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1. INTRODUCTION 

In recent years th.e existence of the Gamow-Teller r .esona,nce 
has been cohfirmed experimenta1ly. and the giant charge-exchan
ge resonances of the electric type have been discovered in 
atomic nuclei 11•21 . Just а part of the strength of these states 
is observed experimentally as compared to the value~ following 
from the relevant sum rules. Тhе strenвth fragmentation due to 
the coupling with more complex states and with the ~-isobar
nucleon hole configuration 13·5/ is thought to Ье one of the 
reasons for the missing strength of the charge-exchange reso
nances. 

The strength fragmentation of the charge-exchange states can 
Ье studied within the quasiparticle-phonon nuclear model 16·81. 
In ref. 191 the neutron-proton phonons are introduced to descri
be the Т> giant dipole resonance. The characteristics of the 
charge-exchange states are correctly described in the RPA using 
the neutron-proton phonons. То describe the charge-exchange 
states in more detail. one should develop а mathematical appara
tus for calculating the fragmentation of neutron-proton phonons. 

In this paper we show how the neutron-proton (np) phonons 
are introduced into the quasiparticle-phonon nuclear model. А 
system of basic equations for even spherical nuclei including 
np phonons is derived. It is demonstrated that а wide class of 
diagrams is suппned. The transition to an approximate sys t em of 
equa tions used in the numerical calculations of the fragmenta
tion of np phonons is realized. 

2 . ТНЕ MODEL IWПLTONIAN 

Тhе Hamil t onian of the quasiparticle-phonon nuclear model 
includes the average field as the Saxon-Woods potential, the 
pair i ng interactions. the multipole-multipole and spin-multipo
le- spin-multipole isoscalar and isovector . including charge
e xchange interactions. The one-phonon states calculated in tt1e 
RPA a r e used a s basis states. The multipole forces are used to 
generate phonons with J 17 = ~-. 2\ з-..... 7-, and the spin-multi 
pole t o gener a te phonons wi th J 17 = 1+ , 2+ . З\ . • . 7+. The neutron
proton multipole phonons are generated Ьу the following part 
of the isovector interaction: 
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and a;m is the quas ipa rticl e c r eation operator. we introduc e 
the neutron-pro ton (np ) phonon c rea t ion operator 
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The single-pa rticle s tates are 
jm • jp mp f or protons and j0 m n 
rators satisfy the coппnuta tion 

spec i fied Ьу the quantum numbers 
for neutrons. The np phonon ope
relations 
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(5) 

Тhе RPA equations for the energies ПЛ . of the np phonons 
have the following form: 1 
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1
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1 
,., 1- J h J} J J h J J h 1 d . ff . mu t1po е np р onons are t е same. Т е on у 1 c rence 1s that 

instead of the reduces matrix e1ements of the mu1tipo1e opera
tors 

r\jpjn) = < jp 11 iлrл Ул t (-) \1 jn > (10) 

they contain the reduced matrix elements of the spin-mu1tipo1e 
operators 

fL-1,L (jpjn) = < jp \\ iLrL-1(yL-'1 a)Lt(-) \\ jn > . (1 О') 

Taking into account the solutions o f the secu1ar equations 
for the one-phonon states, the QPM Hamiltonian is ав fol1ows: 
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Н М = j~ l j ajm ajm + Нмv+ Hмvq + Hs v + Н svq + 

+ · Нсмv + Н cMvq + Н csv + Н csvq • 

( 1 1) 

the exp1icit form of Нмv• Hмvq, H8 v and Hsvq is given in 
refs. 18•101 , 

+ n' , , ~======- nлlli "lli н =- ~ . 
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where 
j n + m 

В (jp j n ; All) = ~ (-) n< j mp j m 1 All > а + а J • r 1 4 ) 
mpmn р n n Jpmp n-mn ' 

Тhе terms Hcsv and Hcsvq differ from (12) and (13) Ьу the change 
of (10) Ьу (10 1

). 

Тhе mode1 Hami1tonian is constructed so that а11 the opera
tor s А (jj'; Лll) , А+ (jj'; Лll) , А (j j ; Лll) , and А+ (j Pj n ; Лll) 
are expressed through the phononpoperators, and the quasipartic-
1e operators enter on1y in the form B(jj'; Лll) , B(jp.in; Лll), and 
B(jnJp; Л/l). As we11 as in ref. 1101, such а construction of the 
Hami1tonian overcomes the difficu1ties with the douЬle counting. 
In the nuc1ear field theory 111 / а specia1 procedure has been de
ve1oped for this purpose. 

3. GENERAL FORМ OF EQUATIONS DESCRIBING ТНЕ FRAGHENTAТION 
' OF NEUTRON-PROTON PHONONS 

Now we get in the most genera1 form the system of equations 
of the quasipartic1e-phonon nuc1ear mode1 for the description 
of the strength distribution of co11ective charge exchange sta
tes. Тhе wave function of а douЬly even spherica1 nuc1eus is 
taken in the form 

+ 
'1' v (JМ) = 1 Т R i (Jv)O JMi + 

+ ~ 
Л1i1 

Л2i2 

,\11 1 + + 
Рл 1 (Jv) ~ <Л1Il1л2ll2 I JМ > Ол · Q.\_ · ~'~'о' 

2 2 ll11l2 11l111 ' '21l212 

where '1'0 is the ground state wave function of а douЬly even 
nucleus. Тhе norffia1ization condition is 

( 15) 
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Now we calculate the• average value of Нм over the state (15), 
and we get 
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Hence, it is seen that an essentia l role is played Ьу the in
teractions of quasiparticles wit h usual and np phonons determi -
ned Ьу Hмvq and Hcмvq . 

Using the variational pr inc i pl e i n the f orm 

8\('Р: (JM) Hм'l'v (JM)) - 1'/ v [('P:(JM) 'Pv(JM)) -1 ] 1 = О (22) 
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and after the transformations, we get the secular equation for 
finding the energies 1'1v as the determinant in the space of two
phonon states 
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As in ref. 1 101 let us illustrate eq. (23) Ьу the diagrams in 
fig. 1, 2. In the first term we take into account the diagrams 
а), Ь), с) and 4) fig. 1. In the next two terms depending on the 
characteristics ~Лi of np phonons, the diagrams of ~уре е) and 
f) are summed. In the other two terms depending on ~Л 1 , the 
diagrams of type g) and h) are summed. The terms - W · W allow 
for the diagrams а), Ь), с) and d), fig.2. Apart from the dia
grams е), f), g), h), fig. 1 and с), d), fig.2, we take also 
into account those diagrams in which part а) is changed Ьу Ь), 
с) and d), fig.l. 

4. SYSTEM OF APPROXIМATE EQUATIONS 

Тhis paper is aimed at deriving equations for the descrip
tion of the np phonon fragmentation. The np phonon fragmentation 
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is determined Ьу the coeffi c ients R i (Jv) which c ould Ье found 
Ьу solving the secular equation (23). This equation is very comp
licated. In it many diagrams a re summed which give а small con
tribution to the fr a gmentatio n of np phonons. Theref-ore, we 
pass to an approximate system of. equations. For this ~urpose in 
(18) we, first, use only the terms proportional to (Р 1

1
1 (Jv)) 2 

J л2 i2 J 
and second, in the quadratic in KnQ term we take one of KnQ 
in the diagon"al form. This a pproximation is po ssiЬle due to the 
fact that the absolute values of the diagonal terms of кьQ 
are considerably larger than those of the nondiagonal terms. 
In the normalization condition (16) we also use only the diago
nal values of KJQ. As а result we get 

2 Л1i1 2 J 
I.(R i (Jv)) + I. (Рл i (Jv)) 11 + K0Q(Л2 i 2 ,л 1 i 1 I Л 1 i 1 ,Л 2 i2 )! = 1, (24) 
. л 1i 1 2 2 

Л 2i2 

('l':(JM)Hм'l'v(JM)) = I.Oлi(Ri(Jv)) 2 + 
1 

Л 1 i \. 
+ ,l_ (PЛ 2 i 2~Jv))

2(l + K~Q(\i2 ,Л 1 i 1 I Л 1 i 1 ,Л2 i2 )) х 
1\ tl1 
Л2i2 

х 10 л 1. + (U л i +~0 л 1. + ~(U \ 1. ! + 
1 1 2 2 1 1 " 2 2 

л 1i 1 Ji . . 
+ 2_ I. . Rpv)PЛ i (Jv)W

0 
(Л 1 1 1 ,Л 2 1 2 ) х 

1Л 1 1 1 2 2 

Л2i2 

x (l + K~Q(Л 2i2 ,Л 1 i 1 I Л 1 i 1 , Л 2i 2 )! 
where 

~ОЛi 
Лi Лi" J . " . . ~ 1 + у У К (Л i , Л 1 1 Л1, Л2 1 2 ) , =- "- OQ 2 2 

i" V~Лi'!!Лi" 

...!. I. ~wЛ2i2 = - 4 i2'r 

Х Л2i2 Л i" т + х 2 2 т J ..j\r ~т ~Q(Л1it,Л2i2' l \i ,Л i) 
i " л · " 2 1 1 • 

2 ·-z12 

w~i(Л 1 i 1 ,Л 2 i2 ) = wГ<Л 1 i 1 , Л2 i 2 ) + wfi<Л 1 i 1 ,Л 2i 2 ). 

(25) 

Using the variationa l principle we get the following system 
of equations: 

ll 

1;.: 



Л1i 1 Jl 
· Щл1 -7711 )R 1 (J11) + I Рл 

1 
(J11)W

0 
(Л 1 i 1 ,Л2i 2)х Л 1 1 1 2 2 

л 2i2 
J 

х ll + ~Q(Л2 i2 , Л 1 i 1 I Л 1 i 1 .A.z i 2) 1 = О, 

(26) 

Л1i 1 
(Пл1i1 + cuл2i2+~0~11 +~сuЛ212-7711)РЛ2 i2 (J11)+ Т R1 (J11)W~

1 (Л 1 i 1 ,Л2i2) = 0. 

(27) 
Frorn eq. (26) we get R1 , substitute it into (27) and then get 
the secular equation in the space of two-phonon states in the 
following forrn: 

det ii П, 1 +cu, . +АП, . +~cu, . -77 )8, , ,8. ·' 8, , , 8. · ' -
Л1 1 Л212 Л111 Л 212 11 Л1Л1 1111 Л2Л2 1212 

(28) 
W ~ 1 (Л 1 i 1 ,Л2i2) wg 1 (ЛJ.iJ., Л 2i2)! 1 + J<dJЛ2i 2,Л 1 i 1 1 Л 1 i 1 

Л2i2 ) 1 
-I - 1\ =0. 

1 П Лi - 7111 

In this case the diagrarns е), g), fig. 1 and а), Ь), с), 
fig.2 are taken into account. Moreover, а particular case of 
the diagrarns с) with Л 4 =Л 2 , i 4 = i 2 , Л 3 =Л 1 and i

3 
=i

1 
is 

considered, i.e. when it contains no . sumrnation over the inter
rnediate two-phonon states. In the case of the secular equation 
(28), less diagrarns are surnrned in cornpat·ison with eq. (23). It 

'llzLz A,i. 

/.~iz. 

ЛzLz. Л,l1 

t_ __ 
' ' 

Л2i; л;i1 

"А., i'f 

~.ii 

Л~i~ А ~i, 

а) Ь) с) 

12 

A~i~ 

d) 
Fig.2. Diagrarns allow for the quasiparticle-phonon 
interaction deterrnined Ьу Hмvq and HcMvq . Notation 1s 
as in fig.l. 

;tJiJ 

~s 1 s 

~~i'f 

should Ье ernphasized that the fragrnentation of np phonons i s 
rnainly caused Ьу the diagrarns а) and Ь), fig.2. 

Тhе secular equation in the space of one-phonon states has 
the following forrn: 

detl! (cuJi -71 11 )8 ii' - (29) 

!. 
л 1i1 
л 2i2 

w g1 (л 1 i 1 • л2 t2 ) w g1 '<л 1 t 1 , \ t2)1I + JqQ <\ t2 • \ i 1 1 л 1 t 1 • л2 t2 ) 1 
___:.--------------------11 =0. 

n л 1 1 1 + си л2 12 + ~n л 111 + ~cu л 21 2 - ." 11 

In this case we take into account the diagrarns given in fig.3 
and the diagrarn с), fig.3, in which the parts of the diagrarn 
Ь) are instead of the parts of the diagrarn а), and rnoreover, 
the part а), fig. 1 is changed Ьу Ь), с) and d), fig.l. 

Consider equation (29). The rank of the deterrninant is equal 
to the nurnber of neutron-proton one-phonon states in the first 
terrn of the wave function (15). It is two orders as less as the 
rank of the deterrninants (23) and (28). The factor (1 + KQJЛ2 i 2 , 

Л 1t1 1 ЛJ i 1 , Л 2 t2) is due to the inclusion of the Paul-1 prin
ciple 1n the two-phonon terrns of the wave function (15). In 
the case of rnaxirnal violation of the Pauli principle К flQ = -1 

Ji 
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1i 
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/ 

/ 

r
/ _____ _ 

}.,L, '•''l ~ },i, '~-- ---

• 1 

JL 

' ' 

Ь) 

:т i 1 

Ji 

А1 L 1 

Л 1 i1 

Л2 Lz ~ ~ ~1L 1 

Ji.' 
Fig.З. Diagrarns in the space of one-phonon states. Nota- ' 
tion is as in fig.l. · 

and the corresponding terrn is excluded frorn the surn over 
Л 1 i 1 Л2 i 2 • The two.-.phonon. pole is shif,ted .by АПл 1 i 1 +~ПЛ2i2 due 
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to the inclusion of the diagram с), fig.2., in which Л 1 = Л3 , 
i 1 = i3 , Л 2 =Л 4 , and i2 = i4. 

The widths of the giant charge-exchange resonances demon
strate the fragmentation of np phonons which are generated Ьу 
the change-exchange part of the isovector multipole and spin
multipole forces. Their description does not need any new forces 
a nd new parameters. It is shown in this paper that the formalism 
of charge exchange s tates can Ье formulated so as to make it 
similar to that for describing the low-lying collective states 
and the collective states of the type of giant multipole and 
spin-mul tipole resonances in spherical 1шclei. In the quasi
particle-phonon nuclear mode, when the wave function contains 
one- and two-phonon components, many diagrams are summed. The 
numerical calculations of the nuclear characteristics are made 
Ьу the method of strength functions which are based at the 
f ir s t stage on equation (29) with KbQ = О. The multipole and 
s pin-multipole usual and np phonons are used as а basis in the 
calculations. The investigations of the charge-exchange reso
nances are still at the initial stage, and there are large pos
sibilities for their description within the quasiparticle
phonon nuclear model. 
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Соловьев В.Г. Е4-83-272 
Включение нейтрон-протоннь~ фононов в квазичастично-фононную 
модель ядра 

Показано, как вводятся операторы нейтрон-протонных фононов 

в математический аппарат квазичастино-фононной модели ядра. 

С учетом решений секулярных уравнений для однофонаиных со

стояний иреобразован гамильтонпаи модели. Получена в общем виде 

система основных уравнений и осуществлен переход к системе при

ближенных уравнений. Они предназначены для описания фрагмен

тации нейтрон-протонных фононов и тем самым для вычисления 

характеристик зарядов о-обменных гигантских резонансов в 

сферических ядрах. 

Работа выполнена в Лаборатории теоретической физики ОИЯИ. 

Преnринт Об~единенного института ядерных исследований. Дубна 1983 

Soloviev V.G. 
Inclusion of Neutron-Proton Phonons into the 
Quasipqrt-icle-Phonon Nuclear Model 

Е4-83-272 

It is shown how the neutron-proton phonon operators are 
introduced into the quasiparticle-phonon nuclear model. The 
model Hamiltonian is transformed allowing for the solutions 
of secular equations for the one-phonon states. The system 
of basic equations is derived in the general form, and the 
transition to the system of approximate equations is realized. 
They are used to describe the fragmentation of neutron-

'proton phonons and thereby to calculate the charge-exchange 
giant resonance in spherical nuclei. 

The investigation has been perfo rmed at the Laboratory 
of Theдr-'>~ Physjcs IINR --~м~~~- _ 
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