


1. INTRODUCTION

The progress has been achieved in the experimental study of
the giant charge-exchange resonances /1-8/ | The Gamow-Teller (GT)
and charge—~exchange Af = | resonances are observed in many
nuclei. At the early stage the investigation of the GT reso-
nance was related with the calculation of the B-decay strength
functions /8-8/  In recent years the energies of charge-exchange
resonances have been calculated in the RPA in spherical nuclei
with closed shells”’®13/,

A part of strength of the charge-exchange resonances is
observed experimentally as compared to the relevant sum rules.
The quenching of the GT and charge-exchange Af = 1 transition
strength has two reasons, namely the strength fragmentation
due to the coupling with the 2p-2h states and to the mixing
with the A-isobar - nucleon hole configuration. Fiegig and
Wambach 714/ have calculated the GT resonance on 298Pp taking
into account the admixtures of the A -hole and 2p-2h confi-
‘gurations. It was found that the A-hole admixtures decrease the
nucleocon COT stvcmgth LUy 277, 1.0., thoy 210 oot saeccdd o ox
plaining the missing strength due to the A-isobar-hole confi-
guration. The influence of the 2p-2h configurations turned
out to be essential, though only the first 2% and 37 vibrational
states in ?8Pb, were taken into account. Adashi/15/ "Muto
et al.”’!® have used the Tamm-Dancoff approximation to calcula-
te the GT spreading width on ?%8Pb including the 2p-2h states.
Bertsch and Hamamoto/!7/ have investigated the effect of the
central and tensor forces on the fragmentation of charge-
exchange phonons and obtained that half of the GT strength
in 2°Zr is shifted into the energy region of (15-50) MeV.
According to Kniipfer and Matsch’/18/ the inclusion of 2p-2h
states with tensor forces in %0Zr shifts 267 of the strength
into the high-energy region. Bortignon et al.”’1%/ studied the
influence of 2p~2h configurations on the distribution on
the GT strength on 40Ca, Many authors’/29°2% agsume that mis-
sing of GT strength is due to the admixtures of the A -hole
excitations to the proton-particle - neutron-hole GT states.
Brown and Rho’/22/ state that a consistent description of the
position of the GT resonance in?8Pb and the renormalization
of the strength through coupling to A -isobar region, can be
achieved in terms of #— and p -meson exchange forces. However,
the quenching of the GT strength cannot be thus explained.
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It is evident that the A-hole configurations play an impor-
tant role in quenching the strength of charge-exchange phonons.
Nevertheless, one should study more thoroughly the fragmenta-
tion of GT phonons to clarify how the fragmentation is res-
ponsible for the missing of the GT strength in the maximum
region. The calculations should not be restricted to magic
nuclei only, as it has been made before. One should perform
calculations with pairing but without tensor forces for some
spherical nuclei. The solution of this problem is the aim of
the present paper. In further investigations one can additional-
ly take into account tensor forces and the coupling with the
A -hole configurations.

The fragmentation of charge-exchange phonons is studied
within the quasiparticle-phonon nuclear model’28/, In this case
the neutron-proton np phonon operators are used, which have
been introduced by Kuzmin and Soloviev /27’ for describing the
T- part of the giant dipole resonance. A general method for
introducing np or charge-exchange phonons in the quasiparticle-
phonon model is presented by Soloviev 728/ In the same paper
the author obtained the general equations for the fragmentation
of charge-exchange one-phonon states in spherical nuclei and
the system of approximate equations used for a description of
the fragmentation of charge-exchange phonons. The present
paper contains the basic approximate equations of the model,
which allow one to describe charge-exchange resonances. In
Sec.2 we introduce the charge-exchange phonons and obtain the
RPA secular equation. Section 3 is devoted to the description
of the fragmentation of charge-exchange phonons within the
quasiparticle-phonon nuclear model and to the calculation of
strength of the (p,n) transitions. The obtained results are
discussed in Sec. 4, and the conclusions are made in Sec.5.

2. CHARGE-EXCHANGE PHONONS AND RPA EQUATIONS

The Hamiltonian of the quasiparticle~phonon nuclear model
consists of the average field as the Saxon-Woods potential
for neutron and proton, superconducting pairing interactions
and the effective separable residual interaction. To generate
the state of a natural parity, we use the multipole-multipole
forces

M A Ao o +

V., = -

A [KO +Kl(rl,rz)]R/\(rl)R/\(rz)YA,_#(61,¢1)Y/\,_#(02,¢2). €D
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where [YL(G, Po ],\“ =M2,m< LMim|Au> iy é)o ™. The spin-multipole

forces are responsible for the states of unnatural parity at

= A t1 and natural parity at L =A . Here we shall use the
forces with L=A ~1 only. The radial dependence of residual
forces may be arbitrary. Usually R)(r) = or R,(r) = dU(r) /dr
(UG) is the central part of the average f1e1d potentlal) The
constants: isoscalar Kq's K% and isovector KA, xLA are deter-
mined from either the experlmental data or pﬁenomenologlcal
estimates, Isotopic matrices 01,72) can be separated into the
charge-neutral and charge-exchange interaction parts. The
charge-neutral interaction is used for calculating the fragmen-
tation of phonon forming the giant electric and magnetic reso-
nances /26:29-30/  The charge-exchange interaction can be written
as follows:
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a.,(a;m\are the nucleon annihilation (creation) operators and
j.m Qnm ) are quantum numbers of the proton (neutron) single-
parglcle states.

Now we perform the canonical Bogolubov transformation g, =

=Uja, +(-)r“‘vja}‘ - and introduce the phonon operators
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In the RPA the ground state wave function of a doubly even
nucleus 1s approximated by the phonon vacuum | >

(1Aui |>=0 (5)

and the phonon operators satisfy the commutation relations
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element of the spln-multlpole operator. Formulae for the multi-
pole phonons can be derived by changing the matrix elements
and effective constants.

Like in the book by Soloviev
we use the variational principle

/33< to find the RPA equations,
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definitions (2 we get the system of equatlons, which has non-

zero solutlons only at mk satisfying the equation
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The phonon amplitudes are
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The operator 0(—) (0(+) ) describes single-particle tran-
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sitions from the target-nucleus Ny, Z, to the nuclear states

Ng~1, Zo+1(No+1, %0~ 1) with decreasing (increasing)_by

unity isospin projection. The amplitudes of these transitions

are
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The one-phonon states

are a superposition of excitations in nuclei with Ny-1, Zg+1
and N0-+1 Zg~- 1. In each state one can separate a dominating
branch. Mixing is due to the pa1r1ng and ground states correla-
ticns. If there is no pairing in the neutron or proton system,
eq. (9) splits.

Taking into account the secular equations for the one-phonon
states, the Hamiltonian of the quasiparticle-phonon nuclear
model 1is '
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the explicit form of Hmv, H pw Hquand Hsquis given in 726,34/
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The terms Hepy and Hepyq differ from (15) and (16) by the matrix
elements and isovector constants. The model Hamiltonian is con-
structed so that all operators A(j%; Au) , AT (j*; Ap), A(%Jn,hu)
and A*Y( ] :Ap) are expressed through the phonon operators,
and the quas1part1c1e operators enter only in the form of
B(@j“: M) 5 B(pip: M) and B Qp]n Ap). Under such a construction
of the Hamlltonlan there is no double counting. In nuclear field

theory a special procedure developed to overcome double coun-
ting has been developed by Bes et al.
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3. FRAGMENTATION OF CHARGE-~-EXCHANGFE PHONONS

To study the fragmentation of charge-exchange phonons, we
write down the wave function of an odd-odd nucleus as

Jv Ay +
|JMv>—[2R Q““ 3 )‘1 (Jv)[Q)H Ayl ]JMH (17)
At Aol 2'e 2
1y
where
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and the phonon creation operator

Ai A-p A
Qf =L s 5Tl aaw =@ ¢ AT @A)
1”'11 2 r=n,p {j° I
as in /26,20-82/

The general form of equations for describing the fragmenta-
tion is given in paper by Soloviev/zs/_ln/this paper we use
the boson commutators for the phonon operators and the con-

dition [Q , QF 1 = 0. Then the normalization condi-
6 Mgty Shgmgly T

tion of the wave function (17) is

£, = SR+ 3 (A G Tan? =1. (18)
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The coherent transition strength to the state (17) has the form
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The energies n, and coefficients Riv and th% (Jv) are deter-

mined by the variational principle
S{<IMv|H, | IMv > — 7, (£ ~1)} =0, (20)

where the Hamiltonian Hy is taken in the form of (14).
As a result we get the system of linear homogeneous equations
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The system of equations (21) has nonzero solutions only for 7,:
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One can easily show that
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where M;; are the minors of the determinant (23).
Thus, the coherent transition strength to the states (17) is
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The following strength function was calculated to simplify the
numerical calculations:
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The averaging energy interval A determines the way of presen-
tation of the results of calculation. Using the analytical
properties of (25) and the weight function pAh7-nv) we have
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The obtained formulae can be used to describe the fragmentation
of any charge-exchange phonons;and the strength functions,to
calculate the (p,n) and (n,p) transition strength.

4. RESULTS AND DISCUSSION

The parameters of the Saxon-Woods potential and the pairing
constants are the same as in”/30/, Other parameters of the
Saxon-Woods potential were also used for the calculation of
902; and 208pp, The isovector Gamow-Teller interaction constant
x%l (see formula (3)) is equal to -23/A MeV (see/3/). The
change of the constant x?l from - 20/A MeV to - 25/A MeV causes
a small change of the RPA phonon energies and a certain redis-
tribhntion of the transition strenoth. The mn1r1nn1n and ann—
multlpole ordinary and neutron—-proton phonons with A" = 1'
2=, ... 7‘, 8~ were used as phonons in the two-phonon terms
of the wave function (17). From several dozen up to several
hundred roots of the RPA secular equations were used for each
A" . The isoscalar and isovector constants of the multipole-
multipole and spin-multipole - spin-multipole interactions
were either fixed from the experimental data or calculated
by the phenomenological formulae like in”/30:31/  The present
calculations used 10-15 one-phonon terms and up to 2000
two-phonon terms in the wave function (17). The density of
two-phonon poles increases strongly with excitation energy.
When calculating the strength functions (26) and (27) the
averaging energy interval A = 0.5 MeV,

Using the strength functions (27) we introduce the total
strengths of (n,p) and (p,n) transitions

Em (1)
S, = [ b T, g dy. (28)
0

The Gamow-Teller transitions have a model independent sum rule
in the form

sf=0 _sl=0 _3n_3z). (29)
8

According to our calculatwpns, for the spherical nuclei from
907 to 2%8ppb the ratio S, 0.02-0.03. According

to the R%A calculations, under 1ntegrat10n in (28) up to

30 MeV S are equal to (96-98)7 of the sum-rule limit 3(N -~ Z),
These Values agree with the values ofS_=0 for %9Zr and 298 pp
calculated in/13/ with a continuum.

As in’29/ the Pauli principle is roughly taken into account
in the two-phonon terms of the wave function (17). The terms
(17) consisting of two noncollective terms, in which the Pauli
principle is violated, are neglected. Thus, in calculating

A i . k3 . N
VAITI(JD,the terms violating the Pauli principle are excluded.
1

It has been shown’3%/ that an approximate inclusion of the Pauli
principle in calculating the giant electric resonances turned
out to be almost equivalent to the exact inclusion of the Pauli
principle in the two-phonon components of the wave functions.

The fragmentation of the Gamow-Teller resonance is calcula-
ted for several spherical nuclei including nuclei with open
shells. The results of calculations by formula (27) (denoted
by @t +@'Q") of the (p,n) transition strength functions with
excitation of the 1% states in odd-odd nuclei and the results
of the RPA calculations are given in the table and figs. 1-7.
Excitation energies are relative to parent doubly even ground
states. In the distribution of the Gamow-Teller strength one
can separate the low-energy part, region of maximum and the
nign—energy pdrt. LOe Lable preseurs Lie disciivuiion vl tue
Gamow-Teller strength over these regions, which has been cal-
culated in the RPA and by formula (27) taking into account the
quasiparticle-phonon interaction. The results are given as per
cent of the sum—rule limit 3N - Z). According to the RPA cal-
culations 56-817% of 3(N~2Z) is concentrated in the region of
the resonance maximum. The calculation of the fragmentation

¥ .

of charge-exchange phonons 1" leads to the decrease in strength
up to 33-607 in the reg1?n of the resonance maximum. The values
given in the table for 87 are equal to (90-98)% of 3(N -~ Z),
the decrease of the values to (90-92)% is due to the elimina-
tion of weak RPA states in the calculations with the quasi-
particle-phonon interaction.

Now we discuss the strength distribution of the Gamow-Teller
resonance in some nuclei. According to the experimental data

0Zr the energy of the GT resonance maximum is 15.6 MeV
and the centroid energy of the low-energy part is 9.2 MeV.
Our RPA calculations (see the table and figs. 1 and 2) and
calculations in”/11-13,23,25/ give a right position of the
maximum and low-energy part of the GT resonance, in which
(70-85)7 and (10-20)7 of strength is concentrated, respectively.
The calculations of b@'(1+,n) by formula (27), taking into
account the fragmentation of (n,p) phonons, result in the



Table
Strength distribution of the Gamow-Teller resonance

Energy ,8trength distribution in % f°
Nuo~ region of Appro- of sum-rule limit 3(N-Z) in %
leus maximum xggztioa ot
of ‘the G2 Below the Region of Above the S(F-2)
oy rogi:n of m:xt::umu regii:ln of
meximum o e maximum
of the GT resonance of the GT
reaonanoe resonance
90 RPA 14 81 3 98
ir 12-18
Qi 15 54 29
1208n 12-18 RPA . 27 56 7 90
QT+ 0Q 29 36 25
245, 420 KA 18 67 5 90
QQ 26 33 31
124T° 13~19 RPA . 25 62 5
- QrQ * 3 40 21 92
140
Ce RPA 12 7 4
15-20
Q07" o 46 18 94
2085, RPA 11 78 3
17-22 40T 49 59 14 92

change of distribution of the GT strength. Notably, in %0Zr 267
of the GT strength is shifted into the high-energy region and
only 547 of strength remains in the region of maximum. In the
low-energy region the GT strength is shifted towards lower
excitation energies. It should be noted that for a more correct
description of the strength distribution by formula (27) in

the low-energy region one should impose a condition for the
strength not to be lower than the ground state energy of

a doubly odd nucleus.

Bertch and Hamamoto investigated the GT strength dis-
tribution in % Zr taking into account central and tensor for-
ces. They considered a large number of the 2p-2h states and
used a perturbative treatment. They found that roughly half
of the GT strength is removed from the resonance towards
higher excitation energies up to 50 MeV. The tensor forces are
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Fig.l. Fragmentation of the Gamow-Teller resonance on 80 7r.
Parameters of the single-particle potential are from paper
by Pyatov and Fayans/ %/, Vertical lines are the results

of the RPA calculations. Solid curve is the strength func-
tion including two-phonon admixtures. Both the scalars are
normalized to 3(N-~Z). Energies are reckoned from the
grounngZr state.

responsible for about 1/3 of the effect obtained. According
to the more consistent calculations of Kniipfer and Metsch’18/
in %02Zr 747 of the GT strength is concentrated in the region
of maximum and only 267 is shifted into the high excitation
energies. In the calculations of Kniipfer and Metsch/18/ and
in our calculation almost the same part of the GT strength is
shifted towards the high-energy region. In our calculations the
tensor forces are neglected but a large number of one-phonon
states is used, and the GT strength is mainly shifted towards
the region of (18-25) MeV. According to the papers /17, 18/ the
GT strength is distributed up to 50 MeV. It is possible that
the tensor forces are responsible for the shift of a small
part of the GT stren%th up to 50 MeV. The analysis performed
by Scholten et al. ’3% indicates the presence of the GT strength
at high excitation energies.

The details of distribution of the Gamow-Teller strength
on 99zr depend on the position of single-particle levels. As
is known (see, for instance, /3% ), there are some difficulties
in describing the low-lying and deep hole states in 3%Zr and
91Mo.Tt is difficult to choose the parameters so as to describe
the position of levels in these nuclei. The dependence of the
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fragmentation of the GT resonance on the position of single-
particle levels is demonstrated in figs. 1 and 2. The calcula-
tions with the parameters of the Saxon-Woods potential of
Pyatov and Faya s/13/ are shown in fig. 1, whereas with the
parameters in flg 2. The comparison of figs.l and 2 shows
that the use of the parameters’39/ causes a splitting of the

GT resonance and a larger shift of the low-energy part of
strength towards lower energies. The fragmentation of one-phonon
states depends on the completeness of the one-phonon basis.
Figure 2 shows the calculations in whlch the two-phonon terms
(17) include phonons with A7 = ]i 2‘ A 7— 8~ and phonons
with A" =17, 2‘ 37. The comparison of the results of calcula-
tions with the complete and reduced one-phonon basis shows

that the inclusion of phonons with A>3 increases considerably
the fragmentation of one-phonon states. Possibly, the role

of phonons with A>3 in our calculations is somewhat overestima-

ted.

The distribution of the GT strength in 120.1248n,  124Te and
140Ce is shown in the table and figs.3-6. Our RPA calculations

' - 2
b (1" E) MeV™' ) 1%
) ] ‘| ) -0.75
015! 90zr ! |."|
1 i '|
| I .
i) b 050
! i 10U
0.0} |
1 I
' { 025
oSt ' ' :
i '
¥ b — . T . T
0 5 10 15 20 25

E MeV

Fig.2. Fragmentation of the GT resonance on 9OZl'- Parameters
of the single-particle potential are from paper by Ponoma-
rev et al.’3% ., So1id line is the strength function of GT
tran315}ons (in the two—phonon part- (17) the phonons with
AT =175, 2°,... 7—' 8" are included). Dashed line is the
strength function of GT transitions (in the two-phonon
part the phonons with A" = 1%, 2%, 3% are included). The
rest notation is as in fig.l.
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015} Ie1*14075

120¢,
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I .
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Fig.3. Fragmentation of the GT resonance on 120gn, The no-
tation is as in fig.l.

-)
BT ) Mev ™ o (1)
b 24g,, 1075
1050
005
1025
1 I 1 l ll 1

10 15 20

E Mev
Fig.4. Fragmentation of the GT resonance on 1245, The no-
tation is as fig.l.

for 1208n are in agreement with the calculations of Sagawa and
Nguyen van Giai’®%, according to which the strength in the
low-energy region amounts to about a half of the GT strength
in the region of maximum. Due to the quasiparticle-phonon in-
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teraction the GT strength decreases down to 36% in the region
of resonance maximum, increases up to 257 in the high-energy
region and is shifted towards lower excitation energies in the

01511 E) Mey ™!

1o 12

4075
121.Te
010
0.50
ﬂ
005 1025
: A : ul
0 5 10 15
‘ E, Mev

Fig.5. Fragmentation of the GT resonance on *4 Te. The no-
tation is as in fig.l.

b 1% E) Mev - 2
015( m)(‘)“?” . 075
140
010 050
005 1025
— ~T v T i' h.;
0 5 10 15 20 25

E MeVv

Fig.6. Fragmentation of the GT resonance on 140Ce. The no-
tation is as in fig.l.
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low-energy region. A similar picture is observed in the distri-
bution of the GT strength in 124Sn. The quasiparticle-phonon
interaction shifts 87 of strength from the region of resonance
maximum to the low-energy region. The GT strength in the high-
energy ‘Tegion. increases up to 311.

The highly excited states of spherical nuclei with open
shells are calculated within the quasiparticle-phonon nuclear
model. Such an example is the distribution of the GT strength
in Te. Due to the quasiparticle-phonon interaction, the GT
strength decreases from 627 to 40% of 3(N-2Z) in the region of
resonance maximum. In a narrower region of 13-16 MeV the GT
strength descreases from 587 to 307%, and in the region of

(16-20) MeV 20% of the GT strength is concentrated. There is no
considerable difference in the fragmentation of one-phonon
states in '24Te in comparison with 120:1248n  ang 140Ce,

Our RPA calculations in14%Ce somewhat differ from the cal-
culations of Sagawa and Nguyen van Giai’/23/ in which the con-
centration of the GT strength in the low-energy region is
twice as small as in the region of resonance maximum. According
to our RPA calculations 127 of the GT strength is in the low-
energy region. Due to the quasiparticle-phonon interaction,

18% of the GT strength is shifted into the region of 12-15 MeV,
147% of the GT strength is shifted into the region above 20 MeV.
The centroid energies in_the region of resonance maximum and
low-energy region are 17 and 11 MeV, that is in agreement with
the experimental values 16.3 and 1U./ MeV measured by urlnara
et al. ’38/ The ratio of the GT strength in the region of re-
sonance to the low-energy region, which is 1.5, does not con-
tradict the value 1.2 measured by Orihara et al. However, our
calculations indicate the distribution of the GT strength over
several levels.,

The distributions of the GT strength in 28Pb are calculated
with the single-particle energies and wave functions of the
Saxon~-Woods potential with the parameters/al/ and the parame-
ters fitted by Voronov. Our RPA calculations and the calcula-
tions in’/18:14, 28, 25/ give a right position of maximum of
the GT resonance and differ by the details of distribution of
the GT strength in the low-energy region. The strength distri-
bution in the low-energy region is most sensitive to the posi-
tion of single-particle levels near the Fermi energy. For the
parameters of the potential as in’3!/ 6.6% of 3(N-2Z) is con-
centrated in the low~energy region whereas for modified para-
meters 11.37 of 3(N -~ Z).

Due to the quasiparticle~phonon interaction a part of the
GT strength is shifted into the low-~energy and high-energy
region. According to the calculations with the parameters of
the Saxon-Woods potential/al/, the maximum of the GT resonance
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Fig.7. Fragmentation of the GT resonance on 208 Pb. The no-
tation is as in fig.l.

is not splitted. The results of calculations with modified
narametorc nf tho CQovan-Woodco potontinl orc choun in the toblc
and fig.7. From the region of (17-22) MeV, 117 of the GT
strength is shifted to the high-energy region. In the region
(17-20) MeV, 49.67 of the GT strength is concentrated, 21.47
of the GT strength is shifted from this region towards higher
energies. According to our calculations the GT strength in
the region of maximum is larger than the experimental data.
An additional missing of the GT strength is obviously due to the
coupling with the A isobar-nucleon hole configurations.

Consider now the distribution of the GT strength in 208pp
we have obtained with the calculations including the 2p-2h con-
figurations. According to our calculations the distribution of
the GT strength in the region of maximum has no such a fine
structure as in the calculations of Bortignon et al.”/3% and

it is in a qualitative agreement with the data of Muto et al./18/,

The fragmentation of neutron-proton ome-phonon states is not
so strong as that obtained by Adashi’/!%/. The distribution of
the GT strength we obtained differs from that obtained by
Wambach and Schwesinger/40/ by form in the low-energy part and
by value in the energy region higher than 25 MeV. The quasi-
parFicle-phonon interaction leads almost to the same distri-
bution of the GT strength in t?e low-energy region as the
effect treated by Grotz et al. 41/
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Thus, we may conclude that within the quasiparticle-phonon
nuclear model the distribution of the GT strength in doubly
magic nuclei 907r and 298Pb is described not worse than within
other models.

CONCLUSION

The quenching of the Gamow-Teller strength in the region
of its maximum is caused by two mechanisms. They are the frag-
mentation of one-phonon neutron-proton states due to the coup—
ling with more complex configurations and to the mixing with
the isobar - nucleon hole configuration. In calculating the
fragmentation of the GT one-phonon states due to the coupling
with two-phonon states the ground state correlations are taken
into account. The ground state correlations are not taken
into account in the calculations including the coupling with
2p-2h configurations. Usually, the central forces are taken
into account in the calculations. The calculations performed
in this paper have shown that the quasiparticle—phonon interac-
tions are responsible for the shift of (10-30)%7 of strength
from the region of maximum towards larger excitation energies.
As a result, (20-30)% of the GT strength appeared in the ener-
gy interval (20-30) MeV. In this way the authors succeeded to
explain a considerable part of the quenching of the GT strength.
It is possible that the tensor forces being included cause
a shitt of a certailn part ot the Gl strengtn into the region
of higher excitation energies up to 50 MeV. The missing of
another part of the GT strength is obviously due to the mixing
with the A-isobar — nucleon hole configuration.

The investigation of the fragmentation of neutron-proton
phonons within the quasiparticle-phonon nuclear model will be
continued. First, we shall calculate the fragmentation of
charge-exchange spin-dipole and El states in spherical nuclei.
The charge-exchange resonancgag%n deformed nuclei have been
calculated by Soloviev et al. in the RPA. The characteris-—
tic features of the strength distribution of the GT and charge-
exchange spin-dipole and El resonances in deformed nuclei are
discussed.

In conclusion we should like to note that the quasiparticle-
phonon nuclear model serves as a good basis to study the frag-
mentation of single-particle and collective motions in medium
and heavy nuclei.
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