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where Uq, ~ is the particular solution, one can calculate
the values of A and 8 which will make U&, (x) satisfy
the boundary condition at the core for both values of P.
Reasonably small inaccuracies in the logarithmic deriva-

tives at x are of no consequence, since any part of

Vq which is irregular at infinity will damp out rapidly
in the process of inward integration.

More recently, the equations have been solved by
integrating outward from the core, or from the origin

in the case of soft-core potentials, and matching with

the functions obtained by inward integration at an inter-
mediate point. This automatically eliminates the ap-
pearance of parts of the wave function irregular at the
origin.

A measure of the numerical accuracy is provided by
the overlap integral (g4t/st„t). When p(p, , it is found
that this integral deviates from unity by less than one
part in ].04 with single-precision calculations on the
IBM-360 digital computer. If the core-volume contribu-
tions are omitted, the deviation grows to about l%%u~.
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The utility of multiparticle, multihole configuration mixing as a mechanism for resolving certain theo-
retical-experimental discrepancies for muon capture and photodisintegration on 0" is considered. An 0~6

ground state containing a two-particle, two-hole (2p-2h) component is assumed. The usual particle-hole

odd-parity states are amended to contain three-particle, three-hole configuration admixtures consistent
with the choice of the more complicated ground state. The results of the calculations indicate that the con-

figuration-mixing model can appreciably lower the partial muon-capture rates to the lowest 0, 1, and 2

states. Moreover, a shift in the energy distribution of the transition strength, obtained in the model calcu-

lations, lowers the capture rate and photodisintegration cross section in and below the giant-resonance

region. However, correction terms, arising mainly from 0+~ 1+ (2p-2h) allowed Gamow-Teller transitions,
seem to preclude a lowering of the total capture rate.

I. INTRODUCTION

' "NVKSTIGATIONS concerned with the capture of
- - muons by complex nuclei have been complicated by
the lack of detailed knowledge of the appropriate wave

functions for the initial and final nuclear states involved

in the capture process. Because of this diKculty, one

has been motivated to study muon capture on closed-

shell nuclei owing to the more complete information

available concerning the nuclear wave functions in such

a situation. Generally, however, results for muon

capture on such closed-shell nuclei as C", 0", and Ca"
have been less than satisfactory.

%e now conkne our remarks to 0" although some

of the comments may be generalized to other "magic"
nuclei.

If one assumes the ground state (g.s.) of 0"to consist

of doubly closed shells, then the 6nal nuclear states
reached via muon capture are particle-hole (p-h) states

of N". Historically, isotopic analogs of these p-h states
have been extensively studied in connection with elec-

t IVork performed under the auspices of the U. S. Atomic

Energy Commission.
*Present address: Physics Department, Stanford University,

Stanford, Calif.

tron scattering and photon absorption. ' ' Similar to
the situation for the above processes, it appears that the
erst forbidden nuclear transitions are of primary im-
portance for calculating the muon-capture rate. ' There-
fore, one might conjecture that the usual procedure for
obtaining the p-h states in and below the giant dipole
resonance' should yield reasonably good final-state wave
functions and the theoretically calculated muon capture
rate would be in agreement with experiment. Un-
fortunately, this is not the case. Utilizing coupling con-
stants obtained from general theories concerning weak
interactions, the calculated transition rates' to par-
ticular low-lying states of the daughter nucleus are
considerably higher than those obtained from experi-

' F. H. Lewis, jr., Phys. Rev. 134, 3331 (1964).
2 J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. (London)

242A, 57 (1957).' G. E. Brown, L. Castillejo, and J. A. Evans, Nucl. Phys. 22,
1 (1961).

J. R. Luyten, H. P. C. Rood, and H. A. Tolhoek, Nucl. Phys.
41, 236 (1963).In connection with earlier work involving the com-
putation of all partial muon-capture rates for 0"in the p-h model
with configuration mixing, see T. deForest, Phys. Rev. 139,
B1217 (1965).

'T. Erickson, J. C. Sens, and H. P. C. Rood, Nuovo Cimento
34, 51 (1964). Note we have truncated the negligible velocity-
dependent terms for the 0+~ 2 transitions.
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ment. ' ~ Moreover, the total capture rate is overesti-
mated by approximately 30%.

There is at least one other objection to current results
for first forbidden transitions in 0".Photon-absorption
experiments reveal that approximately 60% of the
classical Thomas-Reiche-Kuhn (TRK) dipole sum is
exhausted in and below the giant-resonance region. ' It
is also found that a considerable number of photon-
absorption-induced nuclear transitions occur to states
of higher excitation than the giant resonance. ' She11-

model calculationss s predict the classical TRK sum rule
is exceeded in the giant-resonance region and that
negligible dipole strength lies above it. This discrepancy
becomes especially severe when one considers that ex-
change and velocity-dependent terms in the nuclear
Hamiltonian can sufficiently alter the classical sum-rule
result' so that in actuality more of the energy enhanced
dipole strength may lie above the giant resonance than
in it. Although the quasideuteron process" may rob
some of the strength from the giant resonance, there is
no evidence that this mechanism is sufhcient to resolve
the discrepancy.

The expression for muon capture on a closed-shell
nucleus is such that induced transitions resulting in high
nuclear excitation are considerably reduced due to en-
ergy-dependent factors. The situation is reversed for
photon absorption, for in this case, transition strength
contained at higher energies is enhanced. Therefore,
the dif6culties mentioned above with regard to both
muon capture and photon absorption on 0" could be
resolved by a single mechanism that would transfer
appreciable transition strength from below 26 MeV to
excitation energies 30—60 MeU above the ground state.

Since general agreement exists between the calcu-
lated energy levels of the giant-resonance states and the
experimentally determined peaks in the photon-absorp-
tion reaction, one must remove dipole strength from
these states while keeping their excitation energy ap-
proximately the same.

A potential mechanism for transferring transition
strength to higher energies is suggested by recent de-
velopments involving the possibility of appreciable two-
particle, two-hole (2p-2h) components in the ground
state of 0"." "The presence of such components in
the g.s. and the resulting implications concerning the
excited-state nuclear wave functions could alter pre-

vious results. The motivation for performing the calcu-
lations leading to the results reported in this paper has
been to ascertain whether the mechanism discussed
above is appropriate for eliminating the theoretical-
experimental discrepancies discussed earlier.

In Sec. II, we consider the construction of the p-h,
(2p-2h), and (3p-3h) wave functions that are employed
in the calcula, tions. We also discuss the choice of the
ground-state (2p-2h) component utilized in the in-

vestigation.
Section III contains the expressions for the muon-

capture rate and the photon-absorption cross section.
It is noted that a reduction of transition strength in the
lowest J=O, 1, and 2 states and the transferral of
strength to higher energy can result from (1) inter-
ference between certain transition matrix elements for
more complicated con6gurations and the expression for
transitions obtained in familiar p-h calculations and (2)
a reduction, arising from exclusion-principle effects, of
other transition matrix elements for the complicated

configurations. In anticipation of results discussed in
later sections, it is pointed out that correction terms,
largely due to allowed Gamow-Teller transitions, pre-
vent the over-all capture rate from being reduced even
though some strength is robbed from the conventional
giant-resonance states.

In Sec. IV, the configuration-Inixing model is for-
mulated and utilized in determining 0+~0—partial
muon-capture transition rates. The model is also used
in Sec. V to calculate the 0 —+ 1 and 2 partial muon-
capture rates and to calculate the photon-absorption
cross section as a function oi nuclear excitation energy.
The correction terms mentioned earlier are discussed
in greater detail in Sec. UI. Finally, in Sec. VII, con-
clusions based on the results of the calculations are
presented. For muon capture the principal results dis-
cussed are the lowering of the partial capture rates to
the lowest 0, 1—,and 2 states, and the apparent in-

ability of the model to lower the prediction for the total
capture rate sufficiently despite the removal of approxi-
mately 10% of the transition strength from regions in
and below the giant resonance. The results of the photo-
disintegration calculations are also discussed. The in-
teresting result in this case is the 30% reduction of the
cross section below 30 MeV and the appearance of
appreciable cross section above the giant resonaiice.

' R. C. Cohen, S. Devons, and A. D. Kanaris, Nucl. Phys. 51,
255 (1964).' A. I.Astbury, L. D. Auerbach, D. Cutts, R. J.Esterling, D. A.
Jenkins, N. H. Lipman, and R. E. Shafer, Nuovo Cimento 33,
1020 (1964).' E. Hayward, Rev. Mod. Phys. 35, 324 (1963).' A. Gorbunov, U. A. Dubrovina, V. A. Osipora, V. S. Silaeva,
and P. A. Cerenkov, Zh. Eksperim. i Teor. Fiz. 42 747 (1962)
/English transl. : Soviet Phys. —JETP 15, 520 (1962)"J.S. Levinger and H. A. Bethe, Phys. Rev. 78, 115 (1950)."J.S. Levinger, Phys. Rev. 84, 43 (1951).

's G. E. Brown and A. M. Green, Nucl. Phys. 75, 401 (1966).
» T. Engeland, Nucl. Phys. 72, 68 (1965).
4 J. Lowe, A R. Poletti, and D. H, Wilkinson, Phys. Rev. 148,

1045 (1966).

II. WAVE FUNCTIONS

A. General Form

Denoting the closed-shell configuration of 0" by
~
C) and utilizing the occupation number representation,

the p-h states assume the form

&&(Jri res —i slit jsJJ*)»»'IC& (1)
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(2)1 ~ +i,~i,ji,j.~,4,~gx,

where n, 1, j, and j, are the usual labels characterizing

The single-particle-state creation and annihilation
operators, p and p~, respectively, have the usual fer-
mion anticommutation properties. "The subscripts at-
tached to p and p~ refer to the set of quantum numbers
required to completely specify the single-particle state.
In the context of the present discussions, the complete
set is

eigenfunctions of the harmonic-oscillator Hamiltonian
in j-j coupling. (We couple lsj.) The labels t and t,
refer to the isotopic spin (~~ for protons and neutrons)
and its s projection (t,=+2 for protons).

For compactness of writing, the p-h state Eq. (1)
will be denoted in later sections by

p(p-h, ~r4 jr(~212j2) J J T T ) ~

The 2p-2h states are given by

P y uzi &zi ~z ~z ~z ~z
( 1)z3+z4+ s'+ +rz'

X(j ~ j*sj 4 j—4*lj Sj 4J—'J')(j~j*)j2j "-I j~j2J"J")(J"J*"J'J*'IJ J JJ )(,' t,3=-$—4I2gT T )

X(2t,r-', t,2I-,'-,'T"T,")(P'T,"T'T,'I T"PTT)qg))g))st))4tIC). (4)

The symbol 3 & appearing in Eq. (4) is a normalization factor. In general,

QT~ (v2) [0 (14—1)121 tL2)292)+0 (R3)8j %34!424)j

Because of the frequent reference to 2p-2h states characterized by (e&l&j&)= (eml2j2), (m3lzj3)= (e4/4j 4),
J'= J"=J= T=O, and T'= P'=1, it is convenient to write this special case of Eq. (4) as

$(2p-2h, (n&l&j&)'(F34j8) ') . (6)

For the situation where the 2p-2h state under consideration is a linear combination of the states, Eq. (6), it is
convenient to generalize that equation to

P(2p-2h, P A (e&l&j r)~2(nslsj 8)~ 2). (7)

3p-3h states of the following form will be employed in the calculations:

EyT2 uzi&&zi ~zi&z J z &z ~z" &z ~z i&z
(—1)&' &*6+~"&(j5j„j,—j.6I jgj6J"'Jg"') (-', t,g ,' t,8

I

',,'-T—"'T.—'"-)

X ( 1)"+"+ '+'+ '(j—3 j.sj 4
—j,4Ij sj 4J'—J.')(-,' —t,3-',—t.4I-'~ T'T*')(j~j r j2j 2 Ij ~j 2J"J")

X(-'t -'&
I

''T"T ")(J"J"J'J'-I-J"J'JJ )(T"T "T'T'IT"T'TT )(J"'J"'JJ
I
J"'JJJ )

X (T"'T."'TT.
I
T'"TTT.)rzr)6tv)gr)gr)3t))4t I C). (8)

The 3p-3h states above require an additional normal-
ization factor, denoted by N2, due to exclusion-principle
eGects. Of particular interest in this paper are 3p-3h
states characterized by the conditions for which Eq. (6)
is defined. For this case, N2 assumes the relatively simple
form

p-h operator to the 2p-2h state, Eq. (7), will be de-
noted by

P(3p 3h,J,J.,T,T„n5L-&j 5(N616j ~) ',

Q A„(eg4jg) '(e84js), '). (10)

b(eglg jr,enl& j&) 8(nsls js,e6l6js)

(2jr+1) (2j8+1)

l)(nq4 j&,e&l~ jq) h(n84 j8,n6ls j6))"'
(9)

(2j3+1)(2j&+1)

The Bp-3h states that are constructed by applying a

"D. M. Brink and G. R. Satchler, Nuovo Cimento 4, 549
(&956).

3. Ground State of 0"
The intent, in this investigation, has been to select

a form for the ground state that contains, to a rough
approximation, the non-closed-shell part of the wave
function. We have, of course, attempted to keep the
subesquent calculational complications to a minimum.

Several papers" ""have demonstrated that the g.s.
of 0"may contain a substantial 2p-2h deformed com-

-" G. E. Brown and A. M. Green, Nucl. Phys. 85, 87 (1966).
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ponent. Noting that many of the low-lying states of 0"
may be fitted into rotational bands and have large E2
transitions, Brown and Green" (BG) have considered
a model in which there exist low-lying deformed states
in addition to spherical shell-model states. Taking the
unperturbed energies of the deformed states as free
parameters adjusted to give the observed levels, they
have calculated the mixing of several of the low-lying
states and the g.s. It was found that the g.s. contained
76% of the closed-shell configuration with the rest of
the wave function being formed from 2p-2h (22%) and
4p-4h (2%) components. The 0+ state at 6.07 MeV was
found to be comprised of 4p-4h (88%), 2p-2h (5%),
and closed-shell (7%) components, while a 0+ state at
11.26 MeV was determined to consist of 2p-2h (73%),
4p-4h (10%), and closed-shell (17%) components.
Since the unperturbed energies of the complicated con-
6gurations were treated as parameters, one might not
feel obligated to take the results seriously. However,
additional credence is given the calculation because the
calculated branching ratio resulting from E2 transitions
from the 2+ state (6.92 MeV) to the 0+ state (6.07 MeV)
and the 0+ g.s. is considerably closer to the experimental
value than was possible with more conventional shell-
model calculations. '~

Later work by BG" has discussed in some detail the
motivation for the choice of the 2p-2h component to be
admixed in the g.s. The form selected is

0'="='=
2 Z Z (2 —&*62

—/. 41221T*')
Szs, tzs ~z'p~z"

x (-',—j„-2'—j.4I-', -', 00) (—1)r*x (1T,"1T,' I1100)

x (2/*12/ 2
1 2 2 1T,"){0.808(2j„-;j.2 I-,'-,'oo) /, (1'/2»2

0 038(2 j*12j 212200) 2/1(1dp/2)'r/2

+0.588(-', j»—',j,2I
—', -', 00)2/1(2sl/2) 2/2}

xgp'(1p1/2) 2&4'lc)
~ (11)

III. FORMULAS

A. Muon Cayture

The muon-capture process in 0",

~
—+O16~ N16+p (13)

proceeds at the rate'

(14)

where Ao is the contribution to the capture rate associ-
ated with J=0+~ 0 nuclear transitions,

(&a,p

&6——P'P
I

— (G„—G )2M.,2

gx ga
+2(G„—Gg) 3f M, , ,+ M, .22

1 (15)
m„C m„'C'

A~ is associated with 0+ —+ 1—transitions,

(&a 6't

/h. 1=Q' Q I

—
I

G„2/M'12+Gyp{xV 2+/V '}
1„i

tions has the form

0.866IC)+0.5{-,'g g (-', —/. ,—,
' —/. , I-,'-', 1T.')

jzstzs Tz'Tz"

x (-,' —j„-',—j„I1-,'00) (—1)'*'(1T,"1T,'I11oo)

x (2/. 12/.2I-', -', »,")Lo.sos(2 j.,-'2 j„l-;—;00)g, (

+0.589(2j,12j,2 I
—,'200) 2/1(2s1/2) 22/21}

x~6'(1p1/) 'n4&lc). (12)

It has been assumed that the 2p-2h component is
constructed on a spherical core.

where the core is assumed to consist of particles in a
deformed basis.

Most likely the 2p-2h component in the g.s. is more
complicated than the expression above. But we shall
assume that the bulk of the deformity is of this nature.
One might guess that the p1/2 's1/2' and pl/2 /tp/2 con-
figurations would be admixed more with the g.s. than
would other configurations simply because their un-
perturbed energies are lower.

The calculations of BG reveal the 4p-4h component
in the g.s. to be quite small, therefore, we have ignored
it completely and for convenience have assumed the g.s.
to consist of closed-shell (75%) and 2p-2h (25%) com-
ponents. The negligible (dp/2)2(1P1/2) 2 term has been
eliminated from the g.s. 2p-2h component. The resulting
g.s. wave function which has been used in the calcula-

' J. M. Eisenberg, B. M. Spicer, and M. E. Rose, Nucl. Phys.
71, 27'3 (iW5).

ge ge—2 G,(Re)M1 M~P+2 Gg(Re)
m„C m„C

g
2

X {Mr+ M~ 3E.—.JJ/I„}+ —M,2, (16)
m„C

and A~ is associated with 0+~ 2 transitions

X LG&2{~ +2+~ '}+(G,—Gx) 2~ p'j (17)

a=2„2L(l q„l2), /22rI22cf, where I2/„c=226„c2 and

(I p„l2), is the square of the muon wave function
averaged over the nucleus. m~ is the rest mass of the
proton. G„G„,Gg, g„and gg are effective weak inter-
action coupling constants discussed, for example, in
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where hv b is the neutrino momentum for the nuclear
transition a —& b. For convenience the s axis has been
denoted as the direction of neutrino emission. If the
usual expansion for the neutrino wave function appear-
ing in Eq. (18) is employed,

e '""'=p ( i) —{47r(2L+1)}'~gr, (i, t,r) Yl,o(8), (19)

then one can classify the various nuclear transitions as
L=O (allowed), L=1 (first forbidden). L=2 (second
forbidden), etc. We have retained terms (through third
forbidden) which can result in single-particle transitions
from the 1p shell to the 2s or 1d shell within the frame-
work. of the g.s. and excited states (0, 1, and 2 )
considered. This requires that in addition to the first
forbidden term we retain the third forbidden (L=3)
term for spin-dependent (o) transitions to the 2 states.
We keep the allowed and second forbidden terms in
those ME containing the nucleon momentum operator
p. Transitions proceeding via other multipole terms
than these are included in h.„„.

Vector coupling the momentum operator (when
present) to the spherical harmonic (from the plane-wave
expansion) and coupling the resulting sum of operators
to the spin operator (when present), on.e inay reduce
Eq. (18) to the form

P ag(bI TgIa), (20)

i.e., a sum of ME, each containing a transition operator
that transforms under rotations like an irreducible
tensor.

For the configuration-mixing model, the g.s. consists
of the closed-shell conhguration plus 2p-2h states of the
form of Eq. (6) and the final nuclear states of importance
are assumed to consist of combinations of the p-h
states, Eq. (3), and the 3p-3h states Eq. (10). We list
below the general form for the ME of the possible
transitions between such states, assuming the single-
particle transition operator transforms like an irre-
ducible tensor, T~..

(a) IC) —+ Ip-h) yields

(jiIT~I j2), (»)
(2J+1)'I'

' L. L. Foldy and J. D. Walecka, Nuovo Cimento 34, 1026
(1964).

Refs. 4 and 18. The initial nuclear state (g.s. of 0")
is denoted by Ia) while the final nuclear states (N")
are denoted by I b). A„,, is a correction term which will
be discussed at the end of this subsection.

In general, the nuclear matrix elements (ME) are
of the form

16

(18)

('b) I2p-2h) ~ Ip-h) yields

(—1)"+"+'(j2 I T~ I ji)~(pi2 pi) ~(h12P'i)
(22)

L(2J+1)(2ji+1)(2j2+1)3j ~

(c) I 2p-2h) —+
I
3p-3h) yields

(j5I T& I j6)8(P) (2
(21+1)'~'

where the (j I
TJ I

j') are reduced matrix elements of the
single-particle tensor operator Tg between the single-
particle states j and j'. In Eqs. (21) and (22), ji and

j2 refer to the particle and hole states, respectively,
appearing in the p-h wave function. The Kronecker 8
function 8(pi2, pi)(8(hi~, hi)) is zero unless the two
particles (holes) of the 2p-2h state have the same mlj
quantum numbers as the particle (hole) of the p-h state.
The symbols 1V2, j&, and j6 appearing in Eq. (23) have
the same meaning as in Eq. (8). The 5 function 5(P)
is zero unless the first two holes (j3,j4) of the 3p-3h
state have the same elj quantum numbers as the two
holes in the 2p-2h state with a similar requirement
being imposed by the 8 function on the Grst two particle
states (ji,j2) of the initial and final wave functions. Of
course for all transitions the total angular momentum
of the final many-particle nuclear state must be the
same as the rank of the irreducible tensor Tg since the
g.s. has zero angular momentum. In addition, all final
states must have unit isotopic spin with the number of
neutrons exceeding the number of protons by two owing
to the presence of the isotopic spin lowering operator
in Eq. (18).

Obviously any change from previous results will be
due to the altered behavior of the transition ME be-
tween the more complicated states to be introduced in
our model. There are two straightforward changes that
may be noted at this point. The factor E2 may cause a
considerable reduction in substituting from the

I C) ~
Ip-h) to the comparable I2p-2h) ~ I3p-3h) transition.
Moreover the presence of I2p-2h) —+ Ip-h) terms can
result in interference between this transition and

IC) -+ Ip-h) transitions.
The general formulas resulting from the evaluation of

the single-particle matrix elements for the various tran-
sition operators will not be listed. These are easy to
obtain by repeated use of the Wigner-Eckart theorem. "
For the particular ME required in the present work the
results are listed in Appendix A.

The term A..„„appearing in Eq. (14), symbolizes
the sum of diverse corrections to the total capture rate.
We estimate the correction term arising from neglected
higher-order velocity-dependent matrix elements is less
than 1%%u~ of the total rate.

I
Note that more conventional

p-h calculations generally require a 10/& correction

1~ The results for many of the single-particle matrix elements of
interest are listed in Ref. 5.
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factor of this type since in such calculations velocity-
dependent matrix elements are not included in A.o, A.~,

and As.]We employ the usual 10% factor with respect
to the correction term for higher rnultipoles (of velocity-
independent terms) ignored in the present calculation. "

Finally, there exist corrections of a different nature
than have been met in previous muon-capture calcu-
lations because of the more complicated nuclear con-
figurations involved here. These fall into two general
categories. First, there exist 3p-3h states that will not
be considered in the calculations although they contain
particles and holes in the same orbitals as the 3p-3h
states considered in detail in the model. The only dif-
ference between these neglected states and the states
considered is in the intermediate isospin and angular
momentum couplings. Because of the nature of many-
particle —many-hole configurations, a multitude of such
states exists. One can demonstrate that the appropriate
single-particle transition ME linking these neglected
states to the assumed g.s. will vanish in most cases.
There do exist nonvanishing transitions to neglected
states composed of con6gurations of three identical
particles and three identical holes. Except in a few cases
these states are not in reality linearly independent of
states already included in the model. Calculations in-
volving the few pathological cases indicate that tran-
sitions to neglected 3p-3h states belonging to the same
con6gurations as states included in the model, but
linearly independent of the model states, account for
less than 2% of the total transition rate.

The second, and quantitatively larger, category of
con6gur ation-mixing-induced correction terms arises
from j 2p-2h)g. s.~

~

2p-2h) excited-state transitions.
It is as a result of these transitions that the over-all
strength of the capture ME (robbed from low-lying
states and the giant-resonance region) is more than re-
covered. The quantitative details of this correction term
will be discussed in Sec. VI. We note that more than
75% of the correction arises from allowed Gamow-
Teller transitions and that the total correction term
amounts to approximately 15% of the capture rate.

B. Photon Absorytion

The nuclear photon-absorption cross section for pho-
tons of energy 8 may be evaluated from the expression"

The notation utilized above is the same as that used
in the expressions for the muon-capture rate.

Utilizing the same techniques employed in evaluating
the muon-capture transition ME, we may obtain the
result given in Appendix A for the photodisintegration
ME. [See Eq. (A7).]

IV. 0+~ O- TRANSITIONS

If we assume an 0"g.s. containing 2p-2h admixtures,
then the usual p-h wave functions should probably be
altered in the interest of consistency. To illustrate this
point, let us first consider a series of calculations per-
formed at an early stage of the investigation.

Suppose one utilizes the g.s., Eq. (12), and considers
transitions to the usual p-h odd-parity states. (For
example, the wave functions of Elliott and Flowers, '
Gillet and Vinh Mau" or Lewis' "would be appro-
priate. ) A substantial reduction in the transition rates
to the p-h states is obtained, compared with conven-
tional calculations that employ a pure closed-shell g.s.
This results because a portion of the g.s., the 2p-2h
component, has reduced or negligible transition rates
to the p-h states. Moreover, the non-negligible tran-
sitions are frequently opposite in sign to the usual
~C)-+ ~p-h) transitions so that destructive interfer-
ence occurs.

Since there may exist important transitions to odd-
parity 3p-3h final states from the 2p-2h component in
the g.s. , one should proceed to calculate these matrix
elements. The question of the excitation energies of the
3p-3h states is solved by simply taking the unperturbed
single-particle and -hole energies of the individual par-
ticles and holes comprising the 3p-3h state and adding
them. Carrying out the calculation indicated above one
6nds that the 3p-3h states do not contain much tran-
sition strength because of energy-dependent factors
which depress higher-energy transitions.

Of course, there is the possibility that some of these
highly excited 3p-3h states may be admixed with the
usual p-h states and that this might affect the tran-
sition strength. In fact, however, accomplishing a di-
agonalization of the matrix resulting from allowing a
Serber-force residual interaction" to mix the 3p-3h and
p-h configurations, one determines that there is little
mixing of these states. Therefore, the reduction in tran-
sition strength is still obtained.

The fact that the p-h and 3p-3h con6gurations remain
substantially unmixed is partly due to an energy gap
between the two groups of states. This energy gap is
caused by the high unperturbed con6guration energy
characteristic of the 3p-3h states. However the gap may,
in actuality, be smaller, since if the g.s. of 0" is de-
formed, then the conventional interpretation of the
levels of neighboring nuclei (in regard to their yielding
single-particle and single-hole energies) should be
reevaluated.

In most cases, all one has done to form the p-h and
3p-3h states is to apply a p-h operator to the closed-
shell and 2p-2h configurations. Therefore, if one postu-
lates a certain amount of mixing in the ground state,

"V. Gillet and N. Vinh Man, Nncl. Phys. 54, 321 (1964). We
use wave functions obtained in their approximation l.

"Only lewis's 1 wave functions may be found in Ref. 1.
The 0 and 2 wave functions are given in Ref. 18."The Serber-force residual interaction of Ref. 1 has been used.
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TABLE I. Energies and wave functions for the J =0 states of 0".The simple particle-hole basis states have been amended to include
three-particle, three-hole admixtures consistent with the assumed form for the ground state. '

Energy
(MeV)

50.0
40.1
38.3
27.3
26.0
14.3

0.866 P(p-h, 1}
0.5 P(3p-3h, l)

—0.008
0.020
0.009—0.067—0.027
0.997

—0.114
0.992
0.008
0.052—0.004

Amplitudes of amended basis states
0.866 rP(p-h, 2) —0.5 rP(p-h, f) —0.5 P(p-h, 2)
+0.5 rP(jpdh, 2) +0.866 f(3p-3h, l) +0.866 P(3p-3h, 2}

—0.005—0.008 0.092—0.002 —0.042
0.991 0.118—0.120 0.987
0.064 0.033

IP (3p-3h, 3)

—0.054
0.988
0.117—0.001—0.086—0.024

P(3p-3h, 4)

0.999
0.054
0.005

0.007

a We have employed the Serber-force residual interaction of Ref. 1.
b A shortened notation has been adopted for the basis states. Reading from left to right in the table the basis states are those denoted by Eqs. (29),

(31), and (33)-(36), respectively.

n
~
C)+P ) 2p-2h), (25)

based on something other than a conventional residual
interaction mixing calculation, then approximately the
same degree of mixing for the p-h and 3p-3h basis
states should be assumed, otherwise the calculation
seems inconsistent.

A more consistent model is formulated below for the
0 states of N".

If the usual closed-shell configuration is replaced by
a g.s. of the form

For example, assuming a g.s. of the form Eq. (12)
one would replace the simple p-h basis state

it (p-h, 2st~s(iptis) ',0,0,1,—1) (28)

while the p-h basis state

by

0.866$(p-h, 2st~s(ipt~s) ', 0, 0, 1, —1)
+0.5$(3p-3h, 0, 0, 1, —1, 2st~s(ipt~s) '

X [0.808(ids(s)'(i pries) '+0.589(2stgs)'(1 pt(s)
—'j),

(29)

a
J p-h)+P I

3p-3h) (26)

then the following replacement is made in the simple
p-h basis states:

(p-h, 1dsgs(1ps/s), 0,0,1,—1)

would become

(30)

where the ~C), (p-h), (2p-2h), and ~3p-3h) states are
each normalized so that

rr2+ p2 —] (27)

10.000

aooo—

O
4)
tO

c 6000—
8
V

0
~ 4000—
CL0
O

1'
, 'rate above
'
, giant resonarcc
I Q
I

,'total 0+ Q

,'rate l l,057

II '
l

(9207),'rate abcNe

,glaAt re'KYlaACe

44
I

,'total 0+-Q
,'rate l0.,602

2000 — (l 770)
(l347)

l ( i „ l, (4)
t (Q)43) y

l 0 30 50 l 0 30 50
Eb (Mev)

Fro. 1.The 0'6 partial rates for muon capture leading to the 0
states of N". The left bar graph is obtained from a calculation
employing a closed-shell ground state and particle-hole configura-
tions as excited states. The bar graph on the right is obtained by
including two-particle, two-hole configurations in the ground state
and amending the particle-hole states to include three-particle,
three-hole conhgurations. The Serber-force residual interaction
and the oscillator parameter of Ref. 1 have been adopted. The
particle-hole wave functions used are those of Lewis (Ref. 21),
while the weak-interaction coupling constants are those assumed
in Ref. 18.

0 866$(.p h, idsp-(ipsis) ',0)0,1, 1)—
+0.5$(3p-3h, 0,0)1,—i, ids)s(ips)s) ',
X$0.808(ids)s)'(1 pries) '+0.589(2stp) '(1 pries)-']) .

(31)

The unperturbed coniguration energies of these
amended basis states are, in general, slightly different
than those given for the usual p-h states in conventional
calculations. The small variations in the configuration
energies, induced by con6guration mixing, may be de-

termined by reexamining the usual procedure for obtain-

ing the p-h energies. In earlier research, the experi-
mentally determined single-particle and single-hole
levels in 0'~ and 0", respectively, have been used to
yield the unperturbed p-h energies. However, the inter-
pretation of these levels in neighboring nuclei as single-

particle and single-hole states is now suspect. For, if the

g.s. of 0" contains a 2p-2h component, then the low-

lying states 0'7, for example, would be expected to
consist of a 3p-2h state as well as the usual single-particle
orbit outside the closed shell. Similarly, one would ex-

pect the states of 0" to contain a 2p-3h component as
well as the usual single-hole state.

We have assumed that the relevant states of 0"and
0" contain 3p-2h and 2p-3h normalized wave-function

amplitudes, respectively, with the same coefhcients as
the 2p-2h components in the ground state. Utilizing
these more complicated states we have proceeded to
determine the unperturbed energies of the states Eqs.
(29) and (31). The alteration in the configuration en-
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TABLE II. Energies and wave functions for the J =0 states of 0"as determined by a multiparticle,
multipole configuration-mixing model. '

Energy
(Mev)

50.0
40.0
38.3
27.3
25.4
j.4.4

—0.070

0.998

0.998

0.070

—0.070

0.998

0.998

0.070

Amplitudes of amended basis states
0.866 P(p-h, 1) 0.866 P(p-h, 2) —0.5 P(p-h, l) —0.5 it (p-h, 2)
0.5 it (3P-3h, l) +0.5 g (3p-3h, 2) +0.866 P(3P-3h, l) +0.866 P(3P-3h, 2) 4'(3p-3h 3) f(3p-3h 4)

—0.070 0.998
0.998 0.070

a We have used the particle-hole amplitudes of Legalis (Refs. 1 and 21). b The notation for the amended basis states the same as in Table I.

ergies arises because exclusion-principle effects force
diferent normalization factors Ã2 for the 3p-3h, 3p-2h,
and 2p-3h states. These dissimilar factors in turn com-
plicate the usual procedure and one cannot obtain the
energies of the basis states by use of the levels of
neighboring nuclei alone. The result is that certain con-
tributions to the unperturbed energy must be evaluated
by using a residual interaction. "The net contribution of
these terms is small and, therefore, the inaccuracy ob-
tained owing to the uncertainty in the residual inter-
action is minimal.

Within the spirit of the model and based on the
results of SG,' there exists an even-parity state 11.26
MeV above the g.s. which we shall approximate by

0.866$(2p-2h)0. 808(1dg p)'(1pi(2) '
+0.589(2sip)'(1p3/2) ')—0.5

~
C). (32)

been determined. We would conjecture that these states
are strongly mixed with other high-lying states and
therefore their transition strength (which will be quite
small) should be considered as strength distributed in
states over an energy band of 5—10 MeV.

Conventional calculations consider two J=0 par-
ticle-hole basis states which are admixed by a residual
interaction. The eigenvectors of the diagonalized two-
by-two residual interaction matrix are employed as
final nuclear states ~b) for 0+~ 0 muon-capture-in-
duced nuclear transitions. In the present scheme, we
have six 0 basis states. These six states are allowed to
mix via a residual interaction as in conventional calcu-
lations. "The resulting six eigenstates of the diagonal-
ized interaction matrix are shown in Table I.

Utilizing the formulas of Appendix A we have calcu-
lated the muon-capture rate to the 0 states. The results

This requires we construct excited odd-parity states
of the form

0.866$(3p-3h, 0&0,1,—1,2si~2(1Pi~2) '&0.808(1dsp)'

X(1pi(2) '+0.589(2sip)'(1pigu) ')
—0.5$(p-h, 2si~~(1pi~2) '&0,0&1,—1) (33)

and

0.86@(3p-3h,0,0,1,—1,1dsgg(1p8)2) ',
L0.808(1d~~i)'(1pip) 2+0.589(2si~~)'(1pi~2) 2))

—0.5$(p-h)1dagn(1psp) ',0,0,1,—1). (34)

This second group of states have unperturbed con-
figuration energies approximately 11 MeV above the
corresponding states, Eqs. (29) and (31).

Ideally there should exist a third set of states, orthog-
onal to the states Eqs. (29), (31), (33), and (34).
These states, included for completeness, have the form
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total 0 0
rate l0,63 l

$(3p-3h, 0,0,1,—1,2si~2(1pi~2) ',$0.589(id~~2)'(1pi~2) '
—0 808(2svm)'(1 ps~) '3) (35)

f(3p-3h, 0,0,1,—1,1dg(g(1pa(u) ', t 0.589(1dggg)'(1pip) '
—0.808(2siim)'(1piim)

—'j) . (36)

0-

(l 325)

l0

i(67)

30
E (M V)

Os

U

g(l2)

50

Interpreting the 0" and 0' levels in the conven-
tional manner and utilizing a residual interaction" to
calculate terms unobtainable from experiment, the con-
figuration energies of the states Eqs. (35) and (36) have

Fxo. 2. The 0+—+ 0 partial muon-capture rates for 0'6 as de-
termined by including two-particle, two-hole conlgurations in the
ground state and using a multiparticle, multihole configuration-
mixing model to obtain the 0 nuclear states. The 0 wave func-
tions are taken from Table II. The oscillator parameter and weak
interaction coupling constants are the same as in Fig. j..



1298 G. E. WALKER

3000
EF

EA 2000—

CL
O
O

l 000 —-

I

I

I

I

1 II
E2

experiment

I

I

I

I

0 I

El la

GV

l b 2a 2b 5a Gb

theory

0.998L0.866$(p-h, 2si/2(1pi/2) ',0,0,1,—1)
+0.5$(3p-3h, 0,0,1,—1,2si/2(1pi/2)

—',
f0808(1d~/2)'(1Pi/2) '+0589(2si/i)'(1pi/2) '))7

+0.070L0.866$(p-h, 1ds/2(1pi/g) i,0,0,1,—1)
+0 5$. (3p 3h-)0)0)1& 1)

ldll/g(1pa/2)

',
(0.808(1dg/2) '(1pi/2)

+0.589(2si/g) '(1pi/2) ))7. (38)

The results of generalizing this technique to the six
0 states are shown in Table II. The state at 25.4 MeV
(38.3 MeV) is taken to be 11 MeV above the state

4500

FIG. 3. Comparison of theoretical and experimental results for
the 0'6 partial muon-capture rate leading to the lowest 0 state
of N". The experimental results shown in graphs E1 and E2 are
taken from Refs. 7 and 6, respectively. Graphs 1a, 2a, and 3a are
results obtained utilizing nuclear states given by conventional
particle-hole calculations. For graphs 1a, 1b, and 2a, 2b we have
adopted the values assumed for the coupling constants in Ref. 4
and an oscillator parameter 6=1.8 F. For graphs 3a, 3b the same
parameters are used as in Fig. 1. The 0 wave functions used in
obtaining graphs 1a, 2a, and 3a are those of Elliott and Flowers
(Ref. 2) (EF), Gillet and Vinh Mau (Ref. 20) (GV), and Lewis
(Ref. 21) (L), respectively. Graphs 1b, and 2b, 3b are obtained
from applications of a multiparticle, multipole configuration-
mixing model and the assumption of a ground state containing
two-particle, two-hole admixtures. Graphs 1b, 2b, and 3b employ
the amplitudes resulting from the particle-hole calculations used
in the corresponding graphs 1a, 2a, and 3a, However the admixture
amplitudes are now assumed to apply to the amended basis states.

are illustrated in Fig. 1 along with results obtained in a
conventional p-h calculation (note the same residual
interaction is used in both calculations). Comparison
of the results reveals that the only appreciable differ-
ence occurs for the lowest 0 state, where the transition-
matrix-element strength is reduced in the case of the
multiparticle, multihole configuration-mixing calcu-
lation. Unfortunately the curr ent theoretical-experi-
mental situation with regard to muon-capture-induced
nuclear transitions to the lowest 0 state is clouded by
the variation in the two experimental results available
(cf. Fig. 3).

Since the calculation of the con6guration energies
and the evaluation of the ME of the residual interaction
between the six complicated 0 states is at best a tedious
task, it is useful to adopt the following simplifying
procedure.

%e amend the simple particle-hole basis states as in
Eqs. (29), (31), and (33)—(36). However, the energies
and admixture amplitudes of the 6nal 0 wave functions
are obtained from conventional p-h calculations. For
example, Lewis" has found that the 0 state at 14.41
MeV has the form

0.998$(p-h, 2si/2)(1pl/2) pp, 1,—1)
+0.070$(p-h, 1d3/2(1p3/2) ',0,0,1,—1), (37)

therefore (with our choice of a g.s.), we assume there
exists a state at 14.41 MeV of the form
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FIG. 4. Comparison of theoretical and experimental results for
the 0" partial muon-capture rate leading to the lowest 1 state
of N". The experimental results shown in graphs E1 and E2 are
taken from Refs. 7 and 6, respectively. The relevant information
and procedures used to obtain the six theoretical predictions 1a,
1b, 2a, 2b, 3a, and 3b are identical, for corresponding graphs, to
those of Fig. 3. Graphs 1a, 2a, and Ba illustrate the results of
conventional calculations while graphs 1b, 2b, and 3b are obtained
by using nuclear wave functions determined from a multiparticle
multihole configuration-mixing model.

denoted by Eq. (29) LEq. (31)7because the even-parity
state Eq. (32) is separatedfromtheg. s. bythatamount.
Adopting the conventional values for single-particle and
single-hole configuration energies one determines that
the two states at highest energy should be approxi-
rnately 25 MeV above the states represented by Eqs.
(29) and (31), respectively. (This probably results in an
exaggeration of the excitation energy of the two highest-
lying levels. ) The above procedure for finding the 0
wave functions will also be utilized in the case of the 1
and 2—states and is the kernel of the configuration-
mixing model,

The 0+-+ 0 partial muon-capture rate has been cal-
culated utilizing as Anal nuclear states the wave func-
tions listed in Table II. The results do not differ ap-
preciably, for those states containing non-negligible
strength, from those obtained earlier using the wave
functions of Table I as final nuclear states (compare
Figs. 1 and 2).

It is instructive to consider whether the particular
p-h admixture amplitude chosen is critical to obtain
the reduction in the rate to the lowest 0 state. There-
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fore, we have used the amplitudes resulting from three
diRerent p-h calculations. The various rates determined,
illustrated in Fig. 3, demonstrate that a reduction occurs
independent of which amplitudes are adopted. From a
mathematical viewpoint, the reduction is obtained due
to the difference in sign of the terms Ei and E~ (see
Appendix A). For a conventional p-h calculation E~
would vanish and E~ would be larger. One expects that
the reduction effect would be largest for the lowest-
lying 0 state since it contains the largest component
of the 2si/~(1pi/~) ' configuration, whose transition
matrix element with the I2p-2h) g.s. component is the
source of the destructively interfering term E&.

A. Muon Capture

Using the wave functions given by the configuration-
mixing model we have calculated the 0"partial muon-
capture rates resulting in nuclear transitions to 1 and
2—states of N". The relevant experimental and theo-
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M 12.000—
0
O

0

6000—

7. 0+ ~ 1 AND 2 TRANSITIONS

The simplifying technique (mp-mh configuration-
mixing model) discussed in Sec. IV has been used to
obtain the appropriate 1 and 2 states of 0" and N".

The reduction in the rate to the lowest 1 state occurs
largely because of the destructive interference between
the terms E6 and E~ for the spin-dependent matrix
element multiplying G&' (see Appendix A). One obtains
positive reinforcement between the terms E4 (which like
E6 is lessened by configuration mixing) and E~ appearing
in the vector spin-independent matrix element multiply-
ing Gy. Therefore, configuration mixing results in a
larger percentage reduction in the spin-dependent part
of the matrix element for the transition rate to the
lowest 1 state than for the spin-independent part.

The decrease in the term Es results in a large reduc-
tion in the rate to the lowest 2 state. Khereas for the
lowest 0 and 1 states the rate reduction resulted partly
from interference between

I (1pi/~) '(2si/g)'), .
i1pi/Q 2$i/9) transitions and

I C) ~ I1pi/& '2si/&) terms,
for the 2 states the interfering transition is of the type

i (1pi/~) '(1d~/~)'), , ~
~
1pi/~ 'd5/~) and is not im-

portant to the rate reduction.
The partial capture rates leading to the full spectrum

of 1 and 2 states considered are shown in Figs. 6 and 7.
In each figure, the results obtained by including con-
figuration mixing in the ground and excited nuclear
states are compared with those obtained in a more con-
ventional calculation employing Lewis's wave functions.
In general, using the configuration-mixing model results
in a lowering of the partial rate in and below the giant
resonance with some transition strength now appearing
in the region 30—50 MeV above the ground state.
Figures 1, 2, 6, and 7 demonstrate that the muon-
capture rate (associated with 0+ —+0, 1, and 2 nu-
clear transitions) above the giant resonance is quite
small. This, as mentioned in the Introduction, is be-
cause energy-dependent factors suppress transitions re-
sulting in high nuclear excitation.

El

experiment

la lb 2a 2b 3a 3b

theory

B. Photon Absorption

The predictions of the configuration-mixing model
with respect to the 0"photodisintegration cross section

FIG. 5. Comparison of theoretical and experimental results for
the 0' partial muon-capture rate leading to the lowest 2 state
of N". The experimental result shown in graph E1 is taken from
Ref. 6. The information regarding the six graphs resulting from
the theoretical calculations may be determined from the caption
of Fig. 3. Graphs 1a, 2a, and 3a result from conventional calcu-
lations while graphs 1b, 2b, and 3b are obtained by employing
the configuration-mixing model.

retical results for the partial capture rates to the lowest
1 and 2 states are shown in Figs. 4 and 5. We have
again chosen the particle-hole admixture amplitudes
given by Elliott and Flowers, Gillet and Vinh Mau, and
Lewis as those to be reinterpreted in the manner pre-
scribed by the configuration-mixing model. The results
indicate that the configuration-mixing procedure lowers
the theoretical prediction in each case and that thereby
the theoretical-experimental situation is substantially
improved„
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FIG. 6. The partial rates for muon capture on 0"leading to the
1 states of N". The left bar graph is obtained from a calculation
employing a closed-shell ground state and the particle-hole wave-
functions of Lewis (Ref. 1) as the 1 states. The bar graph on the
right is obtained by using 1 wave functions given by a multi-
particle, multipole configuration-mixing model and including two-
particle, two-hole configurations in the ground state. The oscillator
parameter and weak-interaction coupling constants are the same
as in Fig. 1.
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Fic. 7. The partial rates for muon capture 0" leading to the 2
states of N". (See caption of Fig. 6.)

are shown in Fig. 8. Once again, for the purposes of
comparison, the results are also illustrated of a calcu-
lation employing a closed-shell ground state and the p-h
wave functions of Lewis. The configuration-mixing
model predicts a substantially lower cross section below
27 MeV and indicates that 25% of the integrated cross
section from this process should lie above the giant-
resonance region.

Finally, we note that an obvious additional effect of
the model discussed here is an increased number of
states to which transitions may occur both in the cases
of muon capture and photon absorption.

VI. l2p-2h), , —&
i 2p-2h)r, CORRECTIONS

The configuration-mixing model under consideration
does not yield information regarding 12p-2h)sro»q ~
12p-2h)&;»&««, transitions. It might be conjectured
that such transitions are negligible and that therefore
one is justified in ignoring them. Unfortunately, in the
case of muon capture, such does not seem to be the
situation.

For the purpose of convenience we have assumed the
excitation energy of the 2p-2h final states to be 30 MeV.
Utilization of unperturbed configuration energies ob-
tained by simply adding the single-particle and single-
hole energies from the levels of neighboring nuclei
indicate that the 12p-2h) states may in actuality lie in
a broad region from approximately 20 to 60 MeV above

the ground state, although a group of states contributing
approximately one-half of the 2p-2h correction are with-
in 1 MeV of 30-MeV excitation energy. Of course these
states may also be mixed with the p-h and 3p-3h states
used as basis states in the configuration-mixing model.
However, this complication is beyond the present in-
troductory investigation into the effects of more com-
plicated configuration mixing.

We have considered allowed and first forbidden
matrix elements of velocity-independent single-particle
operators that result in transitions to the five 2p-2h
configurations listed in Table III. The calculations re-
ported in Table III indicate that the allowed Garnow-
Teller transitions dominate the correction.

Since allowed transitions are unimportant in con-
ventional calculations of the 0"muon-capture rate, one
might wonder about their prominence in the present
work. The trivial difference lies in the fact that, in the
present situation, the ground state contains particles
in unfilled shells so that it is possible to have transitions
to particles in the same orbit as the initial state with an
accompanying spin and isospin Qip.

The number of 2p-2h states to which transitions may
occur from the ground state, Eq. (12), is large. For ex-
ample, consider the first forbidden transitions to the
(1p) s ('1d1f) con6guration. In this case, there are ten
linearly independent states that contain transition
strength (ignoring different magnetic substates of the
total angular momentum).

The total 0"muon-capture rate may be determined
by adding the various partial rates and corrections. The
results listed. in Table IV indicate, as a consequence of
the 2p-2h corrections, that the total capture rate calcu-
lated in the present model is slightly higher than that
predicted using a simpler particle-hole model to obtain
nuclear wave functions. Further discussion of this result
is postponed to the next section.

The situation with regard to the 2p-2h correction
terms for the photon-absorption cross section is con-
siderably more encouraging. We have determined that
the correction term in this case is less than 1% of the
total cross section and is therefore negligible.

TABLE III. The contributions to the 0" muon-capture rate
resulting in capture-induced

1
2p-2h) ~

l
2p-2h) nuclear tran-

sitions. '

Con6guration

(fP) '(»)'
(fP) '(t~)'
(fP) '(t~&f)
(&P) '(f~2P)
(&P) '(»2P)

Totals

Allowed
o. indep. 0 dep.

2 4790
9 9044

11 13 834

First forbidden
a indep. 0 dep Totals

4792
9053
1689
148

1275
16 957

a An excitation energy of 30 Mev was assumed for the 2p-2h final nuclear
states. The oscillator parameter and weak-interaction coupling constants
are the same as in Fig. i. The wave function Eq. {12)is taken as the ground
state.

VII. SUMMARY AND CONCLUSION

Motivated by (a) the large experimental-theoretical
discrepancies in the 0" partial muon-capture rates as-
sociated with nuclear transitions to the lowest 1 and
2 states of N", (b) the slight experimental-theoretical
disagreement in the total 0"muon-capture rate, (c) the
current overestimation of the 0" photon-absorption
cross section in the giant-resonance region, (d) the lack
of dipole strength calculated to be present in states
above the giant resonance, and (e) the predictions of
Brown et al. that the ground state of 0"may contain
non-negligible amplitudes of more complicated con-
figurations than the closed shell, we have considered
the effect of special kinds of configuration mixing on
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nuclear transition matrix elements associated with muon
capture and photon absorption in 0".

After reporting brieQy on calculations performed that
seem to alleviate the experimental-theoretical discrep-
ancies by treating con6guration mixing differently in
the ground state and final states, we have formulated a
more consistent model.

In the configuration-mixing model, one essentially
postulates that there should be similar multiparticle,
multihole configuration mixing in the 6nal states
(reached via 0"muon capture and photon absorption)
as in the 0" ground state and certain other low-lying
even-parity states of the parent nucleus. Utilizing a
simpli6ed version of a 2p-2h component which we con-
jecture contains many of the features of the complicated
2p-2h admixtures to be found in the ground state, we
have amended the usual p-h states following a pre-
scription discussed in Sec. IV. The following change has
been made in the ground state:

~C) —+ ni C)+Q P,'" "&i2p-2h); (39)

and, as a result, the simple p-h basis states have been
altered:

i
p-h) ~ a Op(p-h) i C)+Q Op'(p-h)P, ~'~ '"&

) 2p-2h), ,

with
A. (3p—3h) —rq. (2u—2h)

and where the states ip-h) and ~3p-3h); are each
normalized.

Additional 6nal nuclear states have been obtained by
carrying out the above procedure on two other linearly
independent even-parity states containing

i C) and the
i2p-2h);. This procedure changes the number of final
0 nuclear states considered from two to six and the
number of 1 and 2 states each from 6ve to fifteen.

After first completing a lengthy calculation to deter-
mine the mixing of the more complicated 0 basis states,
the following shortened procedure was adopted: one
uses the admixture amplitudes and energy levels ob-
tained in conventional particle-hole calculations but
reinterprets the admixtures as applying to the amended-
configuration-mixed basis states of the form of Eq. (40)
as opposed to the simple p-h states.

%e have then proceeded to calculate the appro-
priate transition ME between the configuration-mixed
ground state and the amended-con6guration-mixed
final states and obtained the results listed below.

(40)

where Op(p-h) represents a particle-hole creation oper-
ator. The operator appears under the summation sign
because of the normalization procedure adopted which
requires, in addition, that

i
p-h) —+ n

~
p-h)+ P P, &' ' i

~
3p-3h),

N
E 20—
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FlG. 8. The calculated photon-absorption cross section for 0".
The left bar graph is obtained from a conventional calculation
using Lewis's (Ref. &) wave functions. The results on the right
are obtained by using 1 wave functions given by the con6guration-
mixing model and including two-particle, two-hole conagurations
in the ground state. The oscillator parameter is the same as that
assumed for Fig. 1.

Utilizing conventional values for the coupling con-
stants and applying the con6guration-mixing model
one 6nds that:

TABLE IV. Comparison of theory and experiment
for the total muon-capture rate on 0".

(Units (0+~0 ) (0+—+ 1 ) (0+ —+ 2 )
10'/sec) Ao h.g h.2 A.„„' Total

Model Ia 11.1 57.5 48.7
Model IIb 10.6 53.8 40.9
Expt'
Kxpt~

12.9 130.2
28.5 133.8

98
97

a A conventional calculation using a closed-shell ground state and
particle-hole final states.

b A multiparticle, multihole configuration-mixing model.
o J. 'aaron, J. C. Sens, P. J. Duke, and M. A. R. Kemp, Phys. Letters

9, 84 (1964).
d M. Eckhouse, thesis, Carnegie Institute of Technology, Department

of Physics, Pittsburgh, 1963 (unpublished).
e See Secs. ill and Vl for discussions of the correction term.

(a) The partial muon-capture rates associated with
transitions to the lowest 0-, 1-, and 2 states of N16

are reduced and the experimental-theoretical discrep-
ancy is eliminated.

(b) The partial capture rates to the totality of 0,
1—,and 2 states is reduced, the reduction in the case
of the 2 states being approximately 16%. However,
due to corrections arising from allowed Gamow-Teller
transitions, the total capture rate remains essentially
unchanged (2% increase).

(c) The effects of configuration mixing are different
for the muon-capture spin-dependent and spin-inde-
pendent matrix elements so that, for example, a sub-
stantially larger percentage reduction occurs for the
spin-dependent ME than for- the spin-independent term
in the case of transitions to the lowest 1 state.

(d) The photodisintegration cross section in the giant-
resonance region is reduced by 30%. Most of the lost
matrix-element strength subsequently reappears in nu-
clear states above 30 MeV excitation.

(e) The general pattern of the results mentioned
above is obtained independent of which particle-hole
admixture amplitudes are adopted.

The difhculties with respect to overestimation of the
total muon-capture rate may stem from an oversimplifi-
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cation of the ground-state wave function. For if terms
Lsuch as the (Ps/g) '(ds/g)' configuration] existed in the
g.s. which could cause destructive interference of the
transition amplitudes in the important states in the
giant resonance, then a substantial reduction is possible.
Moreover, if the 2p-2h g.s. component is built on a de-
formed core then the reduced overlap of the initial and
final states might change the results (although a con-
sistent treatment of deformation in both the initial and
final states probably precludes much of a reduction).

Since the effects of mp-mh configuration mixing are
felt somewhat differently for the cases of the partial
muon-capture rates and the photon-absorption cross
section, it seems an oversimplification to relate the re-
duction of the total muon-capture rate directly to a

reduction of the photon-absorption cross section as was
done in Ref. 18. Nevertheless, it is true that the 6rst
forbidden contributions to both processes are reduced
in the present model, which is in general agreement with
the conclusions of Foldy and Walecka. "

Of course there are many approximations attendant
to the procedure we have adopted. For example, the
question of spurious states has not been considered.
However, the simplifications used seem in keeping with
an introductory investigation of the effects of compli-
cated configuration mixing on weak and electromagnetic
interaction-induced nuclear transitions for closed-shell
nuclei. This is especially true if one wishes to keep the
problem tractable and retain some of the appeal of the
particle-hole model.

APPENDIX: MUON-CAPTURE AND PHOTON-ABSORPTION MATRIX ELEMENTS

Let o.=—coefficient of closed-shell configuration in the ground-state wave function.

P,y=—coefficients of normalized f(2p-2h, (1do/g)g(ipi/g) ') and f(2p-2h, (2si/g)g(lpi/g) ') wave functions, respec-
tively, in the ground state.

rf, J3, C, D, E, F=—coefficients of a normalized f(p-h, ggili ji(ngtg jg), J, J., 1, —1) wave function in a particular
final nuclear state where the symbols 3, , F refer to the different p-h configurations:

2 ~ (2si/g, l ji/g '), B~ (ido/g, l ji/g '), C~ (lds/g, lPi/g '), D (2si/g, !Ps/g '), E (ids/gy!Ps/g
—'),

F~ (ids/g, lPs/g ') ~

iV, 0, P, Q, R, 5, T, f/, U, W, X, Y=—coefficients of a normalized $(3p-3h, J, J„1, —1, gsoloj o(nslsj o) ', (eili ji)'
X(ggsl& js) ') wave function in a particular fina! nuclear state where the symbols A, , Y refer to the different
3p-3h configurations:

~ ~ {(»i/4 Pi/g )~!do/g 1Pi/g

P ~ {(lds/gplPi/g '), ids/g'!Pi/g '),
R ~ {(1ds/g, !Ps/g ),ld, /g'1Pi/, '),
T~ {(2si/g, !Pi/g '),2si/g'lpi/g '),
U ~ {(lds/g, !Pi/g-'), 2si/g'1Pi/g '},
X~ {(ido/gpiPs/g ),2si/g'1Pi/g '})

0~ {(1do/g, lPi/g '), 1do/g'1Pi/g '},
Q ~ {(2si/g, !Ps/g '), ids/g'!Pi/g

S~ {(1ds/g, Ps/g ),1ds/g'1Pi/g '),
U ~ {(!ds/g,!Pi/g '),2si/g'1Pi/g '),

{( i/g, Ps/g ),2si/g'1Pi/g '},
Y~ {(lds/gi Ps/g '),2si/g' Pi/g ').

The partial muon-capture rates h.o, A&, and A& may now be evaluated within the framework of the initial and final
states listed above. We obtain for the partial rates to a particular 0, I, or 2 state the following:

ho(part. state) = (v, o/v„)'e *"'[{(G„—Gz)'L(El Eg)Ri+EsRg]'}+{2(G„—G~)(gzh/mvC)f(EQ Eg)Ri+EsRg]
X $EiRs E R4+sEoRg]) +{(gz'h'/g/g„'C') LEiRs EsR4+EgRs]') ],—(Al)

Ai(part. state) = (v, &/v„) 'e ""[{G, 'L(E4+ Eg)Ri+EoRg]')+ {2G&'L(Es+Eg)Ri+ E7Rg]')

+{(—2g„G„h/g/gvC) P(E4+Eg)Ri+EsRg]X —',LE4(Rs—2Rs)+Es(—R4+2R7) —EgRs])+ {(4g„G~h/g/gvC)

X L(Es+Eg)Ri+E7Rg]X-s, LE4(Rs+Rs)+Es(—R4—R&)—EgRg])+{(2g„ghg/9g/gvgCg)(LE4(Rs+Rs)

+Es( R4 R7) EgRo]'+LE4(Rs —2Rs)+Es(—R4+2R&)—EgRs]')}], (A2)

Ag(part. state) = (v, o/v„)'e "'[{2G~'LV3EsRi+ (6v2/5) Eo(Rg+ oRio)+ s~3Eio(Rg —4Rio)
——ss(+7)Eii(Rg —(4/21)Rio) ——sgV3Eig(Rg+Rio)]')+ {(G,—G~) g$2EsRi+-,'(/6)Eo(4Rg —R,o)

+sEio(Rg+6Rio) —s(+21)Eii(Rg+(2/7)Rio) —sEig(Rg —gRio)] }], (A3)



M UON CAPTURE AN D PHOTON ABSORPTION IN 0'' i303

where
s= v.gb„.. (b.„.=—(h/egg, (o)'ig),

yT PX yA
Eg ——nA+ +, Eg +—— , Eg=nF+PS+y Y,

+12 V2 2&3

pX
E4 nA+——V2nD+ +yW+ +V2pQ,

(+12) v2

3 nF yV 37X y Y PF Q6 PS
Eg = —nC — nE+ — — + ——— PE+

+5 g5 W2 +5 +5 v2 2 +5
nD 7T yW P/V PQ

Eg —nA+-— + — — +—,
&2 (+12) 2 v2 v2

nD yW PQ nB yU (+13)PO PB
Es= + +—,Eg= + +

W2 2 V2 2 2%2 12 12'

C vV PP 8 vX PR(5)'"
E10 + + E11 + +

2 2v2 2%2 2 2 2 6

Egg = gnF+ g y Y+gPS;

(+10)s s'
~E2=

3 101

nC 3nE 2nF y V 3yX 2y Y PF +6PR 2PS
E7= ——+ + — + + — + +

2 2+5 +5 2v2 2+5 Q5 2&2 4 +5

V2 s' s4~
Eg 1——+———I,

b„, 12 .24)

V2 ( s' s'~

b,., k 4 249

Q6 sg~
Eg= 1+—

~,
b., 41

From conservation of energy

+10( s' s'
E4——

~
1——+—,

b„, E3 60.

v2

8

g6 /' s' s4~
&g= 11+——),

b.„.& 4 8)

3+10
(A4)

hv gC=ggg„Cg Eg +~—
= 108—Sy„

(A5)

(A6)

(A/)0.b = (7r'/616) (b....)'(E g
—E.)(v2(Eg+ E4)++10Eg)'.

where E&, is the energy difference between the nuclear states ~a) and ~b). The constant ~ contains corrections

arising from the binding energy of the muon, the neutron-proton mass difference, and the Coulomb energy dif-

ference in ~a) and ~b)."
Utilizing the same notation as above, the photodisintegration cross section associated with the nuclear transition

~u) ~ ~b) may be written


