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1 Introduction 
\ . .' ~. 

The microscopic method of studing low-lying nonrotational states of deformed nuclei 

has been developed in. papers by V.G.Soloviev · [1] .. It provided a good description of . ' 

experimental data and a number of predictions that were later confirmed experimentally; 

Further, this model was applied to investigate the states of nuclei at intermediate and 

high excitation energies [2] and. was called the quasiparticle-phonon nuclear model. 

(QPNM) [3, 4]. Studies of nuclei. in the energy region 2 M~V< E.<B MeV {here called 

intermediate and high energies) are highly promising since they provide•a qualitatively 

new information on the structure of atomic nuclei. Some difficulties arisen are caused by 

a complicated structure of nuclear states and their high density, which requires further . ' ' 

improvement of the theoretical methods. 

A specific property of deformed nuclei is that ,one-phonon states with the sanie . . . . . " ~ 

projection of momentum onto the nuclear symmetry axis K and parity 1r can be gene

rated by different multipole (..\)an~ spin-multipole (..\L) interactions with the projection 

JL = K. Independent consideration of the phonons of different multipolarities (..\JL and . 

. ..\LJL) 'w~~ldres~It .in the c'~r~esponding nonphysic~ incre~~e.of.th~ im~be~ of st~tes · 

for e~ch 'value of K. For lo~ energi~s; this 'problem was not ~n.ici~l since the irifluence 

of components with values of ..\, different from th~ muliip6larity of lowest 'collective 

quadrupole and octupole states, is insignificant' and' the 'stil.t~s 'ofelectri~- and. Ii'iagnetic 

types/can sometimes be consi~ered independently. 

·A correct description of si~ilar ~tateswith a higher excitation energy required in

. troducing a phonon operator with a certain projection JL that, contains the components 

of electric and magnetic types with differe~i ..\ ~d ~.i, [5]. In this report, a similar 

consideration is carried out within the QPNM in a slightly different way. 

Another problem is connected with complication of the state structure and increasing 

their .density with growing excitation energy .. Therefore, traditional methods developed 

for th~ study of low-lying states are to be further improved. In this connection, .it 

is rather promising to describe the cross section of excitatimi of states· and transition 

probabilities by using the method of strength functions (SF) [2, 6]. So, for deformed 

nuclei, a microscopic description was developed for widths of multipole giant resonances, 

neutr~n strength functi~ns, and the fra~entation of the simplest components of wave 

. functions was studied [7, 8] th~ough a.v.«;raging over the states at intermediate and high 

excitation energies. 

In this work1 the SF method is applied to a,r;alyse -y-ray transitions between states 

both ~f which can be at intermediate or high excitation energies, with averaging over 

both intervals. 

This consideration is useful in a number of physical problems, in particular; in 

studying ( n, 2-y) reactions [9], when compound states decay with a subseq~ent emission 
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of two (-quanta. Experimentally observed anomalies in the :eaction cross section cannot 

be described statistically, and the microscopic interpretation of arising substructures 

requires considering ~~ray transitions between highly excited states. 

In refs. (10-' 12], also certain substructures in the excitation cross sections of nuclear 

isomers were detected which correspond to (-ray transitions betweeri states at i~terme

diate excitation energies. 'Attempts at theoretical description of similar structures in 

d~formed ~uclei by a direct calculation of transition. probabilities between particular 

states seem hopeless in view of a large number of possible combinations of transitions 

and~ limited accuracy of a theoretical description of energy ~pectra of these nuclei. 

2 Model 

The QPNM Hamiltonian for nonrotationl states of deformed nuclei is taken in the form 

(4]: 
. H = H •. p. +HP +HM +Hs, · (2.1) 

where Hs.p. describes the mean field of neutron and proton systems as the Saxon-Woods 

potential, Hp i~ the monopole pairing, HM ·and Hs are multipole and spin-multipole 
interactions between quasi particles. . 

Introduce the operators of quasiparticle 'pairs in the generalized form (1, 13]: 

A+ ( ) - 1 ( + + + + + ) q,q, m~ ~-V'in aq1+aq,n m!l'aq1_aq,:-n , (2.2) 

,Bq1q2 (mn) = ~t,+aq,-n- mnat,_aq2n1 (2.2') 

.Bq = at+aq+ + at_aq-> 

where at, is the creation operator of a quasiparticle with quantum numbers of a one

. particle state q of the Saxon-Woods potential of a deformed nucleus, u = ±1; m = +1 
corresponds to operators of the electdc type; m = -1, to operators of the magnetic 

type; n = ±1 ,to the transition operators with J.l =I K1 + nK2 I· 
These operators in RPA obey the following commutation relations: 

. [Aq;q~(m'n'),At, 9,(mn)] ~ Dmm•Dnn•(Dq1 q;Dq2 q~- nm(l-n)/26q,q~Dq2 q;), 

[Aq;q~(m'n'),A9192 (mn)] = 0, 

[Bq, At,q,(mn)] = At,q,(mn)(6qq1 + Dqq2). · 

The matrix elements of m~ltipole moment 

1 
f>."(m) = 2(Y>., + m( -1)"Y>.-,)R>.(r) 
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(2.3) 

(2.3') 

(2.3") 

(2.4) 

.J 
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or spin-multipole moment 
··q:~:(! f~ .. ~\."!} -~\·!i :··() q;.p p·::. !"r• " ' .,. 

,. .f. 

1· . 
, J>.L~(.TTf), ~~ 2(~\(>.~)~,lt, 1J1( -:-9~(~>-,<J.)L,~I")l~>.(f)-: · ,, .,, u', .. , ; (2·1') 

~veqm~~p.a_:tf<;l,e.s~f~e: ~. ~bey,t~~ /C?~~owil}g .sy~~e.try.J>r,o~~~ti~s;, 1, , . 1 .. ·. ,, ., \• 

rn>."(m) = -nm(l-n)/2rn>.,(m),'' . . '.< • . (2.5) 
·r!',:. ,· ~-· .•,·'i. ,,• 1<.:;·~ j :! 91-~~--~·:.>;;•;.; 'l·'' t' ''.'~-~ ,· Y?~l!~···:H''l•i' '•~'-~ 1' ,:,,·~-·r;· ,.\\ :-,;-···;•,,, .. 

.··:.•. ..,.. -:f.Tn>.L"(m) =·nLt>.+lm(l-n)/2f.'n~L,(m)':' .,.,1'. :.>· •' ..... ·. (2 S')· 
91 92 . 92 ~] . ~ • ,. . . .• 

··'. ·-· . · .•. ~_,•"l,. "' -.. ·. ',·, ·~· ~ i;.; -~-- ·~ '1<•!~ •• i'l; t• ~ ·-~;;·~-~--,! -~ ,:-t'' . .: ."' .. '· .~~ ~:---~;~· . 
The'radial dependence of,forces RA(r)is usually taken to be either r>. or 8Vf8r, where 

'. ~ ,_ ., l •,:,,,. :;•• ;._. j'! ,,. '-'.! ',. .·.,,,,.. •': .~' -~ \~~-~~1,'•1' r ;.~ ;~·.- \ ;! ,v 

V is the central part of the Saxon-:-Woods potential, and ·r ;:;=. {N, Z} for neutron or 
•·. "- • i 't •' , ! ! : : " 1 - ~· 1 : I; I,,\ • ', ·~ >' I ~~.' • ,. t '• f '' I. 1 _ • •-' l ' '' \ ', 

proton systems. The introdu~ed notatio.J?, co~resp?ri~s ~? .[1,. ~~ 5],. In, ~h.at fC?P?y.:s, we 
~ill lis~ th~'gen~ralb~d ~xp~~ssi'o~' Jj,~t_:(m) f~r'matrix (!l~m~~ts,o(tJ:l:e ~iectde (~.~ . .\) 
a'nct'mainet.ic c'e ~'-\ift'yp~s· .. ' ': .. '::.: ,.:·· ··. '':f .. :·:\ ·. :.:,:. ;' ,; ... ,:·.· ::,.; ' .. ·,:. l' ... · ' . • 

Let us introduce the phonori creation operator: 
I' ... -.' ; '\ ~ i' : ,... .. ' . If • \ ' t \ - ' •• \ ' ) . • .: \ .• ' : \ ~ -. ' '. ,., •. ,.. .• _ • 

. , Qt;(rp.) ·=:": 2• 'L {1/J;,n:,~(m)A;qm(~n) ;- ~;;t,i(m)ATq}q2 (mn)}, · .. , (2,-6) · 
Tnq1q2 

and write the wav~ function of a one-phonon state in the form 

Qt;(m)Wo, :.~_:.-ft~~ •• .·• f·~·~. ('<'' ~·:: ~~) ,{2.7) 
. . . . ~ .. :- -) 

I f'! • - •·. · .• ,. • --
where W0 1s the phonon vacuum, being the ground state of an even-even nucleus. Here 

i is the number of a soluti?n ?f the. se~ular equation.in RPA in the frame of. which .the• 

phonon operators satisfy the commutation relations: ., 

[Q,•;•(m'), Qt;(m)] = 6,,.6;;•Dmm•, (2.8) 

[Q!•;•(I11'),Qt;(m)J = [Q,•;•(m'),Q,;(m)] = 0. · .. (2.8') 
\ ' ' . '· . . 

These relations provide the . orthonorm;uization co~dition for 'the wave functions of 

ground and excited states and the functions 1/J;;."~ and <f>;;ti obey certain constraints. 

If we take into account the above transformation, we can rewrite the operat~r 'o£ 

mul~ipole moment in the form . 

MT'~l~'(m)= ~ l:D?";(n:'~ (Q!;(m)+'!tmQ,;(m,)).t L f~~;~(ltm)v~~~lBq~q2(mn), 
V £. , . , ~ · nq1ql · •. 

.. (,. . '. . . (2.9) 

where 
i • ~ ' D;.'~,.;(~)·,;, ~· f../n>.~l';:,/ ~)u~bl (~;;;,.~J;(;:,i)· + ,;,;;;J.:,.n;i(. ~)·) .. ,." 

( LJ q1ql ~ 1f q192 'f'q,q2 I 'l'q1q2 l (2.10) 
nq1q2 ·~:· ... :,_ ~.':: r •. ~ .· ·} ~;• :• ,:·,•'• '•"'"'!' 

u~;.>, v~;.> are combinations of the I:Jogolubov. uv-transformatioi1 coefficients, .I = + 1 for 
ele"tt'ric transiti~n~ ·a.na l~ :::.i ior~f}lagnet!~tra.h~iti<i~s.'~' '·· ,;, ·~.·?:: " : .. 
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3 RPA equations for even nuclei 

HaVing perfocmed transformati~rui, the QPNM Hamiltoruan (2.1) acquires the form: . 

. "' TB 1 "' ( (lp)+· (li'))MT"rll'( )MPT-rlp( ) - H H H . (3 ) HqPNM = ~e9 .,.q-2 ~ "o P"1 m m = 9+ q+ qQ, .1 
qT Tpi~m . 

where H
9 

describes free quasiparticles; Hq, their multipole and spin-multipole parti~le
hole interaction; H9q, the quasiparicle-phonon interaction; c:; is the energy of quasi-· 

particles;·p = ±1. For deformed nuclei, isoscalar.,,and isovector'constants of niultipole 
(K~->:,.), ,.~~")) and spin-multipole forces (K~.\Lp), K~.\Lp)) depend on the projection ll o~ 
momenta ..\ and L onto the symmetry axis of a nucleus. 

Calculating the average of Hq + Hq over the.wave function of a one-phonon state 

(2.7) and using the variational principle [4], we obtain the following system of equations 

for the energy w,.; and coefficients of the wave function (2.n: 

c:T gTnpi(m)-w ·w.-n"i(m)-2 L /'Tn.\"(m)u.,.(+)" (K(~I') +pK(->:,.j)Dp.,.,.i(m) = 0 } q1Q2 q,q, ,.. 9192 ->:Jq1Q2 q,q2L.p 0 1_ ->: 
, T Tnpi _ , Tnl'i _ Tnll' T(-) (lp) (ll') PTI'i _ ' c:9192 w9192 (m) w,.,gm2 (m) 2Et=XL /m2 Cttm)u9192 Ep{K0 +pK1 )Dt (m)-0 

H T· _ T + T - ( )J:+L ere t:q1q, -en C:q2 , it - - , 
gTnpi(m) = ./,Tnpi(m) + m'.!,.,.n,.i(m) wTn"i(m) = ./,Tn"i(m) _ m-I.Tnpi(m) 

q]q2 'f'qtq2 'f'qlq"l , 9192 'f'qlq"l '+'qtq2 • 

The normalization condition 
"' gTnl'iw'Tnpi = 2. 
~' 91q2 ,9192 

";q1q2 

(3.2) 

(3.3) 

Using (2.12) we tran~form this system and derive the RPA equations for the energies 
w,.; and quantities D.,.).,.;: 

( 
( (t'p)+ (t',.))XN,.i_r "o "1 u• '!ll' 
( (t',.J (t'">)xz,.; .. "o -Kl u• 

( <t',.> <t'">)xN"i ) ( DN"i ) "o -Kl · . tt' t' - 0 
( (t'"'+. (t'"')xz,.;_c Dz,.; .- ' 

Ko K1 ll' 0 ll' l 1 

where 

~It=2 L (c:;,9,o.,n,,,l+w,.;o-,n,,,-I)!;,"i:<ltm)f;,~;·,.(it•m)u;!J;>u;!Jl 
q1q2n (c~1 q2 )2 - w!i 

By solving this system we determine the quantities g;;:,; and ~;;:,;. 

Now we shall calculate the reduced probability of E).. and M A transitions: 

B(EA(M>..);o,:: •. -+ (I" K);)= (2- o,.o)(OOAp I IK)e2 IM.\"il2
, 

where the transition amplitude is given by 

M).";- (w*(K")IM(E>'(M>..)")Io)-. 1. "'e< .. ->:,.J ~X.,."; D.,.,.;. 
. - i " .. r - ·. rn2 ~ •If ~ ).t' t' ' 

. v~ -r .t' 
/ 

4 

(3.4) 

(3.5) 

.. 

D-·.,.,.; ~ ~( (ll') + . (li'))D·P.,.I'i 
· t -: ~ "o P"1 t ' . ·_., . p ,· . ' 

(3_.8) . 

and e~/~") is the effecti-ve charge for E).. transitions . 

. The quantity x;f,; can be determined from (3.5) by substituting instead of J;,~;"(m) 
the matrix element of (2.~) p;;q~" with the radial depende~ce r-' f~r E).. transitio-ns 

or 'the matrix element 

p;;:," = 1LNV>..(2>.. + 1) '( q2lr"_1· [~g~T(uY.x-d.\,. + >..! 
1

lr(lYA-dA,.] lq1), (3.9) 

for M >.. transitions.· 
Here gsr and g1r are spi~ and oi:bitalgyromagnetic ra~ios, ·arid fLN is a nuclear magneton. 

The results presented P,ere describe.nonrotational states with arbitrary K" except 

o't: Th~ c~cited o+ -st~tes ~equi~~ 'sp~cial -~onsideration ;as there the sp~rious state i's to 
be' eli~inat~d [1, 4~ 5], and we,will ~ot dweli ~pq~it here., .. ' . ' . . . . . 

• ' •• - • c" •• ,_ • '. ·: • ·.~ 

4 ·. RP A eqhatibn~ ftir odd~ A riudei · 

Consider no~rotational· states of odd:-;\ deformed· nuclei ;when multi pole and spin

multipole fotces of the residual interaction with arbitrary p. for each ).. and 5-L are 

taken into account. .. . " , ~ ' ... - ' 
. Making use ofeqs. (3.4) 'and (3~8} we can write the model Ha'miltonian (3.1) in the 

form: • · • .:.: ~, _., •• .. :·· \ :·· '. r ,,:: :.._ -~!· ·'." 
,1 ... 

HqPMN = LqEqBq~~ Lru',.mii' x;;,iiJ;"iiJ;,"i [Q,.,(m)Q!;•(m)+Q!;(m)Q,.;•(m)]-
' ' .. l . ~·. . . . ' • ' ... ~ ' .~ . . ~ . ' ·, : ';' , ,.. :. . . • .. .;. ,.\ 

~·-···! '' -.) 
~;T,.-2;i,/;:;q~"i,<f!l,) HP~·:~~):~ :n:9t;C~)] _B;,"c~~u- ~:c.}.~ ..... ·~ J4:1) 

where 
.,. 

... 1 I: l <.,-t. 
·'. l .,.··:,·., .. ·; ·•rTn-,'"(m)·=~ ·.tTf'."("'tm)vr-:-,D"'· 

' · _q1q2 . . 2v'2 Jq,q, I q1q2 { ' 

:.. ' .. ,; ; . . • ' .. ::.··;, ' ' ~ . : : .. ' . .... . . . ' ' .t. ' , ; '; '' . . . . .. ·: ... 

'·(4.2) 

Write the wav.~ function.of.an odq-;-1\ nucleus in the form: . , . : . 
. ' .~ •. _, ' •. ; ; .• -. . . . . . \ l •. J' ., ' . '• ·._. • . ' . '. :. .· • ' • ' ·-. ~. - • • . -. 

' . '_;~~(~:)_:~ , .·~2 t.{ t :(;!af~ ~ L D~~~a t)#(~ )'}. ~; 
•. ~ v ·~ tr ... p .-- 111-'t ~ • 

,., __ : 

.. (4;3)r 

' ' ~ 

with the normalization condition 

. ~- i • ~ ~.' .. -~.~-p; +:~-D~,.; = ?- . ' . (4.3')· 

When studying highly excited states, .we shoUld take'accou~t of mor~ complicated con

figurations as compared to {4.3), however, in this work we don't consider ter~s ?lore 

complicated· than a qua.Siparticle®phonon . 

5 
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We determine the average of-HqPNM over ( 4.3) and using the variational principle, we 

ohtrun the system of equations fo~ state energies "'• of an odd-A nucleus and coefficients 

of the wave function (4.3): 

I:c;. [Cep- TJ.)cpp'- v;p.] = l!(ep- TJ)Cpp'- v;,,;·ll· Cp• = ll~pp•ll· Cp' = o, 
~ . . 

{4.4) 

DT ( + )-1 "" c•rTnoyj.li( ) . .,,_.; = e., w,_.; - TJr L... p pv m ' (4.5) 
pn"}'m 

where .~' 

V 
- "" rT~"YI-li(m)rTnoyj.ll.·c ) 

pp' - L..J p p'v m 
vn·wi e.,+ w,_.; _; TJ . 

{4.6) 

Solving this syste~ we cait calculate the reduced probability of 1- ray transitions in 

odd_: A nuclei [4]. The amplitude c;f the reduced probability of the E>.(M >.) transition 

between states described by the wave fU:nction ( 4.3) is of th~ form 

M;l(>.ol'o) = ('IT I(K")IM(E>.o(M Ao)l'o)J'I';{K")) = {4.7) 

-- (T~ol-'o) ["" C C T(-oy) Tn~ol-'0 + "" D ·D . T(-oy) Tn~oi'o] + - e•ll L... Pi PJvPtPi PPfPi L.... "i'-'1 "t'-'1vv1vi PPtPi. 
PiPJ , ViVJIJ) ./ 

+ L M~•ji.Oi [E CPfDPti-'Oi + L CPiDPii-'Oi] • 
1 Pf · Pi 

The reduced probability of the E>.(M >.)transition is given by 

B(E>.(M>.)I';(I"K);--+ (I"K)I)"' IM;I(>.I-')1
2

• (4.8) 

It is expressed [4] through the transition amplitudes ( 4. 7) and the Clebsch-Gordan 

coefficients {omitted here and below). 

The matrix element·{4.7) contains terms that we will denote byCC,DD and CD. 

The first two Of them describe transitions without changing the number of phonons 

between one-quasiparticle components and between quasiparticle®phonon components 

( 4.3). The latter. describe transitions between components C and D with changing the 

. number of phonons by unity. When phonons >-ol'oi are collective, those terms give a 

major contribution to the reduced transition probability. 

5 Strength functions of the reduced probabilities 

of electromagnetic transitions 

Calc11lation of the reduced probabilities of 1-ray transitions between excited states· of 

o~d-A deformed nuclei ( 4. 7)-( 4.8) directly provides information on the structure of 

6 
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states, their collectivity and on the contribution of different multipolarities to the wave 

function.(4.3). ·However, a similar detailed analysis and comparison of calculations 

with experimental data directly for every transition can be:carried out only for the 

low-lying part of the spectrum.· As the excitation energy increases, the state density 

grows, and the amount of transitions bet~een them increases to still a greater extent, A 

possible way to overcome difficulties in analysing this part of the spectrum is to apply 

the strength-function method. A similar analysis was earlier performed in doubly ev~ 

nuclei [7] when. studying the multipole giant resonances ~d in odd-A nuclei when 

studying the fragmentation of one-quasiparticle components of ( 4.3) [8]. ..·.'. 
Making transformations similar to those of ref .. [6, 8]. for. ( 4.8) with· the averaging 

.function ·' . 1 . 6. : 
, p(TJ- ~I)= 211' • (n- n,)2 4- ( A/2)2' (5.1) 

where ~ is the avereging interval, and using the analytic properties of the secular equa

tion (4.4), we obtain the f~llowing expression for the strength function of the r~duced 
probability of electromagnetic transition: 

b(E>.o(M Ao)/'o, TJ) = "£1 B( E>.o(M>.o)l'oi (K"'l)i--+ (K~TJ~I )p(q- '11) = 

·{· ,.. -b •. I}· . , 1 · 1 1 ·· vo ... . P1 ·. = ;r ··. m 4('1•) • b ~ •. . .. 
, Pt . P/PJ '1•='1+i4/2 

Here ~PtPi are elements of the matrix (4.4}, 

~(q*) := det~PtPi =I ~PJPi '· 

In the bordered determinant from (5.2} : 

bo = L .. (Cp;M'oPoj): + 
Po1 <p; +<->1'0; 'I 

["£ D . (--y) .\o"'"]2 . 

(5.2) 

(5.3} 

(5.4} 

+(e(~ol-'0)}2 "" v ""'' v.,,., Pvv +
2 

(~ol-'0) L C,.M"•"'"' "£ D., ... ·v(;'Y)plol-'0 
•I I L...· • e · " ~1 " " p;v 

, .. , e.,•+w .. ·-TJ* •II .. e + • ' v 1-'1 ~1 , . p;j p; WI-'Oj - '7 . 

r•TIIol' MAollgi' 
.\o . ~ P1P1 • 

bp, = "£; DP,flgi M 1-'0} ~P,I' Cp; <p;+<oii'0;•-'1· + (5.5) 

+ (lol-'0). ""C (-'Y) lol-'0 + "" .D. , . v.,.,, Pvv' Pt" · '·· 
eefl L.,. p;VPJPipPJPi L... vpJ e +w . _:TJ•. • 

. [. . . . <_..,> "•"'"r"""';] . , 
Pi vv'pj " I'J 

Using the-strength function (5~2), we.can CalcUlate the ~educed p~obabillty of transitions 

(K");TJ;-+ (K")I'1 from the initial ~tateK[' ~th~netgy q;.to highlY excited ~tat~s Kjl 
in the energy region TJ· Thus, unlike the 'calculations ,with· forniula ( 4.8}; it is not 

n~~ess~y to ~ompute the en,ergies TJ~ ~d. wa~ f~~tio~ of all the stat~ with Kjl, 
which· certainly simplifies their investigation. 

'7 



In. some cases, there arises • a: still: more complicated problem of calculating 1-ray 

transition between states when both lie in the intermediate. energy region with a large 

sfate density. · d. • • •• • 

We have also applied the strength-funCtion method [6, 7], expounded here; to solve 

that problem by introducing a complex function of two variables and using the analytic 

properties of more complex function (5.2); To this end, we average over initial states in 

.the energyrange ( arid over final states in the region 17· 

Since the total expression for the reduced;probability S,F of an electromagnetic tran

sition (K");( -+ (K")J'1 of the multipolarity AoJl:o is rather complicated; we will limit 

ourselves• to .the i:nost important transitions of type CC and CD, omitting transitions 

of type DD and interfere~ce terms from the total expression, which gives: 
. . . ' 

b(E>..o(M>..ci)JLo;(,17) = 
• 1;' ;\,· ···If;'·,•" ··,, ,• 

= 2_ {c~(>.o'~toi)~ · 't ~(--y)p>.o~tovC-•;Jp>.?~t~. ImR , . ImT , + 
7r2 eff 

1 1 
PJP• PJP• PjP, PIP• 1 ~ .,.PaP, PJPJ' 

PiPiP!PJ 

(~·.6) 

, • . +:LCM>.o~toi)2 .[f.imR~,pi·Irn "·I~··. ~·+E·i~Tp;p,·Im .• 1 . c:]·~ 
' · ··" j , p; .: : cp;+w~toi:-17 . . · PJ,· , . 15P,+w~toi- · 

! ; .. ~~· l • ,y ~ ' _., j . ., 

:or. · '·""' · .. ·M· · >.o~toiM' >.o~toi'rn-yiJoirn"fJLoJ X 
I ~ PiP! P:Pj 

~--
PiP~PJf!jjj' ... •, ~ 

~ •. , ,' [ 
. ~~- .. ·. + 

x ImRp;p:/!"!(ep:+w;;,;j:2:r;•)(cp;+w~~i· 17*) 

. . R ' ,·, '· .,• •;·.:.•"] ..• ,,,}· .. ,; .. ;,. 
+lm PiP; ·lmT ' +· ··· 

(cp,+w~toi-(•)(cp,+w~toi'-(•) PJ~,' '. · .. ·: ~- ·. : 

.,;I 

'•· ,,,. 

Here (* = ( + il:!.;/2, 17• = 17 + it:!. 1 /2; !::!.; and !::!. 1 are intervals of averaging over initial 

and !i~al_,~~ates;: Rp;p:: i:'n~: TPJP/' ar.e. el~~en~~ ?r the ~o~resprin~-~~g- ~y~rs~.· 1Il~!_rices 
II ~~.p:CC) 11"":1 and.Jf ~PJPj(17*) Il-l (if tli~ 'system {4.6) for. the initial i!Iip final st'ates. 

'', \ 

6 Results of calculati~ns .I . • .. "' ~ •• .\ ,·,· 

The reduced probability·,of,-ycray·transitions were calculated:by formula (5.6) for se

veral rare-earth defcitmed. riu~lei. · in Fi~ ... 1, ~e ·:draw:·"th~ ~r~~ults 1of calculation of 

the strength fun~tion of E2 and M1 tran~itions between states with Ki' = 3/2- and 
1!' ,• ·. "' ":· ' . •' ; .. \ ·'. ' . •: ;· • ' ' I '- "'' --• ' " ' ' • ' ; . ._, - '- ~ ' K/ = 1/2-,3/2- from the energy interval 0+2.2 MeV in 185 W. The energyis reckoned 

from .the nucle~s g~o~nd,~tat~ (K,;)~·~· ~ ·a/2_, :, E; = ( -(
9 

••. i E! =''17.-'-(
9
.; •• 

. ' · The strengt'h ftin~ti;;n ;f~r · Mf transiti~~s i~ ~hown: on the left part of th~ plan,e E;E i; 
and for.E2 t~ai'J.slti~ns, ~nth~ ~i~ht p'ar't'. Tli~-point~ 6-ri the:a.Xis E; denote the energi~s 
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for lowest 11 roots of eq.(3.9) with (K"); = 3/2-; whereas the points on the axis Ej, 

for 21 states with (K")J = )/2-, 3/2-. Thus, about 160 transitions between the above 

states are possible per each multipolarity Afl (i.e., in all, - 800 transitions with different 

).. and ll involved). Strength functions are in one-particle Weisskopf units ( spuf Me V 2
) 

• t ~ ~ 

and the scale factor 1/25 is ·int~£iduced for M1 transitions. , >.: 
The Fig. 1 reproduces .lhe'>~trength function (5.6) with :the interv~ls of averaging 

t · .. 0" 

~; = t.1 = 0.2A{eV, wHich,aliows us to distinguish only ~everal strongest transi-

tions from the total backgr~und: two collective E2 transition~. 511!0Qo+1 -+ 511! and 

512!0QA 1 :._. 512!, mag~e.tid ~~~_:_particle transition 511! -+:S12! and a group of tran

sitions b~tween sfates of tli'~ c~mplicated st;uctur:e•at E; 1 - 2M e V. Quantum numbers 
~'' ~' '! .. ' ! ~. • • ' ~ • I -,I . • . 

of one-parti<;le states q are' given in the conventional Ni!ssori·notation Nn,(SJ-lf$. 
The energy and st.r\ict.~r~ ~f ~h~ states ·.Iii;( 1/2-) and. Iii ;.!(3/2~} m'arked on.the axis . '\ . ' ' ·. ' ' ' 

E;and E1 are listed in !f~bl~'where l-2 'of their main components are shown (in %). 

E;,J, 
MeV 

0 

0.849 

0.937 

1.367 

1.735 

1.793 

1.898 

1.914 

1.951 

2.075 

2.183 

.f . '•,··· . . ,:"' . 
~ ' ' : ' ' ~ . - 1 

• I. K" = 372-, ·· .. 

Str~ct~r~(%\' ~ 
512!(97) + 510i0Q2+tCH ·, 

g 

II ~~v 
0.044 

K" = 1/2-

Structure(% ) 

510i(97) + 512j0Q2+1(1.5)+ 

+512!0Q2+1(1) . ' 

501 i(28) :+- 5o3j®Q2+1(()6)+ II 0.982 
-f, ,·· ' . • \ ' 

510j(l) + 512!0Q2+1'(98) 

+512!(2) + 50lj0Qci+;(1). ' 
512!(1) +510j0Q2+i(98)' ,· 

512!0Qo+1(99) · 

510j0Q1 + 1 (99) 

512!0Qo~2(99) 
510j®Q2+2(99) 

514!0Q2+1(99) 

•501i(48) + 503j0Q2+'1(28)+ 

+501 i0Qo+1 (12) 

501 rc1 > + 512!181Qa+3(98) 

501 j(2) + 503l181Q:i+2(97) 

1.316 510j0Qo+1(99) 

1.736 510j181Q1+1(99) 

1.737 510li81Qo+1(99) 
1.782 ,. 512!0Q1+1(99) 

1.834 521!(78) + 521!181Qo+1(11) 

2.027 521!(1) + 510j0Q0+3{98) 

2.211 512j0Q2+1(99) 

2.215 I 510j0Qo+4(99) 

The presented results are basically. of methodical cltaracter, The calculations in

volved a ·limited number of one-particle states (about 30) and phonons (5 roots per 

each ~ultipolarity with ).. ~ 3, ll ~· 3), which just explains a relatively simple structure 

·of the states of an odd-A nucleus· reported in Table. The :whole pic~ure. in realistic 
calculations gets complicated. . · '· 

0 

• ' • • ' • • }~ 
The comparison of the left {M1 transitions) with right part of the Fig. 1 {E2 tran

sitions)' shows that there are no correlations between the above transitions. 

10; 

7 Conclusion. Outlook 
' ' 

The presented analysi's deals only '~ith the simplest configurations of the wave function of 

an odd-A nucleus ( 4.3). In further studies, we suppose to take account of quasiparticlei812 

phonons configurations in order to analyse transitions of the type a+Q+Q+ ~ a+Q+ 
that can happen to be as important astninsitions of the type CD (a+Q+ -+a+). Also·, 

it is necessary to take the commutation relation for phonon operators (2.8) into account 

more accurately [5]. 

Let us discuss some prospects of application of the methods presented. Similar cal

culations can be carried out for strength functions of the cross sections of direct nuclear 

reactions of nucleon transfer. Comparison of these results with SF of,the probabiliti~s 
for electromagnetic transitions of different multipolarities will allow us to determine a 

preferable type of the reaction for nucleus excitation in a given energy interval and to 

simplify the analysis of experimental data. These methods will permit us to interpret 

decay charaCteristics of multi pole giant resonances and results from other nuclear reac

tions. All this will make .it possibl~ to g~t more adequate results about complication of 

the structure of nuclear states at intermediate and high excitation energies 0 One will 

be able to compute with higher accuracy the lifetime of individual nuclear states, com

petition. between E).. and M).. transitions and to compare. the relation.between valence 

and collective transitions {CC and CD). A similar study, when more complicated con

figurations as compated to ( 4.3) are }'ncluded, opens a new possibility for investigating 

."'(-ray transitions between nuclear states in the region of the nucleon binding energy and 

below it. It can be useful for further clarifying the problem of the so-called transition 

from order to chaos in nucle~r spectra discussed recently in [14] and other papers. 
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Manos JI.A. _ . 
06 :;meKTpO~I<lrHII'j'llbiX nepeXOJJ.aX Me)l(llY BbiCOKOBOJ6y5KJJ.eilllblMH 
COCTO~IIli~MH lle,'ICTIIbl-~ lleQJOpMl!pOBall!lbiX ~llep 

E4-95-407. 

Pa3pa6oTaHHbiH pauee.MeToJJ. cH.nosbJX cpyHKUHH o6o6meu wu1_ pac'-!eTa _ Be(JO
~THOCTeii nepeXOJ].OB Me;KJ.\y COCTO~IIH~MH ,[l.eQJOpM!fpOBaHIIblX ~JJ.ep, paC!lOJlO)KeH
HbiMH npu sm6y;KJ.\en'u~x nop~JJ.Ka ::mepruu CB~JH nyKJJ6ua 11 lUDKe ee. CTpyKTypa 
yKil3aHHbiX COCTO~IIHH O!lHCbiBaeTC~ B paMKaX KBaJH'-IaCTH'-1110-QJOHOIIIIOii ~IOJJ.eJJit 
aTOMHoro ~JJ.pa. HcnonbJyeMbiH npu ::iToM onepaTop cpououa COJJ.ep)I(HT KOM!lOHeHThi 
paJJm'-!uoii MynbnmonbHOCTII ::meKTpll'-leCKoro u Marmn11oro nmos JJ.n~ npoeKUIIII 
ero MOMeHTa ~ Ha OCb CHMMeTpllll ~JJ.pa .. 8 pa6oTe o6cy;KJ.\aiOTC~ peJynbTUTbl 

·MeTOJJ.H'IeCKHX paClJCTOB, 

- Pa6oTa Bbmonueua ~ Jla6opaTOplm TeopeTII'-!ecKOii. QJII;l!Kll liM.H.H.Eoroni06o-
saOI15ll1. - · · ', 

OpenpHIIT Qfu,eJHIIICHHOro IIHCTIITyra llllCpllhiX IICC.~Cll0Batjllii>JJ.y6na. 1995 _ 

Malov L.A. . 
On Electromagnetic Transitions between Highly Excited States 
of Deformed Odd-A Nudei · · . 

' . 

_ The strength function metho(developed earlier is generalized to calculation 
of transition probabilities between states of deformed nuclei lying at excitations 
of an order of the nucleon binding energy .and lower. The stru~ture of these states 
is described. within .the quasiparticie-phonon nudear model. The used phonon 
· op.erator contains the components of different multipolarities of electric and nuignetic
types for the projection ~- of its momentuin onto the nucleus syminetry axis. 
The results of metodicalcalculations are discussed. 

_The. investigation has been performed at the Bogoliubov Laboratory • 
of Theoretical Physics, JINR. 
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