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ing quantity is the magnitude of the cross section,
since it determines whether the process is of prac-
tical interest at the presently available level of
experimental precision. Unfortunately, in this
calculation, as in most, the absolute magnitude of
the cross sections is difficult to estimate reliably.

One might bebeve that our present assumptions
are reasonable enough. Then the strong depen-

dence of the cross section on incident energy in-
dicates that at lower energies" (-40-50 MeV) the
process ought to be %'lthln the purview of current
experimental techniques. In particular, the region
of large cross sections for the extremely asym-
metric partition of energy among the breakup prod-
ucts appears to be encouraging for an experimen-
tal test.
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The recent experimental data on the decay of isobaric analog states in C, F, and P to
their low-lying normal-parity states are analy2. ed. The calculations are carried out in the
framework of the Hartree-rock projection method by considering all the nucleons in the con-
figuzation space of the first four major oscillator shells and employing a realistic nucleon-
nucleon interaction. It is found that the calcuulated energy spectrum of F, static moments,19

and d T=0 electromagnetic transition strengths in these nuclei agree very well with the ex-
perimental data. The AT=3. M1 transition strengths Rnd the corresponding ft values calcu-
lated from the projected wave functions are also in good agreement with the experimental
observations. The agreement for the AT=1 transitions between the present and the shell-
model calculations is found to be nearly as good as that in the case of DE =0 transitions.

1. INTRODUCTION

The discovery of isobaric analog resonances' in
medium- and heavy-mass nuclei made it clear that
isospin is a useful concept beyond light nuclei. as
well. The usefulness of the isospin quantum num-

ber (T) follows from the observed narrow widths
(few keV) of the analog resonances and from their
positions, which agree with the corresponding the-
oretical predictions. ' It was also realized that the
study of analog resonances provides an important
tool for nuclear spectroscopy, "since some ana-
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log states, which lie in the continuum, are more
easily accessible than their pax'ent states. One ob-
tains information about the wave functions of the
parent of the analog state and also about the final
states to which the analog state decays. Spectro-
scopic factors for the parent analog state are ob-
tained from cross sections for elastic and inelas-
tic proton scattering through the isobaric reso-
nances.

In this paper, we consider the electromagnetic
transitions from the isobaric analog states in "C,
"P, and "P to their lom-lying normal-parity
states. The choice of these nuclei stems from the
following two facts: (i) the large amount of experi-
mental data recently available, and (ii) the feasi-
bility of calculations in a large model space em-
ploying the projected Hartree-Fock (HF) formal-
ism. In the calculations reported here, me have
considered all the nucleons in the configuration
space of the first four major oscillator shells and
use the realistic nucleon-nucleon (NN) interac-
tion. ' The HF projection method is found to be
quite successful' in predicting the observed prop-
erties of the low-lying states of the nuclei in the
mass region under consideration. The most cred-
itable point of this approach lies in avoiding the
extra parameters in the calculations to obtain rea-
sonable agreement with the experimental results.

In the present investigations, we are mainly
concerned with three aspects of the calculations
regarding 6T =1 transitions; The Qlaln polDt of
our study is to find out whether the HP projection
method successfully predicts the observed analog-
state transition strengths to the lom-lying states
of the same parity. In case it does, it mould im-
ply that the analog state, which lies quite high in
the continuum, also has the i.ntrinsic structure
described by a single determinant of deformed
HF orbitals. Since quite often analog states lie
above the proton thresholds, there mould be some
isospin mixing in these states. ' The lom-lying
bound states of nuclei are almost pure isospin
states. ' The isospin mixing in analog states may
be. important in isospin-forbidden decay, but it
would not have an important effect on the allowed
electxomagnetic decay. This is so because of our
expectation that the mixed states of lower isospin
value mill not have large transition strengths to
low-lying states. In the HP wave functions for
odd-A. nuclei, however, there is a small spurious
isospin impurity even though one uses isospin-
eonsex'vlng NN intex'actions. We have ignored its
expected small effect on oux xesults.

The second aspect of our investigation is to find
out whether the HP projection method gives re-
sults very close to those predicted by the shell-
model calculations. Such agreement is found9 in

the case of hT =0 transitions between lom-lying
nuclear states. If the same is found in the ease of
4T =1 transitions, it would imply that both parts
of the projected wave function which are sensitive
to ET =0 and 4T =1 transitions agree quite mell
with the corx'espoDdlng pax'ts of the shell-model
wave function. The 6T =0 transitions in conjunc-
tion with the AT =1 transitions would provide an
aeeurate test for the theoretical description of the
nuclear wave functions.

The third and the last paxt of the present work
consists of calculating the allowed AT =1 Gamow-
Teller (GT) P-decay matrix elements between the
parent of the analog state and the low-lying states
of these nuclei. It is known" that if the contribu-
tion of the oxbital part of the M1 operator is neg-
ligible eompax"ed to that of the isoveetor spin part,
one gets an explicit relation between this ft value
(of a AT = 1 GT transition) and the M1 transition
strength from the analog state to the sa,me low-ly-
ing states. We find, however, that the contribu-
tion from the orbital part of the M1 operator is
not always negligible.

In Sec. 2, we present the theoretical expressions
for the ~T =1 transition matrix elements derived
from the HP projection method. In See. 3, this
formulation is applied to study the electromagnet-
ic transitions in "C, "F, and "P and P transi-
tions from the parent of their analog states. The
results of our calculations are compared with the
experimental data and with the shell-model pre-
dictions in the same section. The conclusions are
presented in See. 4.

2. hT = 1 TRANSITION MATRIX ELEMENTS

The details of the HP projection method with its
application to calculate the nuclear spectra and
the AT =0 electromagnetic transition matrix ele-
ment are given in our earlier work. " The re-
sults of Ref. 11 are used to calculate the low-ly-
ing nuclear states of "P and the AT =0 electro-
magnetic transitions in all three nuclei under con-
sideration. %'8 present here only the derivation
of 4T =1 transition matrix elements. The experi-
mental analysis of the isobaric analog resonances
observed in (P,p), (p, P'), and (P, n) reactions in-
dicates the almost pure isospin character of the
isobaric analog states (IAS). The small isospin
mixing in IAS mill not have any important, effect
on the allowed AT =1 electromagnetic txansitions.
Neglecting the small spurious isospin impurity in
the intrinsic HP state of odd-A nuclei, the wave
function 4 ~'rr+'(Z, N) for IAS is o'btained by apply-
ing the isospin lowering opexator T to the wave
function 4'„'r,",(Z —1,%+1)of the parent analog
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state (PAS),

e„","(Z,N) =[3(r+I)]-'"T~'"'g —I,N+1),

(1)
where the isospin T of the low-lyirg states of a
nucleus with Z protons and N neutrons is T
= z (V —Z). The wave functions on the left and on
the right side of Eq. (1) are obtained from the in-
trinsic HF states 4r~(Z, N) and 4r,.(Z-I, N+I),
respectively, by the projection method. ""Here
Kl (Ky) ls tile band quantllm nuBlber of the llll'tlR1

(final} axial HF state. It is convenient to express
the electromagnetic transition operator in the iso-
spin formalism as

A A

o = ,' p(-o"„+0',)+p(o'„-0,') t', .
In Eq. (2), 0„(0~) is the neutron (proton) transi-
tion operator and t~ is the z component of the nu-
cleon isospin operator t. The ~T =1 transition
matrix element of the operator 0 in Eq. (2) between
tile lllitiR1 IAS ill Eq, (I)» 4'ztt r {Z,N), Rlld tile

final state, 4„~'r{Z,N), is given by

(@»t'»(, tt)lol »t»'» ( )) =[ (z»t)) '"(z»t'»(z tt) p(o»» o»)t' z-'„i",. ,"',(z-t, tt»t)). (3)

Using similar algebra as in Ref. 11, the matrix element on the right-hand side of Eq. (3}can be expressed
in the form

A

(p»',. ;tt z) (&tMt, »tt(&»M»)r(»tzt —», »ttlztzt) 4 (z, tt) Qo'(»»)t'p»', , z» (z — ttt1»),.)

(4)
In Eq. (4), X and v are the rank and the component of the tensor operator 0~ -0»; (J,M„Z,Mz ( Jpf, ) is the
standard vector-coupling coefficient. The explicit expression for the overlap integral p«of the projection
operator Err is evaluated in Ref. 11. The matrix element in expression (4) can further b(l simplified to

(z') Jtttt»»t»»d»' „,(tt)(z» (ztt) Qo ,(»)t »''»'»4'» (z-t, ttt+1)), (5)
A=1

where the functions d„~(8) are as those given by Rose." It is straightforward algebra to show that

(C,,g, N) PO'(~v)P e ""C (Z--I, N+I) =g g(-)""D,'-'(8)D„"(8)
k=1 P=l n=1

x Z(, io'(~ )ie )c'.(K,)cs(K,)48.„(8).

Here C~(")(K) is the single-particle proton (neu-
tron) wave-function expansion coefficient in the in-
trinsic HF state with band quantum number K.
The Mth element in the determinants D~ '(8) of
order Z -1 and D„"(8)of order N are, respective-
ly, given by

a,'g8) =PC', (K~)C „'(K,)d„'"„(8), lt eP; (7)

e, (8) =PC'„(K,)C.'(K,.)d'„"„(8), I ~s. (3)

In the case of the M1 transition operator, the
spin part of the matrix element in Eq. (3) is pro-
portional to the corresponding GT P-decay matrix
element. Using this fact, one obtains the known"
relation between the ft value and the transition
strength B(MI, o) arising from only the spin part
of the M1 operator:

11825
(r + I)a(MI, o)

In computing ft values we have employed Eq. {1)
of Qunye and %'arke. "

It is well known that the shell-model (SM) cal-
culations for many-nucleon systems in a large
configuration space are prohibitively complicated.
In such a situation the next best thing that can be
done is to employ the approximate variational
wave functions obtained from the intrinsic HF
state by the projection technique. '3 The results
of this HF projection method for low-lying nucle-
ar states are found9 to be in good agreement with
the correspondinzg SM results for few-nucleon
systems in a small configuration space. In the
calculations reported here, the xealistic NN in-
teraction of Elliott et ak.' has been used and all
the nucleons are explicitly considered in the con-
figuration space of the first four major oscilla-
tor sheDs in HF calculations for the odd-A nu-
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clei. This NN interaction is found to yield' quite
satisfactory results for the low-lying nuclear
states of P- and sd-shell nuclei. In all the nu-
clei under investigation here, the low-lying states
are obtained from the lowest axially symmetric
intrinsic HF states by the projection method. "

The computed energy spectrum of "F from the
lowest K=-,' intrinsic HF state is shown in Fig. 1

and is in fair agreement with the experimental
spectrum. It should be stated here that the small
values of the overlap integrals for the J=&, &,
and & states make the energy evaluation of these
states rather inaccurate compared to that of low-
er states. It is gratifying to note that the present
spectrum is in good agreement with the SM spec-
trum" obtained by considering only the valence
nucleons in a truncated sd-shell model space. The
SM calculation" employs the renormalized effec-
tive NN interaction, whereas we have used the
Elliott NN interaction. ' The good agreement be-
tween the two results shows that the renormaliza-
tion effects are approximately incorporated by
treating all nucleons in a large configuration
space. By using the best-fit phenomenological ef-
fective interaction in the sd-shell SM calculation,
Arima et al."obtain comparatively much better
agreement with the experimental spectrum except
for their inverted sequence of ~ and ~', which
did not happen in both the present and the earlier
SM calculation. " The energy spectrum in the
case of "C is found to be rather compressed as
compared to the experimental one. This is expect-
ed from the fact that the energy spectrum of "C
also turns out to be compressed" in the HF pro-
jection method using realistic NN interactions.
The "P energy spectrum is not computed because
of the obvious reason of labor and computer time
involved in such a calculation.

The evaluation of the static moments and the ma-
trix elements of P and y transitions provides a
good criterion to test the validity of the model
wave functions. Our calculated values of the mag-
uetic and quadrupole moments displayed in Table I
compare very well with the experimental values
wherever available. The present values of the
static moments are also very close to the corre-
sponding SM predictions. ' The SM calcula-
tions"" employ effective charges e~ =1.5e and
e„=0.5e. Since our model space and active nucle-
ons are quite large as compared to those in the
SM calculations, we expect an effective charge
smaller than 0.5e. The results shown in all the
tables in this paper are obtained with an effective
charge of 0.2e in the case of A =19 and A =31 nu-
clei, whereas in the case of A=13 nuclei, the ef-
fective charge used is only 0.1e. This smaller
effective charge in p-shell nuclei can be under-
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FIG. 1. Energy spectrum of ~OF: (a) Experimental
spectrum, (b) the spectrum obtained in present calcula-
tions, {c)the shell-model spectrum of Ref. 15, (d) the
shell-model spectrum of Ref. 16.

stood from the fact that the excitation configura-
tion space for p-shell nuclei is much larger than
that for sd-shell nuclei.

The calculated b, T =0 electromagnetic transition
strengths presented in Table II are in good agree-
ment with the corresponding experimental data in
the case of "C,'" "O, and "F,"whereas the
agreement in the case of "P (Ref. 4} is not so
good. A similar trend is observed (Table II) in
the agreement between the present and SM calcu-
lations ' ' ' except for a few cases in A=19 nu-
clei. In the E2 transitions &' - ~' and ~'- ~" in
"Fwhere a large discrepancy exists between the
present and the SM results, there are also large
uncertainties in the experimental values. " These
E2 transitions therefore can not be taken as a test
for discriminating between the two sets of calcula-
tions. It is unfortunate that the two calculations
for the corresponding M1 transitions also do not
give any preference for a particular model, since
in the &"- &' transition, the present result is
closer to the experimental value, while in the &- &' transition, the SM result" agrees with the
experimental one. .Our calculated & -~' M1 tran-
sition strength in "0 is definitely in very good
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agreement with the precisely known experimental
value. For this transition, the SM value quoted
in Ref. 16 is too small as compared to our value,
while that of Arima et al."is large by nearly a
factor of 2. In the case of "P, our computed
strengths for E2 transitions are in better agree-
ment with the experimental data~ than those for
the corresponding M1 transitions. The present
Mi transition strengths are consistently larger
than the experimental values. In the —,

' ——,
' ' Mi

transition, however, the SM value4'" is even lar-
ger than the present one. We wish to point out
here that with zero effective charge the calculated
E2 transitions are slower, while with the free-
nucleon g factors the calculated Mi transitions
are faster than the corresponding experimental
transition rates. The reasonable agreement for
the SM results (Table II) is obtained only after as-
signing'" effective charges e~- e„=e and e~+e„
=2e(1.35+0.37E„), where E„ is the average exci-
tation energy, whereas we have consistently used
e~ =1.2e and e„=0.2e. The computed strong M1
transition strength can be slowed down by quench-
ing'" of the g factors. The Mi transition
strengths (Table II) are obtained by employing a
quenching factor of 0.41 for the isovector M1 op-
erator; the corresponding quenching factor in SM
calculations'" is 0.63. The same quenching fac-
tor (0.41) is employed in all the calculations in
31p .

In the case of "C, the calculated Ml transition
strengths and logft values for AT =1 transitions,
as shown in Table III, are in very good agree-
ment with the experimental data'" and the SM
results. '" As pointed out by Polletti, Warburton,
and Kurath, the necessary condition for the va-

lidity of the model is for it to give the correct
sign of the E2/M1 amplitude ratio in addition to
its correct magntiude. The SM value of the E2/
M1 ratio for the & (T = &) to & (T = &) transition
is -0.167 by Kurath, as quoted in Ref. 3, Our
value for this ratio is -0.157, as compared with
the experimental value -(0.095+ 0.07). In the
case of "F, our results for the M1 decay of the
IAS ~' to the lowest —,

' and —,
' ' states are in good

agreement with the experimental values. ' The
disagreement in the case of the decay to the ~
state may be due to the inaccuracy in the wave
function of this state in the projection method, as
remarked earlier in the discussion of the energy
spectrum of "F. The present results for the M1
decay of the excited IAS &' to the lowest &', —,'',
and ~' states are large by a factor of 2 to 4, as
compared to the experimental values. ' lt is sur-
prising, however, that the SM results quoted in
Ref. 20 explain the decay of the excited IAS —,

'
much better than the decay of the lowest IAS —,

' '.
The results of the recent SM calculations of Arima
et al."for the decay Of the IAS & are similar to
ours except for the decay to the &' state. They
obtain" a value for this Mi decay strength very
close to the large experimental value. ' It is dif-
ficult to understand this large Mi strength of Ref.
16 in view of the fact that their other M1 transi-
tion strengths and all the loggft values are close to
ours. This large value may be due to the use of
two different sets of potential parameters in the
"0 and "F SM calculations. ' However, with this
set of potentials, they fail to reproduce the AT =0
&'- &' Ml transition strength in "0 (Table II).
Besides, the aT =1 M1 transition strengths from
the excited IAS &+ to the low-lying states of ' F

TABLE I. The static magnetic dipole moment p (in units of p&) and the electric quadrupole moment Q {in e fm ) are
tabulated. The experimental values along with those obtained from our present calculations and shell-model calculations
are tabulated under the columns Expt, Present, and SM, respectively. In the case of ~~O and ~Br, the results of Arima

el, al. are shown in parentheses under the column SM.

Nucleus
Spin
J Expt

p
Present Expt

Q
Present

13B

f3C

3kSj

3i p

2

2

2+
2

2+
2

x+
2

2+
2

2

1+
2

0.70

*0.32

3.69 ~ 0.04

2.63 ~ 0.01

1.13

2.48

0.84

-0.40

1 Q 11

-0.73

2.87

—1.48

0.81

0.70

0 ~ ~ ( ] 57)

~ ~ ~ (-0 78)

3.55 (3.71)

2.87 (2.92)

+11.0 ~ 2.0

3.5

-0.50

2.10

-9.00

-0.10 (—0.12)

2.90 (3.00)

—9.20 (-9.61)
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TABLE II. The ~T =0 electromagnetic transition strengths (in Weisskopf units) between the initial state (spin J,.)
and final state (spin J&) of the nuclei are displayed. Other notation is the same as in Table I.

Nucleus Expt Present

4.50

&0.025 0.63

0.020 &0.006 (0.036)

2+

$+

Li+
2

is+
2

1)+

6.80 +0.70

6.87 +0.13

7.70 +1.50

06+0.18
~ Ã

5.0 ~1.jL
3»0~3 0

+9.0

4.00 + 0.40

6.10+0.30

0.20

0.30

7.69

2.43

6.31 (6.44)

6.31 (6-.51)

6.61 (6.71)

» ~ » (Q 02)

4.55 (4.46)

1.00 (0.84)

5.50

0.20+ 0.03 0.10 ~ ~ » (Q 21)

1.40+ 0.20 ~ ~ ~ (0 63)

0.12xlo 2 0.01x10 2

(1.87+0.13)x10 2 2.63x10 ' 0.60x10 2

9.60 + 1.60 10.63

&3.80 1.24

7.85

&Q.12x 10 3.37xlo 2 4.94x10 2

TABI K III. The Ml transition strengths (in Weisskopf units) and log&0ft values of gT =1 transitions are tabulated.
&he GY transitions in P decay of all the cases under consideration are from T =T» = f to T =Tg= )states. Other nota-
tion is the same as in Table I.

Nucleus Expt
Ml

Present
log)0 ft
Present

2

2

2+
2

2+
2

0.34+0.09

&0.86

0.56

2.60

0.03

0.31

0.30

0.45

0.06

0.25 (0.74)

0.07 (0.26)

0.11 (2.12)

0.14 (0.43)

O.16 (O.65)

o.o1 (o.04)

4.53 4.77

4.75

4.68

4.55

5.80

3.88

4.78

4.60 (4.61)

6.40 (5.53)

4.20 (4.03)

(5 08)

~ ~ (4.72)

~ ~ » (7 81)

(18 0+2 2) x10 20 3x10 15.2x 10

&1.6xlQ 2 0.92xlo 2 1.10x10 2

0.002x10 2 1.12x10 2

1 17x 10-2 0 37x ]0-2

22.4x10 2 11.9x1Q 2

5.56 + 0.01

5.50+ 0.10 5.25 5.50
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are much larger than both the experimental values
and the earlier SM calculations. 20 It can be ob-
served from Table III that our M1 strengths .con-
sistently lie in between the two SM results of
Refs. 16 and 20. We find that in some cases the
logft value calculated from Ell. (9) using the total
B(MI) differs substantially from its actual calcu-
lated value. This is quite clear from the IAS &'
to ~7+ M1 transition strength and the correspond-
ing loggft value calculated in different models and
ill the actual expel'llllellt (TaM8 III). Usillg the
same quenching factor as discussed in connection
with n. T =0 transitions (Table II), our calculated
M1 transition strengths from the IAS ~ to low-
lying states of "P, and the corresponding Iogft
values, are in good agreement with the experi-
mental and SM results. '" However, in the decay
of the excited IAS &' to the low-lying states of "P,
our results differ substantially from the SM re-
sults. This probably indicates that the excited
IAS & obtained from the K= & band in "Si is not
a good approximation to the actual state, because
we find that there are other K= ~ and K= ~3 bands
energetically quite close to the one used i.n the
present calculations.

4. CONCLUSIONS

The study of the decay of IAS provides an im-
portant tool for nuclear spectroscopy. In this pa-
per we have analyzed recent experimental data on
the IAS decay in "C, "F, and "P to their low-ly-
ing normal-parity states. This work was initiated
by the success of the HF projection method in ex-
plaining the properties of the low-lying nuclear
states. The present calculations were carried out

by considering all the nucleons in the configura-
tion space of the first four major oscillator shells
using the NX interaction of Elliott et a/. ' In the
case of "C, the computed magnetic moment and
both AT =0 and aT =1 electromagnetic transitions
together with corresyonding logft values agree
very well with the experimental observations.
This good agreement in "C could be due to the
availability of a large excitation configuration
space. In the case of "F, the static moments, en-
ergy spectrum, and the AT =0 electromagnetic
transitions agree very well with the experimental
data. In the 0,T =1 M1 transitions, the agreement
with the measured strengths for the decay of the
IAS z" is better (excepting that to v") than that of
the excited IAS &

' in "F. It should be stated here
that the results of the present calculations are
just in between those of the two SM calculations. "'
The comparison of the calculated M1 transition
strengths and the corresyonding logft values for
LT = 1 transitions shows that the contribution
from the orbital part of M1 operator is not always
negligible. In the case of "P, the calculated mag-
netic moment, AT =0 E2 transition strengths, and
LT = 1 M1 transition strengths for the decay of
the IAS &+ are in good agreement with the experi-
mental data; the corresponding loglt values for
AT= 1 transitions are also in reasonable agree-
ment. The present investigations lead us to con-
clude that the HF projection method successfully
predicts both the aT =0 and aT =1 electromagnet-
ic transition strengths and the logft values. The
agreement for the hT = 1 electromagnetic transi-
tions and ft values between the present and SM
calculations is found to be nearly as good as was
observed' in the case of AT = 0 transitions.
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Photon Spectra from Radiative Absorption of Pions in Nuclei
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The photon spectra following capture of stopped pions in He f2C, 0, Mg, and Ca
have been measured for photon energies between 50 and 160 MeV. A pair spectrometer was
used and a resolution of 2.0 MeV (full width at half maximum) was achieved. On the basis of
several thousand events for each spectrum, we observe collective excitation in the residual
nucleus for capture on He, C, and O. Such excitation is predicted theoretically, and in
some cases the detailed comparison with the data is good. For Mg and Ca, no significant
structure is seen. In addition, the transition rates to particle-stable states in 6O and ~ C
have been measured. A continuum background consistent with a direct-reaction mechanism
is also observed for all the elements studied except for 4He. Results for the pion-capture
rates in CH2 and 820 are given.

I. INTRODUCTION

Using a pair spectrometer we have measured
the photon energy spectrum between 50 and 160
MeV, arising from the radiative capture of stopped
pions in various nuclei: He, "C, "0, '~Mg, and

Ca. Although data from He and "C have already
been published, "we present them with the new
data for completeness. Discussion of these two
elements will be confined mainly to new informa-
tion.

In this section we discuss the theoretical and ex-
perimental background to the radiative capture
process. In Sec. G we describe the experimental
technique; and in Sec. IG we discuss our results
for each element, together with earlier experi-
mental work for that element and relevant theoret-
ical predictions.

The process under study, expressed generally,
is

v-+N(X, Z)-N+(W, Z —1)+y.

For the lighest nuclei, the pion will be captured
mainly from a j.s Bohr orbit; as the mass of the
nucleus increases, capture from. 2P and higher
orbits predominates (for example, about 80%%u~ of
pions are captured from 2p orbits in "C). Radia-

tive capture is typically -2% of the total capture
rate. Much of the interest in this process derives
from its close similarity with negative-muon cap-
ture,

+N(A, Z) —N*(A, Z —1) + v„, (2)

in which the capture is a)ways from 1s orbits and
accounts for essentially the whole rate. The anal-
ogy has been extensively discussed in theoretical
terms in the recent literature; only the more
prominent features of it will be mentioned here.

The most obvious analogy between rea.ctions (1)
and (2) arises from the closeness of the masses
of the participating particles, so that the momen-
tum transfers are of the same order —0.92m„' for
(1) and 0.52m,' for (2). A more subtle and far-
reaching analogy comes from the fact that the ma-
trix element for pion capture, reaction (1), lead-
ing to a particular final state can be expressed in
terms of the same axial-vector and pseudoscalar
nuclear form factors (f„and f~) as appear in the
muon-capture matrix element to the same final
state: Muon capture has additional vector terms.
This equality has been derived using both the im-
pulse approximation and partially conserved axial-
vector current (PCAC). ' However, the impulse
approximation has been compared with the PCAC


