


Introduction

Investigations of the Ordinary (OMC) and Radiative muon capture
(RMC) are carried out over several decades. This activity achieved
maximum at sixties-seventies, when the main regularities of elementary:
processes were elucidated and the basic mechanism of muon capture by
complex nuclei was established. After that over a long time there was
a pause in the experiment after which the interest in muon capture.was
reborn. But at present much attention is paid to the RMC..Already at
the early stage of muon capture studies it was recognized that despite
the fact that the radiation branching ratio is small (by four orders of
magnitude compared to OMC), the effect of the pseudoscalar coupling
near the pole in the pion propagator, i.e., near the high-energy tail of
the photon spectrum is enhanced. The magnitude of this coupling until
present was determined with a low accuracy though that many efforts
were undertaken to do it with a high precision.

Interest in RMC was rekindled first of all due to-a great progress in
the experimental technique. This progress made it possible to measure
the energy of outgoing hard photons with a high precision. The second
attractive point for extensive experimental study of RMC is the existing
predictions of week sensitivity of its observablés to nuclear structure,
especially, if they are calculated with respect to OMC. And finally, con-
trary to OMC, where only a single inclusive observable can be measured
(besides the partial transitions in light nuclei) in RMC the spectrum
of hard v-quanta is measured. This spectrum is connected with, the
excitation spectrum of nuclei.

The progress in the theory demonstrated that the nuclear structure
is not so passive in the muon capture. However, to take account of
all details of this structure is a‘ivery complicated task since the RMC
amplitudes should be summed over all possible final states. These final
states form the spin-flip giant resonances in charge-exchange channels.
In the medium nuclei, the contribution comes from the L = 0, 1 and:
2 multipolarities. In heavy nuclei some contribution from the higher
multipolarities is noticeable.
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During the last years the huge work was done on the experimental in-
vestigation of the charge-exchange channel in neutron-proton reactions.
- The resonances excited in this reaction are the same as the ones which
form the nuclear response in the RMC. The essential advantage of (n, p)
reaction is the possibility to experimentally separate the contributions of
different multipoles, which cannot be done in the RMC reaction. But on
the other hand, the contribution of multi-step processes to RMC appear
-to be considerably less than that to the (n,p) reaction in which they
bring a noticeable uncertainty in the extracted strength of the transi-
tions into different energy regioris. '

For this reason it is important to discuss the processes under consid-
~eration in the framework of the same approach to the nuclear structure

in order to have a possibility to estimate the quality of the solution of the

nuclear part of the problem. Only afterward one can ask the question
about modification of the induced pseudoscalar coupling constant inside
the nuclear media. It should be mentioned that all previous calculations
of RMC on medium nuclei used the nuclear models which cannot treat
the unified problem of description of the set of processes leading to the
same nuclear final states.

‘The present paper is the first attempt to combine the quasiparticle
random phase approximation (QRPA) for the description of the nucle-
ar excitation function with the OMC and RMC reaction mechanisms.
The 586%62N¢ isotopes were chosen for the discussion because (i) the
experimental measurements of RMC are carried on; (ii) there are rather
complete experimental data on (n, p) and (p, n) reactions on these nuclei;
(iii) simultaneous investigation of three isotopes in the same approach
allows one to reveal the influence of the neutron subshells filling on the
gross-structure of the charge-exchange resonances.

The paper is organized in the following way. The second section
contains a sketch of the approximations and formulae used for the cal-
culations of the RMC and OMC rates on nuclei. The third section
is devoted to the solution of nuclear part of the problem. It consists
of short description of the nuclear model Hamiltonian, the review of
the QRPA approach to its diagonalization. The description of strength

-

functions of isovector spin-multipole transitions on the base of QRPA
and comparison of them with the strength functions extracted from the
charge-exchange direct reactions allow us to fix the parameters of effec-
tive nuclear residual interactions. The obtained excitation energies and
transition amplitudes of certain operators are used for calculations of
the OMC and RMC rates. The results of calculations of the total OMC
rates for few values of gp are presented in the fourth section. They are
compared with the results of other authors and with the experimental
data. The fifth section contains the results of calculations of the spectra
of hard photons emitted under RMC and total RMC rates. The main
results of the paper are summarized in the conclusion.

OMC and RMC .rates

The experimentally observable quantity in RMC is the photon spectrum.
We calculate it by summing the partial spectra over the nuclear final
states: ‘
A(k) =D Agi(k).
J
The photon yield Ay, (k) corresponding to the transition from the ground
state |J; > to the state |J; > is given as
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where £ = kk is the momentum and ) is the polarisation index of the
photon; o and G is the electromagnetic and weak coupling constants,
respectively; f¢c is the Cabbibo angle and R(Z) is the average value of
muon density over the nucleus volume [2]. The maximum photon energy

- is given by k™% = m, — ¢, — (E; — E;), where M, (e,) is the muon

mass (binding energy, calculated by approximations of [4]), E; — E; is
the nuclear excitation energy. All excitation energies are reckoned from
the ground state of parent nucleus.



~ The nuclear RMC amplitude M(}; fi) is described in detail in {3].
Here we have to say that in [3] two ways of RMC calculations are dis-
cussed. One way — to use the elementary amplitude of [1] for calculating
all partial transition rates and then to sum up them. It is a usual im-
pulse approximation (IA). The second way just suggested in {3} consists
in modification of the IA. According to their suggestion one should use
the continuity equation for the electromagnetic current together with
the SU(2) x SU(2) current-algebra commutator. This procedure takes
into account many-body currents like the meson-exchange ones. After
this modification all partial transition are evaluated and summed up.
This version is called as MIA — modified impulse approximation.

Below we present the results of calculations performed in both ap-
proximations.

Usually the photon spectra A(k) are normalized by the total OMC
“rate. That is why we have calculated the total OMC rates too. It is
calculated as the sum of partial OMC rates over the final nucleus state
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Nuclear response calculation

The nuclear amplitudes to describe the OMC and RMC are calculated
within the random phase approximation (RPA). For completeness we
give the short description of formalism of quasiparticle random phase

approximation (QRPA) which is extension of usual RPA to the non-

closed shell nuclei; afterwards we will discuss how the parameters of

residual interaction were fixed.
Nuclear model Hamiltonian [5] consists of the spherical single-particle

potentials of Woods-Saxon shape each for neutrons and protons, a su-

perconducting monopole pairing between like particles, and of isotopic
invariant residual interaction, taken in separable form:

HM = Z Ho(T) + Hrea,

T=n,p

where o
Ho(1t) = Z Ej,ajr,mfaj,,m,—
jrymr
G, G
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Residual interaction Hamiltonian consists of two parts — the isoscalar
and the isovector ones. It’s convenient to write down scalar product of
isospin Pauli matrices in the isovector part of residual interaction as /

e

(71 - 7) = 4t + 8765 + 115 .

Afterwards, the single particle operators of residual interaction can be
written as follows k

QLM = E < jlmltg‘fLYLMTk|jmt3 > ‘ZT: 1t Aimt
jrmity jmts : T
and
Qrim = E < j'm'tQIfLJ[YLU]JMTkUmta > a}lmltsajmta ’

j'mith jmts

where 7* is the set of isospin operators 1, 1%, t+, and ¢7; fr(r) and frs(r)
are the radial form factors of residual interaction operators. We will use,
as in [6],

fo(r) = fui(r)= dirW(r) ,



where W(r) is the central part of single-particle shell potential.

The terms containing the product of lowering and rising isospin op-
erators t] 7 led to the particle-hole excitations which changes the charge
of the nucleus and can be used to describe (-decay, p-capture, (p, n)-
and (n,p)-Teactions. Correspondingly one can tell about the charge-
exchange part of residual interaction which is the sum of products of

operators like
Qi = Z < jnmn‘OJMt-'-Upmp > a’j,.,m,, @i, my, o
InMa,jpmp

and Hermite conjugated to them. Here O;p is multipole /f](T)Y](;-'.)/
or spin-multipole /fLJ(r)[YL(;")U]J/ operator.

The diagonalization of nuclear model Hamiltonian is done in two -

steps. At first step the Bogoliubov transformation taking into account
pairing correlations of superconducting type is fulfilled for protons and
neutrons independently

N

@j.m, = U, 0, m, (=1L
Variational procedure
5(0] Ho(r) = A N- = D pi.(uf, + v 1) [0) =0
ir
gives us u, v-coeflicients and allows us to pas to the independent quasi-

particles Hamiltonian:

Hy(r) — Z ejfa;[rmrajrm, ,

jrme

where €;. = +J(E;. — A,)2 4+ CZand C; = G; 1; (G +1/2) uj,v5, - AV-.
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eraging was done over quasiparticle vacuum state: aj,m|0>=0, which
represents the ground state of the system of even nucleons number.

At the second step the interaction between two-quasiparticle states
is taken into account. From the products of two quasiparticle operators

the phonon operators are formed:

C= SO T, il - (1) (o0l ar}
Jpidn

where {aj , ;158 = Yoy m. < JpmpnmalJM > QG m,-05,m, and
< JpMmpinmn|JM > is the Clebsch-Gordan coeflicient. In the random
phase approximation phonon operators are supposed to obey to boson
commutation rules. As the result the normalization and orthogonality
conditions of one-phonon state are

L A i 13 o 4 o _

®(i,7) = AW, 5 ¥ipin = Gipiaipind ~ e =0
Jpda

The phonon amplitudes and the excitation energies of the one-phonon
states are defined by the variational principle ‘

where | > is the phonon vacuumn state: Q4| >= 0. It gives the homo-
geneous system of linear equations:
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The amplitudes of the transitions {rom the even-even ground state to

the excited states with total spin J, its projection M and energy w; are

equal to
. 1 . o . .
bium(2) = BT S < 3pllOst in > (v, 85,95, 5, + w5, 05.95,..)

Jpidn
if the charge of the nucleus is decreased by unit, as in(#, p) reaction, or
to
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if the charge is increased during transition as in (p,n) reaction. The
transition strength is equal to BE(i) = So1,__, |b%,(3)]%

The parameters of the single particle potentials and of monopole
pairing were fixed earlier. Only the effective constants of isovector resid-
ual interaction k¥ or k¥’ were varied in our calculations.

The ordinary muon capture proceeds mainly through the spin-multipole
transitions. The most important of them are the Gamow-Teller transi-
tions (ot* one-body operator) and the spin-dipole (f(r)[Y),0],t* one-
body operator) transitions. In this section we present the results of
calculations of transition strength distribution over the excitation ener-
gy (strength function) for GT and spin-dipole transitions and compare
them with the distributions extracted from (p,n) and (n,p) direct nucle-
ar reactions at intermediate energies. The main goal of this section is to
define the effective constants of residual interaction making comparison
of calculated strength functions to those obtained from the experimen-
tal data, and afterwards to calculate the muon capture rates using these
values for effective constants. \

- The theoretical and experimental results are shown in =~ Figures

1-4 as the “running sums”:

S¥HE)= Y. |< flot]i >]2.
f: Ej—Ei<E

By this sums one can show simultaneously the results of calculation
which are set of discrete eigenvalues with corresponding transition strength
and the experimental data which are often continuous function, especial-
ly if some strength is extracted from background. The fast variations in
S%(E) indicate the presence of strong transitions in the energy regions
where these variations occurs.

The results for the ot~ transition strength on *3Ni are shown in
Fig. 1. The excitation energies are reckoned from the ground state of
the target nucleus every time. The experimental data, extracted from
8 Ni(p,n)*Cu reaction at the forward angles (zero momentum trans-
fer), are taken from the paper [7]. Lines “a” and “b” are the lower
and upper limits of S~(F) obtained experimentally. The data from

Table 3 of [7] were used. Other curves represent the calculated val-
ues of S™(E). The line marked by “c” shows the strength function
$~(E) obtained with the effective constants k{1 = k2! = —0.23/4, “d”
is for S7(FE) calculated with k}' = k' = —0.43/4, and “e” — for
k] = k¥ = —0.63/A. The calculations with ' = k2! = —0.43/A give
the correct position of GT resonance and describe reasonably distribu-
tion of the transition strength at the low excitation energy. But the
total transition strength below 25 MeV is larger than the experimental-
ly observed one. The strength function calculated with k' = —0.23/4
has too much strength compared to the experimental data at the lowest
excitation energies, it gives wrong position for the GT resonance and
exceeds considerably observed total strength. The strength distribution
marked by “e” is close to the “d” at the low excitation energies, but the
energy position of the resonance is higher than the measured one and
too much strength is shifted to the higher excitation energies. From this
consideration one can conclude that the stréngth function calculated
with the set of parameters k' = k! = —0.43/A gives the better de-
scription of the experimentally obtained strength function §~(FE) than

other versions.

The running sums for the ot strength functions for the *¥Ni are

~ shown in Fig. 2. The legend and the values of effective constants of

residual interactions are the same as in Fig. 1. The experiment in (8]
shows, that practically all observed ot* transition strength in 53N7i is
concentrated in one wide bump, which is placed in the region of excita- |
tion energy between 3 MeV and 8 MeV. In the calculations there is one
collective state which contains the large fraction of the total transition
strength. The position of this state depends on the k{* value and it is
located in the middle of the bump region at the k' = k¥ = —0.43/4
(line “d”). For all the effective constants used the calculated transition
strength exceeds considerably the observed ones. ‘

The theoretical value of the Gamow-Teller sum rule for ¥ Ni is equal
to

S~ —St=3(N-2)=6,

where S* = S$%(c0). In our calculations S~ — §+ = 5.26 due to



nonorthogonality between neutron and proton single-particle wave func-
tions. The experimentally defined sum rule value is $~(25) — S*(25) =
3.7 + 2.2 if one assumes that there is no g% strength above the exci-
tation energy of 10 MeV and there is no ot~ strength above 25 MeV.
The calculated values are 3.81, 2.89 and 2.18 for the 9! (and i) equal
to —0.23/A, —0.43/A and —0.63/A correspondingly. All calculated val-
ues fit into rather large interval of the experimental data. So the values
k9 = k¥ = —0.43/A obtained from the gt~ strength function do not
contradict to the data from ot* strength function on **Ni and to the
measured value of Gamow-Teller transition strength.

The running sums for the Gamow-Teller ¢~ transition on the ®°Ni are
shown in Fig. 3. The legend and used values of the effective constants

of residual interaction are the same as in Fig. 1. The experimental”

data are taken from Table 4 and from Fig. 10 of [7]. The experimental
strength function has one wide bump (its width is around 6 MeV') which
sites between 10 and 20 MeV and contains more than 80% of total
observed strength. The total observed strength is equal to 7.2 + 1.8.
The calculated strength functions have one collective transition too, but
its position is higher than the experimental value. The calculated total
transition strength is more than two times larger than the experimental
one, but the strength located below 20 ‘M eV is rather close to the one
obtained from experiment.

The running sums of strength functions of ot* transitions on the
$Ni are presented in Fig. 4. The experimental data are taken from
Fig. 12 and Table II of [9]. The ot* transition strength located below
10 MeV is equal to 3.11+0.08, but the total strength below 32 MeV is
equal to 7.4£0.5 [9]. This value should be compared to'the value of total
ot~ of 7.2 £ 1.8 obtained in [7]. The Gamow-Teller sum rules compiled
from two experiments becomes —0.2 + 2.2 but the theoretical value is

3(N — Z) = 12. The calculated value of the total o¢+* transition strength

decreases from 6.7 when k9! and x2! are equal to —0.23/A to 4.6 at k! =
k¥ = —0.63/A. The calculated value of the Gamow-Teller sum rule is
10.79 for all values of the effective constants of residual interactions. It
means that either in [7] the g1~ strength is underestimated or in [9] the
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ott strength at higher excitation energies is overestimated significantly.
In order to fix the value of the effective constant of the spin-isospin

residual interaction we have calculated the Gamow-Teller transition strength

distribution over the excitation energy. The comparison of calculated
strength function with the measured one leads to conclusion that the
variant k9! = k' = —0.43/A gives the quite reasonable description
of available experimental data concerning the Gamow-Teller transition
strength in *3%°N. V

Next problem to be solved is to fix the value of effective constant
of spin-dipole-spin-dipole residual interactions. In order to do it the
distributions of spin-dipole (r[Y;a];t=, J = 0,1,2) transition stréngtll ‘
over the excitation energies were calculated for **®°Ni. In the paper
[7] there are few data concerning the distribution of L =1 spin-isospin
transition strength in 3®°Ni measured in (p, n) reaction at intermediate
energies. They give the outlook of the response function of *5*°Ni to
spin-isospin excitation due to the L = 1 angular moment transfer. The
maxima of cross-section corresponding to the L = 1 transitions are lo-
cated at ~ 26 MeV in *Niand at ~ 25 MeV in *°Ni (both energies are
reckoned from the ground state of parent nucleus)," and have estimated
FWHM’s of distributions equal to ~ 10 Mel and to ~ 12 AMeV cor-
respondingly. We have calculated the strength functions of Spin—isospin
L =1 transition by suinming the theoretical strength functions of spin-
dipole transitions to the J* = 0, J* = 1" and J?’ = 27 states. The
results are shgﬁwn in Tables 1 and 2. It can be seen from Tables that the
spin-dipole-spin-dipole residual interactions with the effective constant
equal to the —0.33/A gives the reasonable agreement between calculated
main characteristics (position of the resonance maxima and widths) and
the observed ones.

Because there are no available experimental data concerning Y1+
transition strength we have checked the sensitivity of the calculated
OMC rates to the variation of effective constant of isovector dipole resid-
ual interaction. The transitions from 0+ ground states to the 1~ excited
states have been considered, because only they are influenced by isovec-

tor dipole residual interactions within the RPA franiework.
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From Table 3 one can see that calculated OMC rate from the 0%
ground state to the 1~ excited states is more sensitive to the varia-
tion of the effective constant of the spin-dipole residual interaction (x}')

rather than to the changing of the effective constant of pure dipole inter-

action (k7). When the |x}]| increases more than by two times the OMC
rate summed over all 1~ states reduces less than 10%. It can be easily
seen from Table 3 that the OMC rate depends on the total spin-dipole

transition strength mainly. The reduction of the OMC rate in two times .

corresponds to the decreasing of the total spin-dipole strength when
&1 varies from zero to —0.43/A. As a result, the isovector spin-dipole
strength function is more important for the OMC rates than the dipole
one. The same conclusion can be derived from the data of Table 4 in the
50N i case. From these Tables one can see that the OMC rate is rather
weak influenced by the isovector dipole residual interaction. In consid-
ered cases the muon capture goes through the isovector spin-multipole
transitions mainly. It was also noticed in {10].

Total OMC rates on 285062\

‘After the set of effective constant of nuclear residual interaction is fixed
we can use the eigenfunctions of nuclear model Hamiltonian for the
calculation of the muon capture rates.

At the beginning we list the approximations which were done dur-
ing the OMC and RMC rates calculations. The pseudoscalar coupling
constant is defined by the expression '

mf,-kmfl(_q_,i

2
m?r +q2 gA)gA(q )’

9p(¢*) =
where ¢? = (p — n)? is the square of four-momentum transferred to the
nucleons during muon capture. Velocity dependent terms were omitted
during the calculations of both processes OMC and RMC. All muon
capture rates are obtained with the following values of the constants of
residual interaction — xj = —0.103/4, &’ = —0.33/A4, except &' =
K3 = —0.43/A.
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The results of calculations of the OMC and RMC rates for nickel

‘isotopes are presented in Tables 5-7 for several values of ratio gp/g4.

The measured OMC rates are (61.10 £ 1.05) s~1 for N3, (55.62 +
0.97) s! for ®*Ni and (47.16 + 0.95) s~! for 2Ni from [11] and (61.1+
1.0) s7! for *®N4, (55.6+1.0) s* for ®**Ni and (47.2+1.0) s~ for 2Ni
from [12] Both experiments give practically the same results for the
total OMC rates on nickel isotopes. It can be easily seen from Tables 5 —
7 that the calculated total OMC rates for all used values of gp /g4 areless
than the measured one. Probably, the inélusion of velocity dependent
terms may bring the calculated rates into better agreement with the
experimental value. The calculations of [13] and the estimations of [14]
shows that the velocity dependent terms increase the OMC rate by 10%
at least. Our results are rather closed to the total muon capture rates
calculated in finite Fermi system theory by Bunatyan {15] and are little

" less than the ones of [10]. It should be mentioned that contribution of

transition into 1~ states of residual nuclei in our calculation are 4% less
than in [10], but we have the relative weight of transitions into 1% states -
by 8% more than obtained in [10]. But in general our results concerning
total OMC rates are in reasonable agreement with the experimental data

and the results of previous calculations.

Total RMC rates on %6052y

The results of total RMC rates and photon spectra are presented in
Tables 8 and 9 and in Figs. 5-8. Fig. 5 shows the photon spectra calcu-
lated for different values of ratio gp/g4. The nuclear RMC amplitude
was taken in the modified impulse approximation. The dependence of
the calculated photon spectra from the gp value will be seen more clear
if one consider the photon spectra normalized by the calculated total
OMC rate. Fig. 6 presents these normalized spectra. The theoretical
photon spectra depend strongly on approximation which the RMC am-
plitude on nucleus is calculated. The differences in photon spectra are
easily seen from Fig. 7. The total RMC rate on *Ni and its distribution
over the states with definite total spin and parity are given in Table 8.

13



The main contributions into the total RMC rate in IA and MIA comes
from the transition to the 1% and 2~ states of daughter nucleus. But the
rates corresponding to these transitions are reduced in MIA stronger as
compared to [A. The most of strong suppression is for the rates to the 1+
excited states. At the large values of gp/ga the RMC rate correspond-
ing to the transition to the 1% excited states almost by six times less in
MIA than in IA. The similar large difference in rates exist in the RMC
on ®®Ni and ®2N¢ too (see Table 9). The photon spectra calculated in
MIA for three nickel isotopes are shown in Fig. 8.
Large difference in RMC rates obtained in MIA and IA requires cer-
tainly the deeper investigation of the physical nature of the modifications
made in RMC amplitude due to the continuity-equation constraints [3].

Conclusion )
For the first time the photon spectra and total radiative muon capture
rate are calculated based on the microscopic description of nuclear re-
sponse for heavy nuclei. Quasiparticle random phase approximation is
used for the calculation of excitation spectra and transition amplitudes
for the ordinary and radiative muon capture on 53¢%62N{. The choice of
the effective parameters of nuclear spin-isospin residual interactions is
discussed. For that purpose the sum rule for the Gamow-Teller transi-
tions is considered in connection with the total Gamow-Teller strength
extracted from the ** Ni(p, n)*°Cu [7] and *° Ni(n, p)®°Co [9] experiments
and it is assumed that in the last experiments the total o+ transition
strength is overestimated.

The calculated total rates of OMC on 5%%62Nj are close to the
experimental data.

For the nuclear amplitude of radiative muon capture, besides the
usual impulse approximation, the modified impulse approximation, in
which the continuity equation for electric current is taken into account,

is used. The results of calculations performed in both of approximations

show that the inclusion of the continuity-equation constraint into RMC
amplitude in nucleus reduces the RMC rate about two times. These
corrections appeared to be stronger in the transitions from the 0% ground
state into 1* excited states.
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Table 1: The main characteristics of the distribution of the spin-isospin

dipole ¢~ transition strength in >3N.

Full rYiot~ | Energy | Dispersion | Maximum | Strength in

k17-A | strength | centroid localization | maximum

(fm?) (MeV) | (MeV) (MeV) (fm?*) -
-0.18 1111 27 4.1 29-30 370
-0.23 1050 29 5.0 31-32 346
-0.28 1000 30 5.4 32-33 298
-0.33 © 958 31 5.7 28-29 219
, ' 33-34 227
-0.38 922 32 6.0 29-30 221
-0.43 891 34 6.4 30-31 215
39-40 205

Table 2: The main characteristics of the distribution of the spin-isospin

dipole ¢~ transition strength in °Ni.

Full rY 0t~ | Energy | Dispersion | Maximum | Strength in
ki7-A | strength | centroid localization.| maximum
‘ (fm?) (MeV) (MeV) (MeV) (fm?)
-0.18 1242 27 4.9 29-30 399
-0.23 1183 29 5.2 31-32 370
-0.28 1134 30 5.5 32-33 323
-0.33 1093 32 5.8 29-30 257
33-34 235
-0.38 1057 33 6.1 29-30 254
38-39 187
-0.43 1027 34 6.4 30-31 235
39-40 240
17




Table 3: Dipole, s

in-dipole transition strength and OMC rates in **Ni.

Table 4: Dipole, s

in-dipole transition strength and OMC rates in *°Ni

Total Total Total Dipole Y tt
kl-A | kA | OMC rYitt | r[Yio]itt | strength | strength
rate, | strength, ] strength, | res. reg., | in res. reg.,

s™1 fm2 fm? MeV fm?

—-0.083 | 0.00 | 37.7-10° | 314.8 558.8 |6.1—-11.4 239
—0.103 | 0.00 | 37.3-10°| 298.4 559.2 16.1-11.5 240
—-0.123 { 0.00 | 37.0-10°} 284.0 559.6 | 6.1—11.5 238
—0.143 | 0.00 | 36.6-10°| 271.3 559.9 | 6.1—11.6 234
—-0.203 | 0.00 | 35.9-10% ) 240.7 560.8 | 6.1—12.0 219
—0.083 | —0.23 | 23.5-10° | 317.5 322.0 |62-11.4 221
J =0.103 | —0.23 | 23.1-10° 300.8 322.1 62—11.4 232
—0.123 | —0.23 | 22.7-10° | 286.3 3222 | 62-11.4 234
—0.143 | —0.23 | 22.3-10° 273.4 322.3 6.2—11.5 232
—0.203 | —0.23 | 21.5-10° | 242.4 3226 |6.2-11.7 217
—0.083 { —0.33 | 21.1-10° 318.2 2815 {6.2—-11.4 226
-0.103 | —0.33 | 20.7-10° 301.4 281.6 6.2-11.4 237
—0.123 | -0.33 | 20.3-10° | 286.8 281.7 |6.2-11.4 239
—0.143 | —0.33 | 19.9-10% | 273.9 281.8 |6.2—-11.5 236
—0.203 { —0.33 | 19.1-10° | -242.9 282.0 6.2—11.7 221
~-0.083 | —0.43 | 19.4-10% | 318.7 2526 |62-11.4 229
—0.103 | —-0.43 { 19.0-10° 301.9 252.7 6.2—-114 239
—-0.123 | —0.43 | 18.6-10° 287.3 252.7 6.2—-11.4 241
—-0.143 | —0.43 | 18.3-10% |  274.4 252.8 |6.2-11.5 238
—0.203 | —0.43 | 17.4-10° 243.3 253.0 ~6.,3 - 11.7 222
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Total Total Total Dipole rY it
k-4 | kj-A | OMC rY,tt | r{Yiolitt | strength ' strength

rate, strength, } strength, | res. reg., jint res. reg.,
st fm? fm? MeV fm?
—0.083 | 0.00 |352-10°] 289.9 525.9 6.3—-11.9 200
~0.103 | 0.00 | 34.8-10%| 273.9 526.3 | 6.3—1L9 200
~0.123 | 0.00 | 34.4-10%; 260.0 526.7 6.3—11.9 198

~0.143 | 0.00 | 34.1-10% | 247.6 527.0 6.3 —11.9 193 B
~0.203] 0.00 |33.4-10%} 2178 528.0 6.3—12.0 171
~0.083 | ~0.23 | 21.9-10° | 292.8 300.4 6.3 —13.0 190
—0.103 | —0.23 21.5-10%°| 276.6 300.5 6.3 -11.9 190
—~0.123 | —-0.23 | 21.2-10° |  262.5 300.7 | 6.0-11.9 205
—0;143 ~0.23 | 20.8-10° | 250.0 300.8 6.0—-11.9 201
-0.203 | —0.23 20.1-10° 219.7 301.2 6.0-11.9 178
~0.083 | —0.33 {19.7-10% |  293.5 260.8 6.3 —13.0 194
—~0.103 | —0.33 | 19.3.10° | 277.3 260.9 6.0-11.9 211
~0.123 | -0.33 { 18.9-10° | 263.1 261.0 6.0-11.9 210
_0.143 | —-0.33 | 18.6-10% | 250.6 - 261.1 6.0 —11.9 205
~0.205 | —0.33 | 17.8-10° | 220.2 261.4 | 6.1—-12.0 181
~0.083 | —0.43 | 18.1-10% | 294.1 232.4 6.0 - 13.0 219
~0.103 | —0.43 | 17.7-10° | 277.9 232.5 6.0 - 11.9 215
-0.123 | -0.43 17.3-10° 263.6 232.5 6.0-11.9 213
—~0.143 | —0.43 | 17.0-10° | 251.1 232.6- | 6.1 —11.9 208
| —0.203 | —0.43 | 16.2.10° | 220.6 232.9 6.1 —-12.0 183

19




Table 5: Total OMC rates and relative contribution (in percent) into it
from the states with definite spin and parity on *>Ni.

gpfgs | Tot. OMC J*

rate, s7! ot | 0~ 1+ 1~ 2t 2- | 3Y | 3~

4.0 60.4-10° [2514.0]266]342| 93 |16.8]53] 1.3
6.0 58.1-10° 12.6}132126.1(356) 9.6 |16.4}15.1} 1.3
8.0 56.0-10° | 2.7(241{255]36.9]10.0]16.1 5.0 1.4
10.0 54.4-10° | 2.8]1.7125.1|38.0{103]|158|49|1.4
12.0 53.0-10° 2911112471390} 106 |155}4.8] 1.4,

Table 6: Total OMC rates and relative contribution (in percent) into it
from the states with definite spin and parity on **Ni. '

gpfga | Tot. OMC J*
: rate,s™' [ OY | O- | 1¥ [ 1— | 2¥ | 2= | 3+ | 3~
4.0 54.9-10° | 2.7/14.2]257|35.1|-9.6 |16.0]|54] 1.3
6.0 52.8-10° 12.813.4}252{365)10.0}156|5.2| 1.4
8.0 51.0-10° | 2926 |24.7|37.8(10.3 (15351 1.4
10.0 49.5-10° | 3.0 1.8124.2(38.9]106|150 (4.9 1.5
12.0 48.2-10° |3.111.2123.8|399]109|14.7]|48 |15

Table 7: Total OMC rates and relative contribution (in percent) into it

from the states with definite spin and parity on *2Ni.

gp/ga | Tot. OMC : J*

rate,s”! ot O~ | 1Y | 17 | 2v | 20 |3+ |3
4.0 49.6-10° | 29|44 |255(354| 9.9 |151[55]| 14
6.0 47.7-10° 13.113.5|249]36.8]103]|14.7|53| 14
8.0 46.1-10° |3.2|2.6]|24.4)38.1]10.6 1445215
10.0 44.7-10° |1 3.311.9/24.0]392|11.0]14.1|5.0( 15

12.0 43.6-10° |33]1.2}123.6|40.2}11.2}113.9|49]| 1.6
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Table 8: Total and partial RMC rates on *®*N'i calculated in two approx-
imations for the radiative muon capture amplitude on nucleus.

gp/ga | Appr. RMC rate, s7!

total | 0% | 0~ | 1% 1- | 2t | 20 | 3v | 3°

4.0 IA 250.1 (5.2 |7.41276160.6| 89 |344| 54 | 0.6
MIA | 133.5| 2.7 3.4 | 52.0 4124 7.3 | 224} 4.0 105

6.0 IA 286.3 | 5.2 | 7.7 | 149.8 | 66.5 | 9.6 | 40.5| 6.3 | 0.6
MIA | 1336127131 48.6 | 43.9{ 7.8 | 23.0] 4.1 |0.5

8.0 1A 331.315.1]81|176.9|74.1|10.7|482]| 7.5 | 0.6
MIA | 1355|2726 45.8 | 47.0| 8.4 |24.0] 43 | 0.5

10.0 IA 385.0 | 5.1 1 8.5(209.0 |83.4|11.9|57.5| 89 |0.7
MIA | 139.1|2.7|2.3 | 43.5 50.71 9.2 | 25.5| 4.6 | 0.5

12.0 IA 4475 5.0 | 9.1 | 246.1 | 94.4 | 13.4 | 68.3 | 10.6 | 0.7
MIA | 144.4 | 2.7 2.0 | 41.8 | 54.9{10.0 [27.5] 4.9 { 0.6

/

Table 9: Total RMC rates on 586962 N'; calculated in two approximations
for nuclear RMC amplitude for different values of gp/ga-

Nucleus | Approx. RMC rates, s7*

4.0 6.0 8.0 10.0 | 12.0

BN IA 250.1 | 286.3 | 331.3 | 385.0 | 447.5
MIA 133.5 | 133.6 | 135.5 | 139.1 | 144.4

0N IA 9215.6 | 246.5 | 284.9 | 330.8 | 384.3
MIA 117.0 | 117.5 | 119.7 | 123.4 | 128.6

82N IA 184.0 | 210.1 | 242.7 | 281.6 | 327.1
MIA 101.3 { 102.2 | 104.4 | 108.1 | 113.1
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Figure 5: Photon spectra from RMC on 8 i calculated for ratio gp/ga
equal to 4.0 (curve a), 6.0 (curve b), 8.0 (curve c), 10.0 (curve d) and
12.0 (curve e). A ' '
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Figure 6: Calculated photon spectra from RMC on **Ni normalised by
calculated total OMC rates. The curves labels are as for Fig. 5
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Figure 7: Photon spectra from RMC on 58 Ni calculated in three ap-
proximations for nuclear RMC amplitude: MIA (curves a and b), [A (c
and d) and model case when only muon can radiate (e and £). The
curves a, ¢ and e are calculated with gp/ga = 6.0, other lines - with

gp/gA = 8.0.
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Figure 8: Photon spectra from RMC on *¥°%%*Ni calculated with
gp/ga = 8.0.
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E4-96-478"

PaC‘-lCTbl 06bl‘~lHOl‘O H panuauuouuom 3axBarta MK)OHOB

ﬂnpaM” S8.6062N;

BﬂCpBble Bbl‘lllCnCHbl CHCKprl (t)OTOHOB H ﬂOHHaﬂ CKOpOCTb pannauuouuoro'

/3axaara Ml()OHOB Tﬂ)l(eﬂblMH ANpaMH Ha:OCHOBE MHKpOCKOl‘lH‘lCCKOl‘O -OMHCAHHA | -

smepuou cbym\umr BO36)’)K).'(CHH${ Hna pacyeta CrEKTPOB. Boaﬁyxuemm H aMIuTHTYa

NepexofoB [uiA- 00bIYHOMO M PAIHAUHOHHOTO 3aXBATA MIOOHOB SAPAMH - 58.60. 62va :
HCTIO/b3YETCA KBA3HYACTHYHOE NPHONMKeHHe cnyyaiinbix gas. Oﬁcym:(ae'rca BEI6Op

scpd)exrusublx T1apaMeTpoB CMHH-H30CMHHOBLIX OCTATOYHBIX B3aHMOMNEHCTBHIL. llnﬂ
3TOTO, npoaeneuo Cpasneuue Bbl‘lHCHeHllblx CHIIOBBIX (DYHKLMH raMoB- renneposcxnx

(ot ) H cnuu-nunonbublx (r[Y 0']0 0 2t_) nepexouou ¢ sxcnepumeu'ranbubmu AaH-

HBIMH, O6cy>Knae'rcsr MPABUIIO CYMM "IUIs raMOB- 'renneposcr(ux Nepexoos. Mpn
BBIMHCIIEHHH AMMAHTYb! paIHaLOHHOTO 3aXBaTa MIOOHOB SIPOM KPOME 06bIYHOTO

‘HMﬂ)’J’IbCHOFO l'lpH6J'lH)KCHHﬂ HCHOJ’Ib3yeTCﬂ MO}.'IHCIJHLIHPOBBHHOC HMl'ly.lII)CHOC

NpHONHKEHHE, B KOTOPOM YYHTBIBAETCA YPaBHEHHE 'HENPEPBIBHOCTH VIS 3NEKTPO-

MarHMTHOIO TOKa.. Bhruncientsie: nosusle cxopocru o6uquoro 3axBaTa MIoOHOB

ONH3KH K 3Ha‘lCHHﬂM MOJTY4EHHbIM axcnepuMeHTaano ' =i
.- Pabota Bbmomreua B Jla60paropuu Teope'mqecxou cpuam(u HM H H. Boron'o-

o ﬂpenpm{r Oﬁbcmmemroro uHcrury'ra ﬂuepnux HCCTEN0BAHMIL.: lIyGHa l996

P

4Eramzhyan R A l(uz min. V A Tetereva T V.

Calculations of the Ordmary and Radlatlve Muon Capture :
58 ,60,62 Ni -

| B4:96-478 |

e : "‘,l

- For the first tlme the photon spectra and total rate of radlatlve muon capture on

heavy nclei ‘are calculated on the base of the microscopic description of nuclear-

’ excitation function. Quasnpartlcle random phase approx1matlon is used for. the
) calculauon of excrtatlon spectra and transmon amplltudes for the ordmary and

radiative: muon capture on ?8 60 62Nl The choice of the effective parameters of

nuclear spin- 1sospm residual mteractlons is dlscussed ~The' strength functlons of |

_Gamov-Teller (0't ‘) and’ spln dlpole (r[l’ 0’]0 i 2! ) transmons are calculated and'

compared w1th the experlmental data: The sum rule for Gamov Teller transitions is
considered too. For the nuclear amphtude of’ radlatlve muon capture, besides the
usual impulse approximation, -the* modified impulse: approxnmat}on in which the
continuity equation for electromagnetic current is taken into account is-used. The
‘calculated total rates. of ordinary muon capture are close to the expenmental data.

~The 'investigation has heen performed at the Bogollubov Lahoratory of‘ -

, Theoretlcal Physlcs JINR:

Prepnnt of the Jomt lnsutule for Nuclear Research Dubna l996




