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Introduction 

The few-quasiparticle components of the nuclear state 

wave functions have been calculated within the quasiparticle

phonon nuclear model/ 1/ at low, intermediate and high exci

tation energies. The energies and wave functions of the low

lying nonrotational states in deformed nuclei have been cal

culated within this mode112 •3/. The fragmentation of one- and 

two-quasiparticle states has been calculated and the neutron 

s- and p-wave strength functions in spherical/4- 7; and defor

med/Bl nuclei have been obtained. The energies and widths of 

giant multipole and spin-multipole resonances in spherical 

/ 4 , 9- 121 and deformed/ 12- 141 nuclei have been described. 

In recent years much attention has been paid to the study 

of the T> giant resonances <T,-:T0➔ :f, T,. is the isospin of the 

ground state), Gamov-feller 1+ resonances, first forbidden 

charge exchange resonances, analog hole states and other 

characteristics of excited states115 •161 • More experimental 

information is accumulated on the T> giant dipole resonance 

in spherical nuclei. Several theoretical approaches exist for 

the description of analog states and charge-exchange giant re

sonances117-211. 

Within the quasiparticle-phonon nuclear model one can 

describe the isobar-analog states, T> giant isovector reso

nances, charge-exchange resonances and others. In this paper 

we present the mathematical apparatus for describing the T> 

giant resonances and the results of calculations for the 
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energies and B(E1)-values of the T> giant dipole resonances 

in several spherical nuclei. 

1. TmL_mode], 

The Hamiltonian of the quasiparticle-phonon nuclear model 

includes an average field as the Saxon-Woods potential and the 

superconducting paiting correlations. It also contains,the 

multipole-multipole and spin-multipole - spin-multipole isq

scalar l;Uld isovector and isovector interactions in t~e particle

hole and p~~ticle-particle channels. The multipole-multipole 

interaction is, ,, 

.l .;, 

➔ - 1_J ,;:u · o.J~ 1) :;i,7 Xv ) V-;. ('2j ,?2)" 1,F a>o +2 ~ '-!.;i}' 'Z1 'I;j.f§;'fi)'l2 l '),1/"t02. ~ • (1) 
' ·; .. ~ 

To . describe the T > giant mul tipole resonances,_ one should 

introduce n-p (neutron-proton) phonons -generated by the fol

lowing part of interaction (1): _ 

., 
. J 

O)j -1(+)-1_(-) I- t(->J<.,,>)-z.A 'X ((),.'fJ"22 Y> - (ez, 'fz) • 
~~ { CJ 2 J l:2 / ! -1/' ,:"'J< 

(2) 

The corresponding part of the Hamiltonian.will be 

17,P 

~o/P 
= - 2 ") a>O)Q+ L 1- :,\,..Q')M 

7',jl . / 1/" • 

(3) 

i2 = \ '}.~ ?-
.!t,m1' 

(-i)J.,-mn 
{z>,i' , _?m?;>m./:Y,><j;~i'.,'Y,-! ,~,,i~! 

Jn ,mn 
+ 

v a. rn aJ· ro 11 Jr \> n 

Here the single-particle states are specified by the quantum 
. '• . . + 

numbers: proton /rm,. , neutron ,In m,, ; Cl·m and a✓·m are the J .. 
nucleon creation and absorption operators. 
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Now we perform the Bogolubov canonical trans~ormation, 

introduce the operators 

A (Jrjo~)f') = L. <ji,l"l'lf j.-. ll"n l)t> J.j,,m .. ol.jrmf', 
m,,. rr>n 

. j,.+m,,, , + . 
B (jf'jn: ~14) = L_ (-J) < /t>mp J,.m,,./')j''> J.,jp11'p olJ,.;--m,,, 

+ m,. m,, 
where· d., jm and' J.,jl1l are the quasiparticle creation and absorp-

tion operators, and get ~ 

I ,• • I 

r,., _) l/p'/n) ~ -r , · . 
~LA/' - L_ · .~ ( ~· P. A (IJ,Jn , ~) + 

j,,.mp -y2'),+J ,,. rl'7 

~ c-b~-~ ~;, A (1~1;_:, 7')-1- H.ir ~~ B (;;l~iA/4)_+ 

+ (-!)-j,.+jn-~~;.7/n E,{/~Jr; :J-;,-'f) j' 
. . ) . 

(4') 

I' . . , JI :l ~ 1/1_ c-:,d • 
where f IIJ>)/n)::(/r/ti 2' .l;i 11/h>• ~;land~- are the Bogo-

lubov transformation coefficients. Now we introduce the ope

rators of n-p phonons 

Q_),ui= ii7L.{ (:~ ~IJ;;~:;y)-{-J]f ~ 1A 1j.jn;')7) ((5) 
1 

1
- j /rJt1 lrJn 'J' . 
fQ'? 

In the quasiboson approximation they satisfy the condition 

I I , I., I , 

- + J { Ai ;It . ;,, ')cJ 
L n. '),1µ\',Q'>- j J-= z L. f.. {. · - Y} · 1 ·J =ii~/~•,/, 

. / ~. J,..jn J,.ln lrJ11 J,/11 lrln I 

To describe n-p phonons, we use the following part of the 

model Hamiltonian (6) 

,,p z.. · z -I , z· · z; + , , I-/ -::: e(Jr) ,:)1 m «. 1' m + . CCJn) J,. m oli. n, -
zJ- · m <ii' ? <if P . Jn ., -r" h 

Jr I' Jr, l'Yln . 
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(,>· . 
) .e1 ) /::i . . I(\: . I • I '\ 

- L 2 '>--+ J. G fj,.,,.) r;h,/,.,,1 ., 
• •I • • ,, •1 '.;\,J:f, t, l Jr Jn JrJ,. 

j(,/_;lt •1 r. . r. U, 
f,Jn J,. /n 

' / . 
Al ::It'/ ')/ . 

f ~ . 1'li,~i,)(cf, 'It},~-, -ft,. ~-,ll.,) + 
/rln ;,,. /,; qr 11> /j, ;,: I? lh 

(7) 

,1,').t" ;it' ;i ·' ., .1n+ 
+ ( 'ir/n ~f1n ~ ~j, i "},)( j,j; '¥ 1;:; 1•i:~•t:["3/'S)¥;'. 

We introduce the wave function of the one-phonon state of an 

odd-odd nucleus 

D :)-' i I > . cs> 
where/ ) is the groun~ state wave function of a doubly even 

nucleus satisfying the condition Q )JA d )= 0. 
The energies of the one-phonon states WJ/ are obtained 

by the variational ·principle 

~{< /0),, w;'D~,I> ~7'[rfct;/-c~~)1-2Jh~ 
JrJ" 

After transformation the secular equation for finding the ener

gies W).i is 

rfuJ~i)~ (J- ~0 ~;)~-:e/)Xi~)- (£/~vex:~: 01 (10) 

where · ·· 2 2 / 
, 2 .2 3'-. v · ')_ '= __!_ ~ . . ,) 2 ¼P _2!,n -1- • ✓~ ',In • 

xii 2'M1 ~ /-I Jr,J / I cf;~J,.)-t.J?,j cr;,1,,)-1 w,., 
'Jr Jn " 

X-~~_2_)/f~· ·n12{ v,eu;;,~~;,-t 0~~~~;.~·1, 
12 Z °M J. ~ . Jr,J- cv~J~) - "'? i cfi,J,,) + ~i" 

JrJ" 
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;Ii . ) 

.X:2 ""2').~1 '~ l'-f <J~.j.;Jj2 [ 
JpJn 

2'2 '2 2.1 2ii, l/Ji, . ~ ll#" ~',, • 
~r;;r1:J ~ ~i er;;,:; 1- ~~<'- . 

~r;;;J,,) z EQ~) + c't;/~) • If t:tle pairi~t;s absent ~ither in 

the neutron or proton system, then X,;= 0 and eq. (10) is 

divided into two equations. Solving eq. (10) ·at fixed ':?if{,.) • 
we find the energies w~; of the one-phonon states. Using con

dition (6) 0 we. get 

' ~--,-,~ ii.~ O) ',I,' V, ( G,)J)i) </}.~.,,z-' :ie:», , ,,.1vpJ.J.~2t;,~ ~2.,.:,,;.~;,f7~fi,1~<n) 
j,.J11 V1-;rf>JX,,.,. y- -J7tw;I Y2J.+1' er;~J~)-,w>-i 

1 ?.w luhW;,.; 

' :I. 
;i,• -~ ::r. · . O)u,1// ., . QJV l 

</,, •: l Y1~i J /'lu.Jn} 1{/,-~'r,(f-;p,• ,,{:I -,l1P~n£, A12511 •) 

lrJn J-~~/✓- 'J'Trw~r 1'2~u· Ef"J,.,,.} .t W;;u 

~lU !w:W;,i . 

The aecular.equation:(10) has the semJ form as the equations 

describing the Gemov-Teller 1+-e:x:citations in odd-odd ~uclei· 

119,22 , 23/. The same procedlf?'~•-is used for finding the secular.· 

equations for the spin-multipole n-p phonons. 

2. Wave furictions of T> states of giant reaonarrc~s~and · 

EJl-transition probabilitiep 

Let the wave function \ ) of the ground state of a doubly 

even nucleus have isospin T
0 

and its projection -T0 • Then · 

n~ d > describes odd-odd nuclei with To"±~. By shifting the 
~ " . . . 

neutron and proton chemical potentials ;;\n• ;\0 , may be . + I 

achieved the wave functionQ>-f~ \ ) to 
1

describe the state with_ 

To+ 1. , T., + &. • To pas a to the s~a tes J: :-+ :i • To of the 
· · c-> A c-> 

considered nucleus, we use the operator T = L- -l K (see 

ref.1181). As a result~ the wave function of fh~ T) one-phonon 
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states of multipolarity ;\ in ';a doubly even nucleus with the 

isospin projection equal to To can be written as 

+ 
. J. , T c-n .J, ) . 
-Yzr.,+2 7 1 · · (12) 

The energies of the one-phonon7; states witll;I-. ;.l an4, 

'1i -=-C.--0') are 

J' 
- 1-</D .T(+)1-1;fT(~: d> -=-W-;,,-f-.d~ 
27,,'+-2 ,Yt 1/' , 

(13) 

since according to the.fo:nnal theory of analog states/171, the 

Coul-omb energy. A Ee. is 

&Ee-= 
/ / [ r<+~ [J1, r<-1}/ > 
< /T("-1-)TC->/ > (14) 

The reduced EA -transition probability from the ground 

state of a doubly· nucleus to the state de~cribe_d ·by the wave 

function (12) is 

B(E::,; •/ :r; :r. _,, ~ ;~ z:, ,.:r.) y 27.: 
2 
;:f, /Si if' JT':'rro/')J/ > /!~ s > 

where -1-

I'(E}yl)= L </~m2./I'(E"),l-')/J~m4)0j~m2 °,;:im4 , 

✓;"'4J~l77:,.'- . ·. ~-; .. 

~ · A _/, ;, -1 O.) ·( I t ) 0.) /. ~ V I'(} ,_,, ' I'(E)y,t)~i e 1t '2- -,;z~e? ..,,_ 2 -1- .l eh j? 1.~l 1 ,r..-/. 

0) (">-) 
Here e,. . and e.,, are effective charges for neutron and 

(~) (,\) 
proton. After transformations for E> -e~"' {. we get . r ~ 

-I-- T . 
8/E;I/°' 7; Ta-ti; T.,+-i, ¾) = 

'2 1 - 0.) ,/ ')t' 9?) '°)r(16) 
=-~ - I L -!- ( j,.j.;) ( ~,Yj/) 1;.~ 1~ + 11; ~.,, i jr1 • 

i? :rro~ 2 . . ,.., 'f 
J-,..1-n 
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Similarly we can derive an expression for the reduced M;\ -

transition probabilities. 

J. Characteristics of the giant dipole resonances 

Now we calculate· the B(E1)-values for the T> giant dipo

le-resonances (GDR) in several spherical nuclei. For comparison 

we present the results of calculations for T< GDR. The giant 

isovector dipole T < resonance has been calculated in ref / 9/ 

within the RPA. Rather a good"'description of the energy cent

roids of the GDR has been obtained. To corectly describe i.ts 

width, one should take into account the quasiparticle-phonon 

interactions. Such calculations have been performed in refs. 

/9, 10/, and a sufficiently good description of the form of 

the GDR has been obtained. 

In our calculations we use the energies and wave func

tions of the Saxon-Woods potential. The potential parameters 

and the pairing constants are taken from ref.1111. The values 

of the chem_ical potentials for the neutron and proton systems 

for the states T> of the GDR are the same as for the ground 

states of doubly even nuclei. For these states the.number of 

particles is conserved with an accuracy higher than 90%. The 

excited T> state energy is 

~ -= W ·• +Al: • D,· -;>.1 ~ 
(17) 

where the Coulomb energy A, Ee: is calculated by 

aFc =/.4,U(z-~)/4'13-f.f'3d MeV. (18} 

The results of the RPA calculations of the B(E1, 1 i )

values for the GDR in 88sr, 90zr and 92Mo are shown in fig. 1 

and in 116 •120•124sn in fig. 2. It i~ s~en from fig. 1 that

the T< 1- state strength is concentrated in the region of 

14-16 MeV with maximum at 17 MeV, that i~ in agreement with 
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I 

B(E1,t)T 
I . B(E1.fJr: ~tD 10 Le2fm2 < ! 88sr e2{m > 

SL ' lo.s I 

OI i i I i 
I I. I I I e I I! I I I I I 

15 20 25' 

B(E 1,f >,: ·J ' tOl B(E,.fJ,: 
90zr e2fm2 > 10 e2fm2 < I 

SL 0.5 I 
I 
I 
I 
I 
I 

0 
I I 
I• I• 

15 20 25 

B(E1,t)T, 
. · 10 ~B(E1,fJT. 92Mo f.O e2tmt > e.2fm2 < 

I I 
0.5 5~ 

O' I 11 ii: 111 I I 11, II 
15 20 j 25 

~(MeYJ 

Fig. 1, Reduced E1-transition probabilities for excitation 

of T < and T) components of the GDR in 88sr, 90zr and 

92Mo. 

Notation: --- - is T< _components (the scale is to the 

left), --is T > components ( the scale is to the right). 

the experimental data of refs/24- 271, The T > states lie at 

20-23 MeV in 88sr, 21-25 MeV in 90zr and 23-26 MeV in 92Mo. 

According to the experimen~al dataf_25- 28/ the T > GDR in the.se 

nuclei is at 20-21 MeV. In the Sn isotopes the GDR has been 

8 

' ! 

\j 

\J I, 

' ,, 

r 

I 
i 

rEVJr. I B(E1JJ 15 e2frr,2 ' I el fm2 1> ~0.75 I 
I 11650 I 
I 
I 

10 
I 
I 

~0.5 I 

6t i I I 10.25 

0 
15 C 20 

ts LBCE1.U,: I 
B(Ef,fJ-r; J0.75 I 

e2 fm2 ' I 
I 

120'· · e2 fm2 > I 

1: t 
I Sn I 
I 
I 

J0.5 I 
I 
1 
I 
I 
I 

• I ~025 I I 
I 
I 

ol 
I 

I I 
I I It 

I I I I · JI 
I , ., ,. l e{E~t)T. 

f5 20 
I B(E1J),-: e2fm2 < I 
I Zf 2 > . ; 15 · • I 124s0 e m J0.75 I . 

10 ~ I fo.5 · ! 

5~ I ·J0.25 I 

ol 
. . 
I 

' ., t 

f; i I I :.11 i 
15 io· 3(MeVJ 

Fig, 2. Reduced E1-transition probabilities for· 'excitation of 

Tc 'and T'> components of the GDR in 11'6,120,1 24sn 

For notation see fig. 1. '''.!:. 

/' 

studied experimentally in·ref,129- 311 • The T< state"strength 

is•concentrated in the region 0£ 12-20 MeV with maximum at 

16 MeV. According to our calculations the most collective 1- ~ 
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state lies at 15-16 MeV. The 1- T> states in the Sn isotopes 

have been st~died experimentally in refs./30-321 and analysed 

in ref.1271. For the "!>states of GDR in the Sn isotopes the 

energy solll:8what increases and the B(E1)-value decreases con

siderably with increasing A. The tendency for the B(E1)-values 

to decrease with increasing A is seen from the results of our 

calculations (fig. 2). 

The integral characteristics of the T) GDR as the energy 

centroids 

£> 

and ratio 

where 

= L. BIEL.T>,Ot.(/~ B(E.I, 7>."/) 
i ( 

cr:.1 ( T>) 

~i (T,<) 
;)_t 

6"_j "'z= (S(i) 

&· ' i 

(19) 

(20) 

are shown in the table. It presents also the experimental 

data from ref~/271 • The results of our calculations are com

pared with the phenomenological estimates of ref.1 331, accor-

ding to which '.TJ,fs 

e-_i ( T>) i 
- 2,1 

"" -- 1. - ~.5ToA 

~,c-r") 'o J. -I J.5A-Z/3 
(21) 

n. is seen from the table that the energy- centroids f,. are well 

described, though in the Sn isotopes~ decreases with in

creasing A, that is inconsistent with the experimental data. 

The calculated ratio ~-/'T>¾/T<fi,grees with the experimental 

data for 88sr, 90zr, 92Mo and three times as large as the expe

rimental values for 116 •120•124sn. our calculated ratio 

'5'-,1.(-r;)/cs:.,('T<) is 11/ 2-2 times as less as the calculations 

ur 

Table. Integral characteristics T> of GDR 

Nucleus 
E> (MeV) <r-, 1 (7'>) /cr1 c.-<) 

exp_. calc. exp._, calc. calc.*1 

. 
! 

88sr 21-5 20.6 • 0~06 0.04 0~084 

90zr 20.5 22.2 0.009 0.08 0.111 

92Mo 21.0 23.6 0.11 0.10 o.Hi4 

n6sn , 20.0 19.9 0.009 0.04 o.05S 

12osn 20.5 11.a _;.001 0.02 0.036 

124sn 21.0 11.4 0.003 0.01 0.022 
- :. 

*) calcul1;1tion by formula (21) 

by formula (21). It decreases four times when passing from· 
116sn to 124s~, whereas for t:t.e experimental data it ·decreases 

three times. This ratio''tl.ecreases 111ore rapidly due to the fac

tor(T0-i-tf ~d it is also caused by the decrease~ in the co.:. 

efficients UJn. The decrease in the cross sections. cr(T>)in 

the isotopes • with increrudng has been explailied theoreti

cally in ref.1341 • 

We can state that a good description of the T< and T> 
states of the GDR is obtained with the same values df'the iso

vector constant of the dipole-dipole interaction. 

Thus, in this paper we have shown that within the quasi

particle-phonon nuclear model one can calculate the charac

teristics of the T> giant resonances. The model· apparatus' ck 

easily be generalized for-calculating the fragmentation of T> 

one-phonon states and thus for describing in more detail the· 

strength distribution of T > components of the giant mul tipole 

and spin-multipole·resonances. 

In conclusion the authors are grateful to M.G.Urin and 

V.Yu.Ponomarev for help and useful discussions. 
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