ey —E, )'~

In this parametrization the average energy loss, which
shifts the line to lower energies, is absorbed in the param-
eter bE. Three additional Gaussian functions with energy
dependent width were used below the maximum to con-
struct the low energy tail with a cutoff parameter E, . For
the acceptance function we used a Monte Carlo simula-
tion as a starting point. It is based on the measured field
map and allows the electron-positron pair to interact in
the chambers and the converter foils. The energy depen-
dence to the pair production cross section is taken into ac-
count, too. The relative acceptance was computed in 10
MeV steps and parametrized with a third order polynomi-
al

3

A (Er)= g a;(E~ Eg)'. —

The parameters are again given in Table I and the corre-
sponding curves in Fig. 4. To consider also processes not
properly simulated in the Monte Carlo program (see Ref.
21 for details), like interactions in the chamber gas and
the helium bag and the difficulties in recognizing low
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TABLE I. Parameters of the resolution function and the relative acceptance.

Converter

~E (MeV)
E, (MeV)
Cp

C)
C2
C3
Rp (MeV)
R ~

(MeV'~ )

Rz (MeV)
R (MeV )

600 pm Pb

—2.3+0.1

22+2
1

3.6+1.0
1.7+0.4
1.3+0.3

0.78+0.04
0.23+0.02

0.080+0.009
0.034+0.003

176 pm Au

Resolution
—0.77+0.02

39.5+0.7
1

0
0.22+0.03

0.029+0.001
0.62+0.01

0
0.027+0.001
0.058+0.002

2X88 pm Au

—1.05 +0.03
28.4+0.5

1

0.30+0.05
0

0.029+0.002
0.72+0.02
0.27+0.02

0
0.039+0.001

A,b, (E~ =129.4 MeV)
ap
a~ (MeV ')
aq (MeV )

a3 (MeV )

a4 (MeV )

E„(Mev)

(5 92+0 21)X10
0.335
0.025

1.5 X 10-4
—4.7X10-'

(7.4+0.5) X 10-'
52.3

Acceptance
(2.44+0.10)X10-'

1.87
—0.018

—7.7X 10
—2.2X10-'

{3.7+0.2) X10-'
105.8

(2.96+0.12)X 10
2.04

—0.004
—7. 1X10-4
—1.5 X10-'

(5.4+0.2) X 10-'
94.7

momentum tracks, which do not cross all chamber plans,
we have allowed the acceptance to vary from the Monte
Carlo values by introducing an additional factor into the
st

2'"i'(E&)=A (Ez)[1 a4(E& —129.4 —MeV) ] .

The experimental acceptance deviated little from the
predicted one, as apparent from Fig. 4. The measured ac-
ceptance is particularly well known in the region 55—83
MeV, which is also the region where most of the p-
capture events lie. The measured acceptance is used for
the normalization, and the Monte Carlo simulation is only
used as a starting point for the fit. Lastly the absolute ac-
ceptance at E&——129.4 MeV was determined by summing
all events above 83 MeV, dividing by the number of pions
stopping in the target (fst,~N ), the m. p~ny branching
ratio (8), and correcting for photon absorption in the tar-
get and the events in the low energy tail below 83 MeV
(fT, typically 2%)

~abs N f gfTfg '
stop

The factor f~ (1.21) is needed, because the target-
converter distance for the calibration runs was 85 cm
rather than 78 cm as in the p-capture measurements.
Since the target size is small compared to the target-
converter distance, the geometrical solid angle is in-
dependent of the stopping distribution. The absolute ac-
ceptances for the two converter configurations are
(2.96+0.12)X 10 (2X 88 pm Au) and (5.92+0.21)
X 10 (600 pm Pb) plus (2.44+0. 10)X10 (176 pm
Au). They include solid angle, conversion efficiency, and
detection efficiency.

C. Data reduction

After passing through a pattern recognition program,
where the photon events were separated from the nonpho-
ton triggers described in Sec. IIB, the photon energy and
direction were reconstructed from the chamber coordi-
nates (see also Ref. 21). From the intersection of the pho-
ton direction with a vertical plane, which contains the
muon beam center and the target, the nontarget associated
background was determined. Figure 5 shows such a pro-
jection, with and without the Ca target in place. The pho-
tons which were created in the lead collimator edges could
clearly be separated in space from the target photons.
With a cut at 10 cm before and 15 cm behind the target
nearly all unwanted photons were eliminated and only 1%
of the good events were lost. Without the Ca target less
than 5% events came from the target region, which made
extensive nontarget background runs unnecessary. The
raw energy spectrum of those events surviving the target
cut is shown in Fig. 6. We can distinguish three regions.
For photon energies below 53 MeV (m&c /2) the spec-
trurn is dominated by muon decay events. Above 53 MeV
and below 106 MeV (m&c ) we expect mainly radiative
muon capture events. Above 106 MeV we find radiative
pion capture events arising from the small pion contam-
ination of the muon beam.

The muon decay events had two sources. Since the
muon capture rate in Ca is A, =2.49X10 sec
while the free muon decay rate is Ad«=4. 54X 10 sec
15.4+0. 1% of all stopping muons decay. The radiative
decay fraction p ~e v,v&y was measured (1.4+0.4)%
(Refs. 26 and 27) with a spectrum shape confirming the
first order inner bremsstrahlung calculation. Its contri-
bution to the spectrum in our case is negligible, as indicat-
ed in Fig. 7. The main contribution came from the exter-



RADIATIVE MUON ABSORPTION IN CALCIUM 1511

~ ~ ~ j

0.4-

0.2-

0.5'-

O
+ 02;
C3

Ld
& 0.1-
CC

I I I ' I

10-

5'-

E
C3

(f) Q

UJ

~ 60-

40-

,n. s rlt

f ~ '
~

'
~ i ~ ~, 1 'I ~ ~ I ~

0.6- 20-

0 ~ ~ A

-40
tt

-20 0 20 40
Y TARGET (cm)

0.2-

40 60 80 100 120 140
ENERGY (MeV) (0)

2.0.- '

1.0
0.5
0

LLj
C3

1.0—

CL

o 05.UJ

0
2.0.- '

1.5

1.0
0.5

FIG. 5. Intersection of photon direction h
plane. U er e

'
ec ion wit t e target

e. pper peak: target events, lower peak: ll'

events. To: Back
ea: co cmator

op: ackground spectrum with target re laced b an
empty target container.

target of 0.5 rg .5 radiation length thickness (5.7 cm) (Ref. 32
and correcting for the ener
and h

ergy variation of the acceptance

57M V h
an t e average energ loss iny in the spectrometer. Above

tn ute. %e there
gy ecay events do no longer con-e p oton ener the d

erefore chose this energy as lower c f
for the corn arisonp with radiative muon capture calcula-

Since the radiative ion cp' capture branching ratio in C
is o of all pion ca ture

ln a
p p res, a pion contamination of 10

su ices to produce a yield equal to that of d'a o ra iative muon

ta ed
e. e pion induced events can how, b

gg, since they are aH coincident with an
'

owever, e

b +. 1 F
w ere the photons appeared within a 20 nsec tim

earn particle arrival time signaled b
e ast beam counter. It shows t e expected enhance-

agrees with the known radiative ion ca tp o p p I11

e . I we subtract this prompt spec-
I

40
I

60 80 100
ENERGY (MeV)

I

120
{b)

FIG. 4. Ener de endgy p ence of the pair spectrometer resolu-

tion (top) and acceptance (bottom). Th h
tothet r

e t ree parts correspond

beled a an
o e t ree different converters used (see F' 3) Th

a and b refer to the Monte Carlo prediction and the ex er-

imentally observed acceptance. Th Ie reso ution curves are nor-
mahzed to e ual a
Ez ——130 MeV.

q rea, the acceptance is set equ l t 1a o at

nal bremsstrahlung produced b the decy e ecay electrons in the
arge . n ig. 7 we show that the measured spectrum can

be -described we11 b foldiny
'

g the bound muon decay sp
trum with the bremmstrahlung's yield curve for a

~ 2000-

iZ
w 1000-
w

l
I
I
I
I
I
I

I

1

1

I
I
I
I

~ ~ f ~ ~ ~ I ~ I j
I
I

I

I
I

I
I

I
I
I
I
I
i
I
I
I
I

(c)

~ 0 i ~

0 20

I

4 i a i

40 60 80 100 120 140
ENERGY (MeV)

FIG. 6. Raw
bremss

aw photon spectrum after target cut. ( ) -d
trahlung, ' (b), radiative p capture; (c), radiative m-ca ture

energy regions.
e; c, ra iat1ve m-capture



1512 A. FRISCHKNECHT et al. 32

0.05

0.02

0.01

0.75

0.5

0.25

O

~ 500

LLI

(b)
0.005—

(o)',

(x&0)
10)

0-
60

I a . . I

80 100 120
ENERGY (MeV)

I

140

0.0025— FIG. 9. Radiative pion capture photon spectrum (Ref. 33).

(c)2000—

1000—

appearing with the prompt gate, while the former is mea-
sured by the fraction (f3) of pion events after the prompt
cut above Ez ——m&c . We thus obtain

0 ')0 20 50 40 50 60
E (MeV)

dier (ILI,v„y )

dE&

d'etat

dE&

d~ prompt

(1—f3)"y
FIG. 7. (a): {a) Electron spectrum from free p decay. (b)

Electron spectrum from the decay of muons bound in Ca (Ref.
31). (c) Bremsstrahlung yields E~.I(E~,t)t ' for a target with
thickness t =0.5 radiation length for an electron energy of 50
MeV (Ref. 32). (b): (a) Photon spectrum for radiative decay of
free muons (Ref. 28). (b) External bremsstrahlungs spectrum for
bound p decay in Ca (target thickness 0.5 radiation length) (c):
Histogram: Experimental photon spectrum at low energies;
curve: spectrum B,b multiplied with experimental acceptance
and pair-spectrometer resolution.

trum from the total spectrum by cutting the events
marked as prompt, we face two problems. Firstly the effi-
ciency of the prompt tag is not 100%, such that some
high-energy events are remaining after this cut, and
secondly we also subtract those p -capture events occur-
ring during the first 20 nsec of the p lifetime (6%) as
well as a contribution from a second p appearing at ran-
dom during this gate (6—10%). The, latter contribution
can be obtained from the fraction (fI) of p-decay events

X [1 f, /(1 f3)]— —

This spectrum is shown in Fig. 10 for the 2X88 pm Au
converter configuration, with which most of our data
were taken, together with the raw spectrum. For this
spectrum, e.g. , the values of f3 and f, are 0.292+0.014
and 0.140+0.002, respectively. The total pion contribu-
tion to the raw spectrum is 40% and 1600 radiative muon
capture events remain after the subtraction. For the two
other converter configurations we have after subtraction
of the pion background 330 and 520 events, respectively.
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FIG. 8. Prompt photon spectrum (see text) (2&&88 pm con-
verter).

FIG. 10. Bottom: Radiative p-capture spectrum (prompt
events subtracted) {2)&88pm Au converter). Top: Raw photon
spectrum (see text) (2)& 88 pm Au converter).
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D. Normalization

To obtain the total radiative muon capture branching
ratio and the normalized differential spectrum, we pro-
ceeded in the following way:

(i) The data sets from the converter configurations were
treated separately to check their internal consistency.

(ii) The theoretical spectra from Christillin (C) (Ref.
16) and Rood, Yano, and Yano (RYY) (Ref. 11) were used
for comparison with data and folded with the respective
resolution and acceptance function for the three convert-
ers. The comparison to the RYY calculation is primarily
made to be able to relate to the results of the latest previ-
ous experiment. '

(iii) For each spectrum a normalization factor (No) was
used, defined by

No =Nl (E3E3 ) fSt~P( f«~)( f»~)~»»
where N„represents the number of incoming muons, E3
represents the efficiency of beam scintillator p3=0.94+0.03, E3 represents the counting losses caused by
two muons appearing in the same beam burst
=0.95+0.03, fst,~ represents the fraction of inuons stop-
ping in the target, determined from range curves at low
intensities =0.79+0.04, fq represents the muon decay
fraction =0.154+0.001, f», represents the fraction of
photons absorbed in the target =0.16+0.03, A,b,
represents the absolute efficiency of the spectrometer at
E&——129.4 MeV (see Table I).

(iv) A fit to the data was made with the following ex-
pression:

S(E)=No I8 (E')2„i(E')R(E',E E')dE', —

with gz(C, RYY) and the closure energy k,„(RYY) as
only free parameters. The integrated rate is then taken
from the theoretical spectrum. The variation of the pho-
ton absorption in the target with energy is less than S%%uo,

thus 1 —f,b, varies only by less than 1%, which is why we
applied this correction globally and did not include in the
integral for S(E). While the statistical errors (including
the contributions from background uncertanties) of each
data set were of course directly included into the least
square fit, the errors on the normalization factors and the

strongly correlated errors of the parameters of the resolu-
tion function and the relative acceptance need special
treatment. We repeated the fit allowing all input parame-
ters to vary by their standard deviation and thus deter-
mined the resulting contribution to the error in g& and the
total rate. The correlation between the acceptance and
resolution parameters was taken into account using the er-
ror covariance matrix of the fit to the calibration spectra.
Figure 11 shows the data sets used and the best fit curves
obtained. The values for gz and km, „as well as the total
branching ratio above 57 MeV are given in Table II.

We refer to the discussion of the implications of these
results for radiative p-capture calculations in Sec. III. At
this point we are only concerned with internal consistency
of the three data sets. It is apparent from Table II that
the branching ratios from all three data sets and the two
theoretical models used as an ansatz for the spectral shape
are in agreement with each other within their respective
error bars. The data taken with the thicker converters,
however, are statistically less significant.

E. Unfolded radiative muon capture spectrum

To facilitate comparison with the various other theoret-
ical models available, for which the curves for different
values of g~ were not made available to us, and future cal-
culations we constructed an unfolded spectrum. This is
fairly simple, since the resolution functions even for the
thick converters are very narrow and the spectrum con-
tinuous and without strong or narrow features. We divid-
ed the measured spectra by the relative acceptance curve
and the normalization factor and shifted the whole spec-
trum by the average energy loss appearing with each reso-
lution function. Table III shows that fits to these unfold-
ed spectra directly with the theoretical curves yield results
consistent with the exact method. Finally now all three
spectra can be combined into one spectrum with due con-
sideration of statistical and normalization errors. We list
this spectrum in Table IV and show it in Fig. 12 together
with the two fits made to it. This spectrum represents the
final result of our experiment and will be used below for
comparison with existing models.

TABLE II. Consistency check for the three data sets taken with different converters. Results of a fit
to the spectra after folding the theoretical curves with acceptance and resolution.

Converter 2&88 pm/Au 600 p,m/Pb 176 pm/Au Average

Christillin
x'
s, /g~
a(Z & 57 MeV)(10-')

55.9
3.1 +1.3
1.72+0.21

53.3
5.0+ 1.3
2.0+0.4

47.5
6.5+1.7
2.3+0.4

4.5 +0.9
1.86+0. 16

Rood- Yano- Yano
X2

Sp/Sw
k (MeV)
correlation
8 (E & 57 MeV)(10 )

55.2
1.0 +1.1

92.1 +0.9
—0.784

1.69%0.20

53.5
4.8+3.4

90.0+3.1
—0.938

2.0+0.6

48.7
6.6+2.6

89.2+ 1.9
—0.912

2.3%0.5

2.2 +1.0
91.7 %0.8

1.72+0.14
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FIG. 12. Unfolded spectrum summed over all three converter
configurations. Top: Theoretical curve of Christillin (Ref. 16).
Bottom: Rood, Yano, and Yano (Ref. 11).
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TABLE III. Results of fits to the unfolded spectra. Top:
Each converter configuration treated individually. Bottom:
Sum of all three spectra. The energy shift corresponds to the
average energy loss at E~=68 MeV, the mean energy of the
spectrum. (The numbers in the parentheses show the influence
of the nonstatistical errors from the parameters of the accep-
tance function. )

C

Converter
Energy
shift
(MeV) 2.2 6.4 1.8

2)& 88 pm/Au 600 pm/Pb 176 pm/Au

O

20

0O

Christillin
X2

gp/ga

a(10-')

Rood- Yano- Yano
X2

gp/ga

k „(MeV)

8(10 )

47
3.3 +0.3

(3.1 +0.4)
1.76+0.22

51
1.6 +0.9

(1.0 +1.2)
91.8 +0.9

(92.1 +0.9)
1.73+0.21

41
6.7 +0.8

(5.0+1.0)
2.4+0.4

37
6.6+1.7

(4.8+2.9)
88.4+2. 1

(90.0+3.1)
2.2+0.5

43
5.3 +0.6

(6.5+0.6)
2.1+0.4

45
6.1+1.3

(6.6+ 1.5)
88.2+1.7

(89.2+ 1.9)
2.1+0.5

60 65 70 75 80 85 90 95
ENERGY (MeV) (b)

FICi. 11. Photon spectrum for ~Ca(p, v„y) for three dif-
ferent converters: '{a) 2&&88 pm Au; (b) 600 pm Pb; (c) 176 pm
Au. Bottom: Comparison with the Rood, Yano, and Yano cal-
culation, top: Comparison with the theory of Christillin.

Christillin
X2

gp/gw
a(10-')

Rood- Yano- Yano
X2

gp/gw
k~
a(10-')

49
4.6 +0.9
1.96+0.17

60
3.5 +1.3

90.8 +0.9
1.92+0.20
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TABLE IV. Differential photon spectrum for ~Ca(p, v„y) with resolution and acceptance unfold-
ed. A +9% uncertainty in the overall normalization is not included in the errors given for the individu-
al points.

Energy
(MeV)

55.5
56.5
57.5
58.5
59.5
60.5
61.5
62.5
63.5
64.5
65.5
66.S
67.5
68.5
69.5

dN&/dE~
(]0 MeV )

3.06+0.31
2.46+0.26
1.93+0.22
1.59+0.20
1.46+0. 19
1.41 +0.17
1.37+0.17
1.05+0.16
0.89+0.14
0.84+0. 13
0.87+0. 12
0.97+0.12
0.93+0.12
0.85+0.11
0.60JO. 10

Energy
(MeV)

70.5
71.5
72.5
73.5
74.5
75.5
76.5
77.5
78.5
79.5
80.5
81.5
82.5
83.5
84.S

dN&/dE&
(10 MeV ')

0.57+0.09
0.68+0.09
0.56%0.09
0.46+0.08
0.55+0.09
0.37+0.08
0.49+0.08
0.34+0.07
0.26+0.06
0.31+0.07
0.15+0.06
0.32+0.06
0.12+0.05
0.17+0.05
0.17+0.05

Energy
(MeV)

85.5
86.5
87.5
88.5
89.5
90.5
91.5
92.5
93.5
94.5
95.5
96.5
97.5
98.5
99.5

dN~/dE~
(10 M V ')

0.21+0.05
0.10+0.04
0.05+0.04

. 0.06+0.04
0.03+0.04
0.00+0.04
0.06+0.04

—0.01+0.04
—0.08+0.04

0.01+0.04
0.03+0.04
0.04+0.04

—0.03+0.04
—0.02.+0.03

0.01+0.04

Summing all events above 57 MeV, we obtain a model
independent radiative muon capture branching ratio of
Az (Ez & 57 MeV)/A& ——[2.07+0.06 (statistically) +0.20
(including normalization)] )& 10 . The uncertainty of our
energy calibration ( & 200 keV) contributes an error
& 2.4% to this result.

This number is in good agreement with the result of
Hart et al. ,

' who obtained (2.11+0.14)&(10 by nor-
malizing to muon decay with a bound muon lifetime of
v&

——(366+9) nsec, as determined in their experiment.
This value is 8% higher than the average of the previous
three experiments, ~„=(340+2) nsec. Using the
latter value would reduce the branching ratio by S%%uo, but
still not destroy the agreement. In our experiment we nor-
malize to the number of captured muons and the muon
lifetime enters only in the 15.4% decay correction. In the
experiment of Hart et al. ' the photon resolution is 29%
FWHM at 130 MeV compared to our 1.5% FWHM and
an ansatz using a polynomial in photon energy is needed
to reconstruct an unfolded spectrum. The results of this
final analysis also agree with a preliniinary analysis based
on part of our data, which gave Az/A&
=(2.0+0.4) X10

III. COMPARISON TO THEORETICAL
CALCULATIONS AND DISCUSSION

OF THE RESULTS

All theoretical calculations of radiative muon capture
spectra for Ca use the impulse approximation. They
start with a nonrelativistic reduction of the amplitude for
the elementary process p p~nv&y, which is then used in
the nuclear transition operator by summing over all nu-
cleons. Beginning with the work of Rood and Tolhoek3
several alternative methods for deriving these operators
have been formulated (see, e.g., Refs. 35 and 36 for a dis-
cussion), which lead to consistent results up to terms
linear in momentum transfer and photon momentum.
The differences between the different predictions can

therefore. be traced solely to the different ways, in which
the nuclear states are treated. As mentioned in the Intro-
duction, only three calculations exist' ' ' which attempt
a proper treatment of the nuclear response, while the ma-
jority employs the closure approximation in some form or
another. We begin our comparison between experimental
results and the calculations with the latter models, not
only for historical reasons, but also to expose once again
the inadequacy of these descriptions.

A. Closure models

In the closure calculations the sum over all final states
contributing to the spectrum

g (kf',„—k) (i
~

M'
[ f)(f

~

M
~

i )
f

is replaced by

(k,„k) (i
~

M'M—~i ),
using the assumptions (k = photon energy)

and

g ~f)(f ~

=
f

The excitation energy of the final state Ef &; is replaced-
by an average value AE with a corresponding end point of
the photon spectrum k,„. The impulse approximation
transition operator M then needs to be evaluated only be-
tween the Ca ground state wave functions, for which
Rood and Tolhoek have used harmonic oscillator shell-
model wave functions. If the ordinary muon capture rate
is evaluated in the same approximation the ratio of the
two rates can be expressed in a simple way
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k max 2 1
R (x)- 4 bo(x) 1 —2x+2x +— x(1—x)

3 bo(x)
' ~" ~ X/. a~g.

Xx(1—x) 1.5—

where x =k(photon energy)/k, „, v,„represents the neu-
trino momentum corresponding to the average nuclear ex-
citation in ordinary capture, and bo(x), bi(x) are func-
tions containing the weak coupling constants. In the Pri-
makoff approximation, where only vector and axial-
vector coupling are considered and only the radiation of
the muon is retained with k,„=v„, one obtains
bp =g +3gg aiid b i =gU —gg i.e. 3 b i /bo =0.03. We
show the corresponding spectrum, divided by the integrat-
ed rate and neglecting the term proportional to b~ in Fig.
13. If one compares this simple result with the full calcu-
lations, containing all couplings and radiation from all
charges and magnetic moments, one obtains a nearly iden-
tical curve, independent whether closure is applied with
harmonic oscillator wave functions, or whether the Fer-
mi gas model' or a giant dipole resonance model' is
used. For larger values of the induced pseudoscalar cou-
pling more strength is shifted towards higher photon ener-
gies, but the slope in the experimentally accessible region
is nearly not affected; Thus it is only the integrated rate
above the experimental threshold which can be used to ex-
tract gz. In first order the weak coupling constants enter
into this . rate as g„+3gz +2g&g~ g+g&q, with
'g= pip/2pip.

In Sec. II we have presented a comparison of our data
to one of the closure type models, the one of Rood, Yano,
and Yano. " This calculation differs from the work of
Rood and Tolhoek primarily in the treatment of the
muon propagator in the nuclear Coulomb field. While
Rood and Tolhoek use the free muon Green's function,
the latter work solves for the Green's function in the field
of an extended nucleus. The consequence of this is a typi-
cally 25% reduction of the rate for high photon energies.
A good fit to the data is obtained for gz

——(3.5+1.3)gz
and k,„=(90.8+0.9) MeV. This energy would corre-
spond to an average excitation energy of the K recoil of
11.8 MeV, and for the analog levels in Ca at 19.4 MeV,
quite close to the center of the giant dipole resonance.
Hart et al. fit their spectrum with k,„=(86.3+1.8)
MeV and gz ——(6.7+1.5)g~. The larger value of gz is
simply a consequence of the lower value of k,„,which is
less well determined with 30% photon energy resolution,
and reflects the k~ dependence of the rate inherent of clo-
sure calculations.

Though the confidence level of the fit to the Rood-
Yano- Yano theory is reasonable (X =60 for 36 degrees of
freedom), the result has to be regarded with some caution,
since an alternative investigation of the muon propagator
nonlocality effects in several nuclei between ' 0 and Pb
limits their influence to less than 10% on the high-energy
part of the spectrum. ' With a smaller renormalization
our experimental rate would then lead to negative values
of g~/g~, as the comparison with all other closure models
requires. In Figs. 14 and 15 we compare our spectrum to
these calculations. Fearing' relates the radiative muon

0.5—
~ 3

exp.

0 I I I I

0.2 OA 0.6 0.8 1.0
x k/k~ag

FIG. 13. Radiative muon capture photon spectrum in the
closure approximation. Plotted are the normalized spectra
( f R(x)dx) 'R(x) with x =k/k, „, the photon energy rela-
tive to its maximum value. The solid curve corresponds to
gz ——8g~, while the dashed and dashed-dotted curves correspond
to g~=0 and g~=16g&, respectively (calculations of Ref. 3).
The squares and triangles represent the results of Refs. 12 and
13, respectively. The region covered by experiments starts near
x =0.6. The dotted curve corresponds to
R (x)=20(1—2x +2x )x (1—x), the Primakoff approximation
(see text}.

e
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55 60 65 70 75 80 85 90 95
E& (MeV)

FIG. 14. Comparison of experimental results to closure-type
calculations. Solid curve: Borchi and Gennaro (Ref. 12);
g~ =9g~, k =90.5 MeV. Dashed curves: Fearing (Ref. 13);
(a) gz

——10g~, (c) gz ——7g~, (d) g~ =4g~, k =88 MeV.
Dashed-dotted curves: Fearing (Ref. 13); (a) k,„=96MeV, (e)
k =80 MeV, g~ =7g~.
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the rate computed in this model exceeds the experimental
one for all positive values of g&/g~. An improved version
of this model presented by Sloboda and Fearing'" consid-
ers also terms of order mz, which are missing in the oth-
er calculations. These results are displayed in Fig. 15.
The best fit to spectrum of Hart et al. yielded
k,„=(89.1+0.9) MeV and g~=( —2.8+4.8)g„ in the
closure harmonic oscillator model and k,„=(87.0+3.0)
MeV and g~=( —0.3+2.0)g„. Our data with a higherk,„,but similar rate, would yield even lower values of gz
(see Fig. 16).

Lastly, the combination of the Fermi-gas model and
closure, used by Borchi and Gennaro, ' gives results (Fig.
14) which exceed the experiment by more than a factor of
2 for gz

——8gz, which again requires gz/gz less than zero,
bearing in mind the combination of coupling constants
entering the rate, which we referred to above.

FIG. 15. Comparison of experimental results to the calcula-
tions of Sloboda and Fearing (Ref. 14). Dashed curves: {a)
g~=0, (b) g~=7g~ (closure; harmonic oscillator), (c) g~=7g~
(giant dipole model), k,„=87.6 MeV. Solid curve: Best fit to
the experimental results of Ref. 10 (see text).

capture strength into giant dipole states to the experimen-
tal strength, observed in photonuclear reactions. Since the
higher multipoles, especially the quadrupole strength, are
evaluated with harinonic oscillator wave functions, but
with the excitation energy coinciding with the giant dipole
resonance, this amounts essentially again to the closure
approximation as Fig. 13 demonstrated. Though our
value of k,„seems to be consistent with the assumption
of the concentration of strength into giant dipole states,

A

P&rt&w--PAN~

B. Phenomenological response function

Christillin, ' whose criticism of the closure approxima-
tion we have reproduced in the Introduction, has intro-
duced a nuclear response function, which divides the tran-
sition strength into a dipole and a quadrupole part. The
dipole resonance is taken at 20 MeV excitation energy
with a Lorentzian width of 5 MeV, the quadrupole reso-
nance at 35 MeV with a width of 12 MeV. The depen-
dence of the momentum transfer is incorporated by multi-
plying the strength with the square of the elastic form
factor of the Ca ground state. The strength of the quad-
rupole part is adjusted to reproduce the rate for ordinary
muon capture, the dipole part can be related to photoab-
sorption data assuming SU(4} invariance. With such a
phenomenological response function the range of excita-
tion energies accessible for each photon energy is properly
accounted for, at energies higher than 75 MeV essentially
only the giant dipole resonance contributes, while below
75 MeV both parts are present. When compared to clo-
sure models a considerable. reduction of the rate is ob-
tained. The overall fit of this model to our data was
presented in Sec. II. The only free parameter is now g~.
The fit gives X2=49 for 37 degree of freedom with
gz ——(4.6+0.9)gz, which corresponds to (68+13)% of the
canonical value. Since the fit stays below the experimen-
tal points for the energies below 61 MeV, which make a
comparatively large contribution to the total rate, match-
ing the summed experimental rate above 57 MeV to the
predicted rate (see Fig. 16} tends to give slightly higher
values of g~.

00 8
g /gA

16 80 90
k .„(MeV)

0
100

FIG. 16. Left: . Comparison of the experimental rate A„
(E„&57 MeV)/A„' to the calculations of Gmitro et al. [GMKE
(Ref. 18), GOT (Ref. 19), and Christillin (Ref. 16)] versus
g~/g~. Right: Comparison of the experimental rate to the cal-
culations of Fearing (Ref. 13) versus k . The vertical lines in-
dicate the value of k found in our experiment.

C. Microscopic calculation

The ideal procedure, from a theoretical point of view,
to compute the spectrum would be to sum over all possi-
ble partial transitions, taken at their correct energies using
wave functions, which have been well tested against other
processes with similar one-body matrix elements such as
electron scattering, photonuclear reactions, radiative pion
capture, etc. For Ca such a program is clearly too ambi-
tious, though it has been attempted for ' O. ' However,
microscopic calculations for Ca with simple she11-model
wave functions assuming Ca doubly closed and includ-
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ing all negative 1p-1h states have been carried out. ' We
display the results as a function of gz in Fig. 16. The rate
is clearly overestimated.

This problem has been remedied recently. Gmitro and
Ovchinnikova have constructed an improved impulse
approximation Hamiltonian, which ensures the continuity
of the nuclear electromagnetic current (Siegert's theorem)
and is viewed as an implicit calculation of the meson ex-
change current at the electromagnetic vertex. When this
Hamiltonian is used for Ca (Ref. 19) a dramatic reduc-
tion of the yield is obtained. With a value of
gz ——(5.8+2.4)g~ the rate is in agreement with the experi-
mental one (see Fig. 16). Two reservations have to be
made with respect to this result, as pointed out in Ref. 19.
The quadrupole branch is not included in the ordinary as
well as in the radiative muon capture rate due to compu-
tational difficulties. While the contributions of the quad-
rupole branch to radiative capture are small, because of
the available phase space at high photon energies, they
can contribute up to 30% the ordinary muon capture
and thus affect the ratio. Gmitro et al. ' have therefore
multiplied their ordinary muon capture rate by a correc-
tion factor 1.3. Furthermore nucleon velocity terms in the
Hamiltonian are dropped, which, however, affect both
rates by typically 10%%uo and are therefore unimportant.
The last comment pertains to the shape of the spectrum
Again the theoretical curves (see Fig. 17) fall below the
experimental ones at low photon energies, where the con-
tribution to the integrated rate is large and precisely where
the quadrupole branch should rise. Consequently a fit to
the spectrum requires a value for gz lower than quoted
above. Extrapolating from the curves given for

gz
——7.5g~ and gz

——4g~ we would obtain a good fit with

gz ——(3.0+0.6)gz. These results bring the microscopic
calculations in complete agreement with the phenomeno-
logical ansatz.

D. Conclusions

We have observed that our experimental results can be
explained satisfactorily with two realistic, in the sense of
treating the nuclear response, model calculations, if the
size of the induced pseudoscalar coupling at the momen-
tum transfer for ordinary muon capture in hydrogen is
taken within the range g&

——(4.0+1.5)g~ [combining the
results of the fits to the spectra g~=(3.0+0.6)g~, Sec.
III B and g~ =(4.6+0.9)g~, Sec. III C]. This value corre-
sponds to (59+22) % of the partial conservation of axial-
vector current (PCAC) value of 6.78g„and to (57+25) %
of what is measured in ordinary muon capture, and thus
indicates considerable quenching of this coupling in nu-

clei.
The renormalization of the axial weak couplings has

been the subject of several theoretical investigations. '

In particular the induced pseudoscalar coupling, which
arises from the exchange of a virtual pion, is expected to
be most sensitive to alterations of the pion field in the nu-

clear medium. The intermediate pion may interact with
other nucleons and the emitting nucleon may be affected
by short range correlations. The axial polarizability pa-
rameter a characterizes the former, the screening parame-
ter g the latter effect. If the pion field, coupling to an iso-
lated nucleon, may be obtained as

( —V +m )P (x)= — Vcr(x),2' ~

the field in the presence of other nucleons is written as

[—V(1+a)V+m„]P(x)= — V(1+ ,' ga)cr(x—) .
2Pl ~

The left-hand side of this equation leads to replacement of
the pion mass in the propagator by an effective mass
m„=m„(1+a) ', while the modification of the strong
coupling on the right-hand side leads to a renormalization
of both axial-vector and induced pseudoscalar coupling by
the factor (1+ —,

' ga):

g~"=g~(1+ 'k~)-
I

Cl

CO

2 —;I,

2 2—q +P7l—gp(1+ 3 ga) —q +~a'

+Pl ~
2 2

)~
——0.57+0.25 .—q +m ~

In this framework we are measuring in our experiment
(q = —0.88m')

' eff
Sp
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FIG. 17. Comparison of the experimental spectrum to the
shell-model calculations of Gmitro et al. (Refs. 18 and 19).
Dashed curve: No continuity constraints applied, g~=7. 5g~
(Ref. 18). Solid curves: Continuity constraints included: (a)

g~ =4.5g~, (b) g~ =7.5g~, (c) g~ =12g~.

Solving for a we obtain a= —0.53+0.25. The value ex-
pected for nuclear matter is a = —0.75.

These findings are contradicted by the unrenormalized
values of gz found for partial transitions in ' 0 (Ref. 15)
and ' C. It has been argued that the renormalization in
these peripheral transitions of valence nucleons should be
smaller than in the heavier and larger Ca system. Expli-
cit calculations of meson exchange current contributions
to the renormalization of the weak vertex parameters for
radiative muon capture in Ca indicate that a downward
renormalization of gz and a consequent reduction of the
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rate is indeed expected. Ohta finds a 30% reduction of
the rate compared to Rood and. Tolhoek, while
Achmedov et al. find typically 10% compared to the
impulse approximation calculated performed with shell
model wave functions. The latter result is nearly indepen-
dent of the parameter g, but even with meson exchange
currents included the predicted rate exceeds the experi-
mental rate by a factor of 2, rather similar to the results
discussed in Sec. IIIC without the continuity constraint
on the electromagnetic vertex.

In view of the many uncertainties inherent to extraction
of gz from the inclusive photon spectrum, our conclusions
regarding the quenching of induced pseudoscalar coupling
cannot be considered final. There is certainly room for
further improvements of the calculations, e.g., the in-
clusion of positive parity states (quadrupole excitations),
the inclusion of ground state correlations (2hco admix-
tures to the Ca ground state), etc. There is also hope
that the measurements of the photon-muon spin angular
correlation, which have been attempted'o' but so far

only yielded inconclusive results, can be sufficiently im-
proved to allow a redetermination of gz to an accuracy
around 10 to 20%. The photon-muon spin angular corre-
lation parameter is strongly dependent on gz, too, but
seems to depend only weakly on the choice of the nuclear
model, as an inspection of all calculations cited above
shows. Such measurements are in progress at TRIUMF
(Ref. 49) and at SIN.
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