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Abstract

The time-dependent Hartree—Fock equation is solved by the Wigner function moments method taking
into account spin degrees of freedom. Energies and reduced transition probabilities of K™ = 07, 1~
and 2~ excitations are calculated taking 94Dy as an example. The spin degrees of freedom give rise
to the electric spin dipole resonance. Its properties and interplay with the giant dipole resonance are
investigated. The deformation-induced splitting of the spin M2 resonance is discussed. The results of
calculations are compared with the experimental data and other theoretical studies.
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1. Introduction

Collective nuclear dynamics is among the most interesting topics of experimental and theo-
retical research. The Wigner Function Moments (WFM) method is an effective tool for describ-
ing collective motion in atomic nuclei (and any other multiparticle systems). The solution of
the time-dependent Hartree-Fock-Bogolyubov equations by the WFM method made it possi-
ble to find the energies and excitation probabilities of giant resonances (isoscalar and isovector
quadrupole, isoscalar (compression) and isovector dipole) and various low-lying modes. The
nuclear collective motion of the rotational type (scissors modes) was studied in the series of
papers [1-8]. It was shown that additionally to the conventional nuclear scissors mode there
can exist the pair of scissors modes connected with the nucleons spin degrees of freedom. They
appear due to the spin-orbit part of the nucleus mean field. The conventional scissors mode
is generated by the out-of-phase rotational oscillations of neutrons with respect to protons,
whereas two spin modes are generated by the analogous motion of all “spin-up” nucleons with
respect to all “spin-down” nucleons. These three modes are classified as isovector spin-scalar,
isovector spin-vector and isoscalar spin-vector ones. Now it would be quite natural to inves-
tigate the nonrotational motions for the possible existence of the proper spin excitations, for
example, the spin giant resonances of various multipolarities.
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In this paper we consider the Giant Dipole Resonance (GDR) and related spin-dependent
excitations. The systematics of the GDR is by now well established [9, 10]. At the same time,
the knowledge about spin-dependent excitations of negative parity remains rather limited, both
experimental and theoretical, see [11-16].

We already studied 1~ excitations in the papers [17, 18|, where the Time-Dependent Hartree—
Fock (TDHF) equation was solved by the WFM method taking into account the moments of
first and third ranks. The calculations were performed with Skyrme forces neglecting by the
deformation of nuclei and by spin degrees of freedom. Orbital 27 excitations were also studied
in this approach [19].

The results for the 17 excitations are reproduced in Figures 1 and 2. The theory produced
seven energy levels (Fig. 1). The centroid of two of them describes very well the position of GDR
energy centroid (Fig. 2). The simplified calculations, without third rank moments, produce only
one level. It is marked by a dotted line in Figure 2.

45
__\

35
Figure 1. Energies of 17 excitations as a function of
the mass number calculated within the WEM method with & 1
SkM* force for nuclei on the beta-stability line. The solid i o5 T
points correspond to experimental GDR centroids. The two ':./ 1
highest lines represent isoscalar and isovector compressional M 1 % °°,
resonances. Next down, two lines are two branches of the 1 0,/‘.“"\
GDR. The third from below line represents the toroidal 15__ w
mode. The two lowest lines can apparently be interpreted 1° Q\
as isoscalar and isovector branches of the pygmy resonance. ] T
Reproduced from Ref. [17]. 5
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i Figure 2. The 1~ excitations in the GDR (solid lines) en-
‘: ergy region. Calculations take into account the moments
& of the first and third ranks. The dashed line indicates the

energy centroid. The dotted line shows the results of calcu-
lations taking into account only first-rank tensors. Repro-

10 =T duced from Ref. [17].
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Now we are going to perform calculations taking into account spin degrees of freedom and
deformation. The present study is limited by moments of the first rank. Instead of Skyrme forces
the harmonic oscillator with the spin-orbit potential plus separable dipole—dipole, quadrupole—
quadrupole and spin-dipole—spin-dipole interactions will be used. The results of calculations
for spherical nuclei are reported in Ref.[20]. We now present an extension of the theory to
include deformed nuclei.
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In Section 2 we briefly describe the formalism of the WEM method. The TDHF equations
for density matrix are formulated, the model Hamiltonian is presented, and collective variables
are defined. The derivation of the corresponding dynamical equations is discussed. Section 3
presents the results of calculations. First, the WFM equations are solved without spin-orbit
potential. The ways to avoid the excitation of the center-of-mass motion are discussed. Further,
the exact dynamical equations are introduced and solved. Electric K™ = 07,1~ and magnetic
K™ = 07,17,2" excitations of *Dy with corresponding E1 and M2 strengths are analyzed.
The origin and features of the electric spin dipole resonance are studied. The main results are
reviewed and discussed in Section 4, and conclusions are given in Section 5. The mathematical
details are presented in Appendix A, Appendix B, and Appendix C.

2. TDHF equation and WFM equations of motion

The TDHF equation reads [21, 22|
ilip = hp — ph. (1)
Let us consider its matrix form in coordinate space keeping all spin indices s, s': (r, s|p|r’, '),
etc. We do not specify the isospin indices in order to make formulae more transparent. After

introduction of the more compact notation (r, s|X|r’,s') = X% the set of equations (1) with
specified spin indices reads

s 3,/ (L LA AP S )
ihp,,.. = / d*r' (Wl — ot LRI, - AL ptT = ol Rl

(
ihplt, = / & (
(

hTT >
hTT >
thi/I// = /dgr/ h\LT/pT Iptt T PTT/ hTT " + h\l’\L/p;ETT.// Ti hit.u)

PR B g g

/p,r.//r.// /p/r. /r.ll

thr'r’” /d37J <hi1’plir” prl’hTi vt hii’piﬁ”” p'r'r’hl(i (2)

7’”

with the conventional notations 1 for s = 1/2 and | for s = —1/2.

We will consider the Wigner transform [21] of equations (2) (see Ref. [23] for mathematical
details). So, instead of four (in s, s') matrix elements of the density matrix p3%, we will work with
four Wigner functions f**'(r, p), which is more convenient for the WFM method (see Refs. [4-
7]). From now on, we will not write out the coordinate dependence (r,p) of all functions in
order to make formulae more transparent. We have

ihft = %{h*, fr+ %i{h, I R VA AN A VAL g TS

g~ = Pt gy e ey ant ot gy B iy
L T T A (L WL AL
gt = s P e g f“}}+h“f+?{h“,f+} Y @)

where the functions h**, f*% are the Wigner transforms of hr vy D T:, respectively; {f, g}
is the Poisson bracket of the functions f and g; {{f,g}} is their double Poisson bracket:
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fr = fMT+£fH and h* = ' £ AH. The dots stand for terms proportional to higher powers of
h — after integration over phase space these terms disappear and we arrive at the set of exact
integral equations.

The microscopic Hamiltonian of the model, harmonic oscillator with spin-orbit potential
plus separable dipole—dipole, quadrupole—quadrupole and spin-dipole—spin-dipole interactions,
is given by

A ~2
> ;4
H:Z [21)—;1+§mw2r?—nls] + Haa + Hoq + Hsa, (4)

with

+ Z o ()ru(d), (5)

3)  4,5(iF#9)

M

S

Hgqg = > (-1)" EZZ +§

1,5 (3

Z

Hog= 3 (—1)" RZZ+§ Do+ D | enra), (6)

1,5(i#£7)  4,5(i#])

Ha =33 (-1 XZZ +4 s, ()

A=0 p=—X i lsﬁy w(l#J

where o, (r) = /167/572Y5,(0,0) = V6{r @ r}o,, {r @ riy, = ZC{\;flyrgr,,, C’{\;flu is the

o

Clebsch-Gordan coefficient, and cyclic coordinates 7, are defined as r, = \/47/37Y1,(0, $) [24].
N and Z are the numbers of neutrons and protons, A = N+ 7, £, &, K, R, X, X and 7 are strength
constants, sy, is the spin-dipole operator [13] which is given as

= {S@7}w/h, (8)

~

S, are spin matrices [24]:

. h /0 1 A h/1 O N A /0 O
S“‘ﬁ(o o>’ 50—5(0—1)’ Sl‘ﬁ(l o)-

The mean field generated by H,, was processed in Ref.[4]. The mean fields generated by Hgq
and Hgyq are derived, and the results are written out in Appendix A.

Equations (3) will be solved in a small amplitude approximation by the WFM method.
Integrating (3) over phase space with the weights r, and p,, one gets dynamical equations for
the following collective variables:

RIS (t) = (2mh)~ /dr/dprufTC r,p, 1),

PTC (2mh)~ /clr/dppufTC r,p,t), (9)

where 7 denotes the isospin index, (= +, —, T/, }1 denotes the spin index: + is spin-scalar (SS),
— is spin-vector (SV), and 1|, |1 are spin-flip (SF).
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The integration yields the sets of coupled (due to neutron—proton interaction) equations
for neutron and proton variables. The found equations are nonliner due to dipole—dipole,
quadrupole—quadrupole and spin-dipole—spin-dipole interactions. The small amplitude approx-
imation allows one to linearize the equations. Writing all variables (9) as a sum of their
equilibrium value (eq) plus a small deviation

RTS(t) = Ri(eq) + R;S(t),  Pie(t) = Pr(eq) + P (1), (10)
with

RIS(t) = (2mh)~° / dr / dpr,f™(r,p, ),
Plc(t) = (27rh)_3/dr/dppuéf74(r,p,t),

where § f¢ is a variation of f™¢, and neglecting quadratic deviations, one obtains the linearized
equations. It is convenient to rewrite them in terms of isovector (IV) R, = Rj, — RE, P, =
P — PP and isoscalar (IS) R, = R}, + RE, P, = P}, + Pk variables. We also define isovector
and isoscalar quadrupole strength constants k1 = £ (k — &) and Ko = 1(k + &) connected by the
relation ky = ary with o = —2 [1]. In a similar way we introduce isovector and isoscalar dipole
& =3(6—9), & = 3(£+ &) and spin-dipole x1 = 3(x — X), Xo = 5(x + X) strength constants.
The complete set of dynamical equations is written out in Appendix B.

3. Results of calculations

First of all, it is necessary to determine the values of the dipole—dipole interaction constants.
The most natural way is to reproduce the main characteristics of the GDR, which is one of
the fundamental collective excitation modes in nuclei. The experimental position of the GDR
energy centroid in medium and heavy nuclei can be fairly reproduced by the simple formula,
E(GDR) =~ 80A~Y2 MeV [21]. It is natural to fix the isovector constant ¢; in such a way
that the theory reproduces the observed excitation energy of the GDR. The fulfillment of this
requirement in the collective model developed by Bohr and Mottelson leads to & = &gv =
113A7%/3 MeV - fm~2 [25]. The isoscalar constant & must be chosen so as to avoid excitation
of the Center-of-Mass Motion (CMM). To this end, &, will be determined from the equation of
motion for the center of mass of a nucleus. Following this procedure, we avoid the admixture
of E'1 spurious state.

The quadrupole strength constant o was determined in Ref. [2] following the condition of
self-consistency between the mean field and the density [25]. The choice of spin-dipole strength
constants x; and yo will be discussed in Subsection 3.2.

First, let’s consider the simplified version of the problem, without the spin-orbit potential
(n = 0). In this case, the orbital and spin degrees of freedom are separated. Such a simple
model allows us to obtain analytical expressions for the energy and excitation probability of
the GDR. Comparing them with the results of precise calculations, we will estimate the role of
spin degrees of freedom.

Further we will analyze the magnetic excitations arising due to spin degrees of freedom.

3.1. The Giant Dipole Resonance (n =0 limit)

3.1.1. GDR (K™ =1")

The K™ = 1~ excitations are described by system of dynamic equations (B.2) (see Ap-
pendix B). In the absence of the spin-orbit potential, this system splits into three independent
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subsystems. The subsystems related to spin dynamics will be discussed later. The subsystem
- 1 _
R = —P;
1 mpl )
. 4 -~ 2 o 3
P = —ma* (1 + §5> R — gaéxmaﬂnf — A (TR + XGTIRT)
: 1
R = —P;
1 mpl )
- 4 2 _ B o
P = —mi? (14 30 ) RE - Sa0XmRE — AR+ XETRY) ()

describes the coupled dynamics of spin-scalar variables R}, P, Ri, and P;'. Here § is the
deformation parameter, and @* = w?/(1+ %6) The isoscalar variables R} and P} represent the
displacement of the center of mass and the nucleus momentum variation, respectively. Isovector
variables R}, P; describe the out-of-phase translational motion of protons and neutrons (i.e.,
isovector GDR). Imposing the time evolution via ¥ for all variables, one transforms (11) into
a set of algebraic equations. Eigenfrequencies Q%=! are found as the solutions of its secular
equation:

[QE=1)7 = &2 (1 + %5) + % &+

I ﬁ\/Az (EK=1 — Kk=1)? 44 (Afé(zl + géamdﬂ) (Aff(zl + géamcﬁ) X2 (12)

Here X = (N — Z)/A is the asymmetry parameter. For the rest notations, see Appendix B.
The nucleus translation, i.e., CMM, should be decoupled from the physical excitations. To
ensure this, the isoscalar constant ="' is fixed by the condition Qf§=' = Qf=! = 0. We denote

this value by ££='. From Eq. (12) we find

oo omw? (AT mw?Cy) Gy — 20007 Jw? (AR + 2a0m®) X2 (13)
O A AL + mw?Cy — X2 (AL + 2adma?) ’

where the notation Cy = (1+ 36) / (1 + 26) is introduced.

For further analysis, it is useful to consider the version of calculations without coupling
between isovector (IV) and isoscalar (IS) systems. To do this, it is enough to put X = 0.
Separated equations help to classify the obtained solutions. In this case, formulas (12) and (13)
take a particularly simple form:

4 A
) = [ = (14 80) o A "

3 m

4 A
(o) = [ = (1 + —5) + =g, (15)

3 m

m
é(_l - —szCl. (16)
The same deformation dependence is supposed for the isovector constant:

= = &, (17)
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where &gy = 113A7%/3 is taken from Ref.[25]. The numerical estimates in the present work
will be given on the example of the nucleus %*Dy with the deformation parameter § = 0.26.
The values of constants are

K=l = 00126 MeV-fm™2, €= =0.0264 MeV- fm~2, (18)

and &gy = 0.0230 MeV- fm™ 2 The numerical value of the isoscalar constant given by for-
mula (13) is £=! = —0.0130 MeV- fm~2. The comparison of this value with (18) shows that
the influence of isovector—isoscalar coupling is small.

Excitation probabilities are calculated with the help of the theory of a linear response of
a system to a weak external field (see Appendix C). The reduced probability for an electric
dipole transition reads

3 NZ
B(E11)y = +e2———=
( ) € 4T A x

m ([0=1]" = w2Cy) — A=t — (Af=! + 26ama?) X2

y . (19)
K=\ (€l 1) 4 4 (A + 2hami?) (AEf L+ Fooma?) X2

Neglecting here the isovector—isoscalar coupling and using (16) and (15), we easily obtain

B(E11)s = B(E11), =0, (20)

NZ ¢é?
B(E1l)y = B(E11)_ = %7#{21. (21)
The results of calculations for 14Dy are presented in Table 1, where the energies £, = QX1
of 17 levels with their electric dipole strengths are shown. The left panel presents the results
of calculations with the isovector—isoscalar coupling, the right panel shows the solutions of
decoupled (X = 0) equations. From the comparison of the left and right panels, it is clear that
the coupling has a minor effect on the energy and excitation probability of the GDR.

Table 1. The results of WFM calculations for 194Dy without spin-orbit potential (7 = 0 limit): ener-
gies Fq1 and B(E11) strengths of 1~ excitations. The factor 2, which appears due to the degeneration
in the sign of K, is taken into account for the F'1 strength.

Coupled Decoupled
F11, MeV  B(E11)t, e*fm? Ei1, MeV  B(E11)t, e*fm?
e =1
0.00 - 0.00 0.00 IS
16.28 23.86 16.35 24.07 v
&1/ =30
52.56 0.00 51.78 0.00 IS
16.16 24.36 16.35 24.07 v

In the above calculations, we excluded the excitation of the CMM by the special choice of
the isoscalar constant =1 = Né( =1 (see Eq.(16)). However, there is one more possibility to
avoid the appearance of the spurious mode. It turns out that the excitation probability of the
CMM quickly decreases with the increase in the absolute value of ¢£=!, the GDR energy being

7
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Figure 3. Energies Eix (a, b, d, €) and values of S(E1K) = E\gB(E1K) (¢, f) vs. 571 /e8=+
ratio. The calculations are performed for %Dy without the spin-orbit interaction (7 = 0). The solid
blue line corresponds to the GDR, and the dashed red line to the CMM. The black short dashed lines
in the panels (¢) and (f) indicate the EWSR (33) values.

practically unchanged. This situation is also demonstrated by Table 1, where the results of
calculations for two different values of £/=! are compared. In the case of =1 = £=!, the
CMM energy Ecy and the corresponding E'1 strength are equal to zero (see the first line in
Table 1), whereas the GDR energy and its B(F11) have their standard values. In the case of

=1 = _306K=", the energy Ecy increase to 52.56 MeV with B(E11) ~ 0, the changes in the
GDR characteristics being very small. The energies F; of the GDR and CMM as the functions
of the ratio =1 /¢K=! are shown in Figure 3 for X = 0 (a) and X # 0 (b). One can see that
the coupling has little influence on the overall picture of the energy behaviour.

3.1.2. GDR (K™ =0")

The K™ = 0~ excitations are described by the system of dynamic equations (B.3) (see Ap-
pendix B). In the n = 0 limit, this system splits. The system for spin-independent variables
reads

K 2 — 4 P
P = —mi? (1 . §5) R + 500 Xma* Ry — A (&R + X¢ORY).

. 2 4 _ _
Py = —m® (1 - 55) Ry + ga(SXmJJZR(J{ — A(TRE + XETRY) (22)
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The characteristic equation of the respective set of algebraic equations has two eigenvalues

[QE=0)% = &? <1 — 25) + % (&0 + 6870

1 4 4
+ %\/A2 (65=0 — ¢k=0y? 1 4 (A&é"zo — §5amc~u2) <A§f(:0 — géamdﬂ) X2 (23)

Without isovector—isoscalar coupling (X = 0), they are simplified to

_ _ 3 2 A
015 = [0 =2 (1= 30) + e, 4
—012 —012 - 2 A
QK2 = [0 _ g2 (1 - 55) + Age, (25)
Analogously to the case of K™ = 17, we find from the condition Q%= = 0 that
e (26)
where Cy = (1 —26) / (1 + 26). For the isovector constant in (25), we take
1= = &uCo, (27)
Numerical values of these constants for 4Dy are
k=0 — _0.0077 MeV-fm™2, &£°=0.0162 MeV-fm—2. (28)

In general case (X # 0), the condition szo = 0 is satisfied by

)
‘k—o M (AEF=0 + mw?Cy) wCo + 3a0@? (ALY — Sadma?) X2
oA ALE=0 + mw?Cy — X2 (ALf=0 — 2adma?)

(29)

For "Dy Eq. (29) gives ££=0 = —0.0078 MeV- fm~2; i.e., the influence of isovector-isoscalar
coupling on the value of the {f=° is very small (exactly as in the case of K™ = 17). The
excitation probability is calculated in the same way as for K™ = 1. The B(FE10) strength
reads

B(E10): = 162%¥ X
m ([95:0}2 - w200> — Afé&o - (A{'{(:O - %504771&)2) X2 20
" meE:O\/AQ (K=0 — 510)2 + 4 (A= — 26am@?) (ALK=0 — 26ama?) XZ' &
Neglecting the terms proportional to X, one gets
B(FE10);s = B(E10), =0, (31)
B(E10)ry = B(E10)_ = SNZ_ch (32)

= A 2ok

The results of calculations for 1Dy are presented in Table 2. We again have considered
various scenarios for eliminating CMM excitation. The results are given for two different values
of £l=0. The energies Eyy of the GDR and CMM excitations as functions of ££=0/£=0 are
shown in Figure 3 for X = 0 (d) and X # 0 (e). The influence of the isovector-isoscalar
coupling is insignificant analogously to the case of K™ =1".

9
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Table 2. The results of WFM calculations for 1Dy without spin-orbit potential (n = 0 limit):
energies 9 and B(E10) strengths.

Coupled Decoupled
E19, MeV  B(E10), e*fm? F10, MeV  B(FE10), e?fm?
eh g =1
0.00 - 0.00 0.00 IS
12.80 14.85 12.81 15.36 v
ef =0 = 30
40.76 0.00 40.57 0.00 IS
12.56 15.67 12.81 15.36 v

3.1.3. GDR sum rule

The experimental position of the GDR energy centroid in medium and heavy nuclei follows a
simple A dependence: Egpr = 80473 [MeV]. In deformed axially symmetric nuclei, the GDR
strength is split into two components, corresponding to oscillations of neutrons against protons
along (K = 0) and perpendicular (|K| = 1) to the symmetry axis. The energy separation was
found to be proportional to the ground state deformation §: Agpr = F11 — E19 =~ Egprd [26].
For 54Dy, the above fitting formulas produce Egpr = 14.62 MeV and Agpr = 3.80 MeV. Our
calculations within the WFM method lead to the energy position F;y = 12.80 (12.56) MeV
and Fp; = 16.28 (16.16) MeV (see Tables 1 and 2). So for the GDR centroid and splitting we
find Eqpr = 14.94 (14.75) MeV and Agpr = 3.48 (3.60) MeV. These values are in fairly good
agreement with the empirical estimates for GDR given above.

We find that our calculations exhaust 100% of the classical energy-weighted sum rule

(EWSR) [25] )
h* NZ
Si(F1,K) = %%762, (33)
when the energy of the CMM is pushed to the high energy region. If the admixture of E1
spurious state is eliminated by zeroing the CMM excitation energy, then the exhaustion of
the sum rule is 98%. The rest 2% are taken by the CMM. The results of calculations of
S(F1K) = FE1xB(E1K) in the case of X # 0 (coupled) are shown in Figures 3,¢ and 3, f
depending on the ratio &£ /€K for “Dy. The black tiny dashed lines indicate the EWSR values
given by Eq. (33).
Figures 3, b and 3, e demonstrate the usual quantum mechanical quasi-crossings of the energy
levels. The reliable results for the GDR energy and the sum rule are obtained for all £ excluding
the values in the vicinity of the quasi-crossing point.

3.2. Spin-dependent excitations (n =0 limit)

In this paper, the study is limited by tensors of the first rank. The procedure for calculating
excitation probabilities is described in Appendix C. As follows from (C.12), the orbital part of
the M2 response is expressed through third-rank tensors (C.13). Orbital 2~ excitations were
studied within the WFM method using Skyrme forces in the paper [19]. However, microscopic
estimates indicate that M2 transitions are mainly determined by the spin response, see |16, 27,
28]. In the present consideration, the spin contribution (C.14) to B(M?2) will be estimated.

3.2.1. K" =17

The K™ = 1~ excitations are described by the system of dynamic equations (B.2) (see Ap-
pendix B). In the n = 0 limit, the system (B.2) splits into three independent subsets. The one

10
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that describes the K™ = 17 component of GDR (171), was analyzed above. The second subsys-
tem describes the dynamics of SV isovector Ry, P; and SV isoscalar R, P; variables:

. 1
Ry = —P;
1 mpla
o 2 o 2 o A 5— -
P = —mw CiRy — gaéme Ry — 1 (R + x0XRT) ,
: 1
Ry = —P;
1 mpla
5— 2 _ 2 a5 A - 5—
P, = —mw CiRy — goz(Sme Ry — 1 (X0R1 +x1XR; ) . (34)

The solution of its secular equation gives

12 A
[Qi{_l]sv = w’Cy + m (XO +xitv gl) ) (35)
where
G1 = (xo — )2 +4X7? + i(SOzm(IJ2 + i&xmdﬁ (36)
1 Xo — X1 X0 3A X1 34 .

The third subsystem contains only SF variables:

- 1 -
R L pit
0 m (U]
- _ 4 A —
PéT = —mwQC’oRéT + gadedﬁRéT 1 <X1R$T + XOXR$T> ,
. 1
B L plt
0 m 0>
. 4 _ A _
P = —mw?CoRE + ZadXma*RYT — 7 (Xonﬁ o XRY ) . (37)
The corresponding eigenfrequencies are
QX=112 = W20y + 2 +/G 38
[i ]SF—W 0+8_m Xo + X1 o) (38)
with
16 16
gO = (XU — X1)2 —+ 4X2 |:X0 — 3—A§Oém(;12:| |iX1 — 3—A§ozm(l)21 . (39)

As follows from Eq. (C.19), the above variables are related to the K™ = 1~ branch of the spin
magnetic quadrupole resonance.

The energy position of the M2 states depends on the spin-dipole interaction constants xg
ATKgq 3 .
and x;. We adopt the xo = —%4— Me\/'/fm2 with x1 = ai1xo. The value kyq = 25 MeV
r2) 4w
was chosen by analyzing the 2 strength distribution in 2°*Pb within the RPA in Ref. [14]. The
results of our calculations using this value of kg for 2%Pb [20] are in overall agreement with the
results obtained within the RQRPA framework, see Ref. [16]. Since there are no other justified
criteria for fixing the value of this constant, we adopt kg = 25 MeV for our calculations. We

also take oy = —2, the same as for the quadrupole-quadrupole interaction.

11
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Table 3. The magnetic spin-vector (SV) and spin-flip (SF) K™ = 1~ excitations of 15Dy.

Coupled Decoupled
Ey  B(M21)t Ey  B(M21)t
SV 7.61 14.89 7.55 102.72 IS
12.02 1766.92 12.06 1841.27 IV
SF 4.79 212.62 4.86 159.57 IS
10.61  1916.18 10.58  2097.89 IV

The calculated energies and B(M21)t values for 194Dy are shown in Table 3. The quenching
q = 0.7 of the spin gyromagnetic factor (g, = qg'™°) was used in the calculations of magnetic
strengths, see (C.2) in Appendix C. Most of the strength is contained in the isovector excita-
tions. The summed value of B(M21)t for all four 1~ states is 3910.60 3 fm?.

The EWSR S¢(M2, K) coming from double commutator of the spin part of O(M2, K)

operator (C.11) with the Hamiltonian takes the following form:

15 A2
ST (M2,K) = Torm [(g2)°N + (¢0)°Z] (40)

It is easy to check that energy-weighted summation over the states listed in Table 3 exhausts
100% of the EWSR (40).

3.2.2. KT =07

The K™ = 0~ excitations are described by the system of dynamic equations (B.3) (see Ap-
pendix B). By the simple change of variables

RE =R +RY, PE=PF+ P (41)
RY =R —RY, P =P} —PH, (42)

the system (B.3) is transformed into three independent subsystems (B.4), (B.5) and (B.6).

In the case of n = 0, the set (B.4) in its turn splits into two independent subsets. One
describes the K™ = 0~ branch of the GDR, see Eq.(22). The remaining subsystem for the
variables R, P§ reads

- 1 -
Ry = —Py
0 mPO ’
- _ 2 A .
73(? = —mwQCle — 5045Xm&127€gj 7 (XlR(? + XOXROE) )
: 1
Ry = —Py
0 mPO ’
. 2 _ A 5

Equations (43) formally coincide with Eq.(34) — the only difference is in the notations of
variables. Naturally the eigenfrequencies of both systems also coincide. The respective two
states in %Dy have energies of 7.61 and 12.02 MeV. However they are not excited, because the
variables RE¥ PE are not disturbed by any of the electromagnetic operators, see Appendix C.
The situation is changed in the case of 77 # 0 (see Table 4).

12
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Table 4. The electric K™ = 0~ excitations of 64Dy.

E19, MeV  B(E10), e*fm?

e /E =1
IS SS 0.00 —

IS SF 7.69 0.05
IV SF 11.64 3.65
IV SS 13.19 11.17

&1 /6 = =30
IS SS 40.61 0.00
IS SF 7.57 0.00
IV SF 11.57 4.93
IV SS 13.01 10.73

The sets (B.5) and (B.6) describe spin magnetic K™ = 0~ transitions. It is necessary to
emphasize that separation occurs already in the general case (i.e., for n # 0). Nevertheless,
even in this case the sets (B.5) and (B.6) do not include . That is why it will be analyzed in
Subsubsection 3.3.1.

3.3. Ezact calculations (n # 0)

Now we repeat the calculations, this time taking into account the spin-orbit potential. In
this case, the & constant of the dipole-dipole interaction reads

&K _ —{'A(Bx — X?Dg) — By + X*Dj,

" AEAQ - X?) + Bx — X?Dg)

(44)

h? 2 4
where ¢& = &g\ Cr, Bx = mwQC’K—ZTf and Dy = =m@?*da, Dy = —gm(DQ(Soz. The constants
of the spin-dipole-spin-dipole interaction x, and x; are the same as in the previous subsection.
The found states are of a complicated nature. However, based on the results of the previous
subsection, it is possible to trace the origin of each solution. Further we will indicate the
predominant contributions (IS, IV, SS, SV, SF).

3.3.1. K™ =0~

The characteristic equation of the set (B.4) describing K™ = 0~ electric excitations has
four eigenvalues. The F10 strength is calculated for each state. Results of calculations are
shown in Table 4. As before, two methods are used to eliminate the excitation of the center-of-
mass motion. The 13.19 (13.01) MeV state is the K™ = 0~ branch of the GDR determined by
the dynamics of spin-scalar variables R, Pg. The way that moves the CMM energies to the
high energy region is more preferable, since it allows one to completely avoid the admixture of
spurious (IS SS) 0~ state (see the bottom part of Table 4). In this case, all excitations in sum
exhaust 100% of the dipole sum rule (33). So from now on we will follow this way.

Excitations at energies of 7.57 and 11.57 MeV are generated by the variables RE and
PE defined by Eq.(41). It can be shown that RY is the average value of the spin-dipole
operator sio (8):

) N T, . 1 1
(s10) = =5 T (0lF x 0)2) = == (o, — gou) = —3 (B + RA) = —3RE. (45)
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where p is a density matrix and ¢; are Pauli matrices [24]. Analogously,

1 1 1
5 0D X 81) = =5 (huy — hydu) = —5 (P + P) = 5 AP (46)
Expressions (45) and (46) show that electric spin-dipole excitations (oscillations along the z-
axis) are caused by spin-flip transitions. The procedure used to eliminate the contribution of
the CMM also depresses the isoscalar spin dipole state (compare IS SF lines in Table 4). The
state with an energy of 11.57 MeV is the isovector Electric Spin Dipole Resonance (ESDR).

The energy centroid of two isovector electric excitations (GDR and ESDR), E;y = 12.56 MeV,
and the sum of their excitation probabilities > B(E10) = 15.66 ¢*fm? are almost identical to
those obtained for the GDR in the n = 0 approximation (compare with Table 2). The ESDR
is not excited when n = 0 (see Subsubsection 3.2.2). The inclusion of the spin-orbit potential
results in a slight change in the energy of both modes. The energy of the GDR changes from
12.56 MeV (n = 0) to 13.01 MeV. At the same time, the energy of the ESDR changes from
12.02 to 11.57 MeV. Herewith, part of the E'1 strength of the GDR is transferred to the ESDR,
see Table 4. So, the inclusion of the spin-orbit potential opens the channel by which the ESDR
takes away the essential part of the strength from the GDR. The gap between the GDR and
the ESDR is Ayq = Fgpr — Frspr = 0.54 MeV when n = 0, and it increases to Agq = 1.44 MeV
in exact calculations.

The dependence of the GDR and ESDR characteristics on the deformation is shown in
Figure 4. As can be seen, with increasing deformation the splitting Ayq decreases, while the
share of the strength attributed to the ESDR increases, its contribution to the EWSR increasing
from 2.21% for § = 0 to 28.98% for § = 0.26. In the spherical limit, the splitting is maximal,
Ay = 3.87 MeV, while the excitation probability is only 1.23 (= 3-0.41) e?fm?. The energy
centroid shifts toward lower energies from 14.40 MeV when 6 = 0 to 12.56 MeV for § = 0.26,
the summed E10 strength increases from 13.66 to 15.66 e*fm?.

The characteristic equations of the set (B.5) and the set (B.6) describe the SV and SF K™ =
0~ spin magnetic quadrupole responses, respectively. Consequently, the variables R, Py~ (the
set (B.5)) generate SV excitations, whereas the variables R), P} (the set (B.6)) generate SF

T —
14 ]
13}
12}
11k
e

El()? MeV

15 |

10| =

B(E10), e2fm?

5F %

Figure 4. Energies (a) and E1 strengths (b) of K™ =0~ GDR (red line) and ESDR (blue dashed line)
vs. deformation ¢. The energy centroid Ejo and summed B(FE10) value are shown by black dot-dashed
lines. Calculations are performed for '64Dy.
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Table 5. The magnetic K™ = 0~ excitations of 64Dy.

Es, MeV  B(M20), pi3fm?

IS gV 4.79 141.75
v 10.61 1277.45
IS SF 7.61 4.96
v 12.02 588.97

excitations. Results of calculations are shown in Table 5. It can be shown that R, and R}’
are the simple combinations of average values of spin-dipole operators ssp and sgo (8):

(o) = = [y + BL ], (a7)
() =~ | - =] (15)

The summed > B(M20) strength over all four states amounts to 2013.13 p%fm?. The magnetic
EWSR (40) is completely exhausted, with 63.5% coming from a strong peak at 10.61 MeV.

3.8.2. K" =17

In deformed nuclei, the electric and magnetic channels of 1~ excitation are coupled. That is
why the dynamical equations for SS variables R, P;", R{, P and SV (R{,P;, Ry, Py ) and
SF (RETPI, RYT, PiT) variables are also coupled (see Eq. (B.2)). The characteristic equation
of this system has six eigenvalues. They are shown in Table 6 together with the B(E11) and
B(M?21) reduced transition probabilities.

Table 6. The results of WFM calculations for 1%4Dy: energies Ey; of 1~ excitations and B(E11)?
and B(M21)7 transition probabilities. The spin-vector contributions to B(M21)1 (~ Ry, Ry) are
indicated in brackets.

Exi, B(E11), B(M21)T,
MeV e?fm? p3 fm?
&=/ = =1
IS SS 0.00 - 0.00
IS SF 4.86 0.03 214.42 (0.01)
IS SV 765 0.01 12.51 (14.61)
IV SF 10.57 0.17 1793.50 (1.54)
IV. Sv 11.97 0.26 1887.98 (1745.60)
IV. SS 16.37 23.42 0.92
6=/ = = =30
IS SS 5244 0.00 0.00
IS SF 477 0.00 212.19 (0.00)
IS SV 7.59 0.00 15.77 (15.01)
IV SF 10.57 0.17 1794.12 (1.53)
IV. Sv 11.97 0.28 1887.98 (1744.10)
IV. SS 16.25 23.90 1.08
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The inclusion of the spin-orbit potential leads to the negligible increase in the GDR energy
from 16.28 to 16.37 MeV (or from 16.16 to 16.25 MeV) and to the decrease of the E'1 strength
about 1% (compare the results in Table 6 with those in Table 1). That is, the GDR is weakly
sensitive to a spin-orbit potential.

Zeroing the CMM excitation energy yields an exhaustion of the dipole EWSR (33) by
98.73%. The rest 1.27% are taken by the CMM. The calculations exhaust 100% of the EWSR
when the energy of the CMM is pushed to the high energy region. This way wins again because
it avoids the admixture of a spurious state (see IS SS in the bottom part of Table 6). The
largest contribution to the EWSR, 98.68%, comes from the GDR.

The summed M21 strength amounts to 3911.14 3 fm? and the magnetic EWSR (40) is
exhausted by 100%. The share of the GDR is less than 1%.

The detailed analysis of the structure of magnetic 1~ excitations revealed that the SV
contribution dominates in the 7.59 MeV and 11.97 MeV transitions, while the SF contribution
dominates in the 4.77 MeV and 10.57 MeV transitions (see Table 6 where SV contribution
to B(M?21) is given in brackets). The influence of the spin-orbit potential can be evaluated
by comparing the results shown in Table 6 with the results of Table 3. As can be seen, the
excitation energies remain almost the same. A noticeable result is that the M21 strength of
isovector states is redistributed in favor of the SV ones.

It was shown in Subsubsection 3.3.1 that the ESDR is mediated by the operator s;9, which
generates spin-flip transitions. For the operator s;; the following holds:

(s11) = —% (R; + \/§R§) : (49)

Unlike (s10), in addition to the spin-flip, there is also the spin-vector contribution. Herewith,
the magnetic response is determined by

N n)
() = 5 (R1 V2R . (50)
Thus, in contrast with 07, the same variables govern both the electrical and magnetic response.
Two K™ = 1~ isovector states with energies of 10.57 and 11.97 MeV exhaust 97% of the
magnetic EWSR. They also take 1.3% of the electrical EWSR. Both the spin-flip and the
spin-vector oscillations contribute to the formation of these states. The analysis revealed that
the spin-flip response (~ Ry) dominates at 10.57 MeV excitation. The spin-vector vibrations
(~ Ry) produce the dominant contribution to the 11.97 MeV excitation, see Table 6. In general,
the electric spin response is suppressed by the magnetic one in electromagnetic transitions.

3.3.8. K™ =127

The system of equations (B.1) describing the K™ = 2~ component of the spin M2 resonance
coincides with Eqs. (34), the difference being again only in the notations of variables:

B 1 -
R — L pit
1 mpl ’
. _ 2 A -
1
)
1 mpl ’
: 2 _ A 5
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The energies of 27 excitations and respective transition probabilities are listed in Table 7. The
summed strength amounts to 3563.60 u%fm?. The magnetic EWSR (40) is exhausted by 100%.

Table 7. The magnetic K™ = 2~ excitations of 1%Dy.

Eg9, MeV  B(M22)t, p4fm?

IS SF 7.61 29.77
v 12.02 3533.83

One can note that energies of K™ = 2~ SF excitations (Table 7) coincide with those of
K™ = 0~ SF excitations (Table 5). It looks not surprising, because the equations describing
both excitations coincide, which happens in its turn due to the neglect by the dynamics of
third rank moments. As we know, taking them into account leads to the appearance of seven
1~ excitations of different nature, including the GDR (see Introduction and Figures 1 and 2).
It can be expected that in this case too the above-mentioned degeneration will be removed.

4. Summary and discussion

We have found in 4Dy nucleus 14 levels located in the excitation energy range of 4-17 MeV.
Of these, seven are K™ = 0~ excitations, five are K™ = 17, and two are K™ = 27

The highest energy states are the two branches of the GDR. This is the isovector spin-
scalar mode. Its isoscalar counterpart was artificially put to the zero (or very large) energy
to exclude the center-of-mass motion, which represents the spurious mode. The energies of
both GDR branches were described by fitting the parameters of the dipole-dipole interaction.
The K™ = 0~ and K™ = 1~ peak positions were found at 13.01 and 16.25 MeV, respectively.
The deformation-induced splitting is 3.24 MeV. These results are aligned with the established
patterns observed in the physics of the GDR [10, 25]. Spin resonances induced by the spin-dipole
operator (8) lie lower in energy. They are grouped in four multiplets, see Figure 5.

The excitations with K™ = 2~ (spin index SF, energy Fa = 12.02 MeV, Table 7), K™ =1~
(spin index SV, energy Fy; = 11.97 MeV, Table 6) and K™ = 0~ (spin index SV, energy
Ey = 10.61 MeV, Table 5) form the isovector triplet. In the spherical limit, these levels
converge in one point with quantum numbers J™ = 2~ and energy Fy = 10.77 MeV (see Table 8

a b
I\ IS
E(MeV) KT E(MeV) KT
1202 - op 761 gp
ary . Y
L ;fgj SF S "‘r’(' 2~ SF
w e U S ;:7) LSy
™ .
J E(MGV)////////// 9 0-SF J E(MQV)//////// P ) 0~ SF
0- 10.77 //////// 0- 5.16 ,/////////
9 1821 7 - 9— 5.16 7 s
_ 1064 T~ 511 7=~ _
el T 110.?; gy - 2T T 4.79 0 sV
~~ 1057 | _op ~<_ATT | op
6=0 6 =0.26 6=0 6=0.26

Figure 5. Energies of IV (a) and IS (b) spin-dipole excitations for 6 = 0 (see Table 8) and for § = 0.26
(see Tables 4-7). Calculations are performed for 1%4Dy.
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and Figure 5,a). The levels K™ = 2~ and K™ = 0~ are pure magnetic ones. Their excitation
probabilities are B(M22) 1= 3533.83 p3fm? (see Table 7) and B(M20) = 1277.45 p3fm?
(see Table 5). The level K™ = 1~ has the predominantly magnetic nature with the small
electric admixture. The respective excitation probabilities are B(M21)1= 1887.98 3 fm?* and
B(E11)t= 0.28 ¢*fm? (see Table 6).

Table 8. The excitations of a hypothetical spherical nucleus with N and Z corresponding to %4Dy.

JTE(JT), B(ELL, B(M2),

MeV e2fm? ,u?vme

0~ 10.77 0 0

IV. 1= 10.64 0.41 0
2= 10.77 0 1954.06

0~ 5.16 0 0

IS 1- 5.11 0 0
2- 5.16 0 62.27

The isoscalar counterpart of this triplet is formed by the excitations with energies Fay =
7.61 MeV (K™ = 27, SF, Table 7), Eyy = 7.59 MeV (K™ = 17, SV, Table 6), and Eyy =
4.79 MeV (K™ =07, SV, Table 5). In the spherical limit, these levels converge in one J™ = 2~
level with the energy E; = 5.16 MeV (Table 8 and Figure 5,0). The levels K™ = 27 and
K™ = (0~ are pure magnetic ones. Their excitation probabilities B(M22)1= 29.77 p3fm? and
B(M?20) = 141.75 p3fm? are the order of magnitude less than in the isovector case. The level
K™ = 1~ also has the pure magnetic nature with B(M21)t= 15.77 p%fm?. Contrary to its
isovector counterpart, it has not any electric admixture. However, the last remark depends on
the method of excluding the CM motion. As is seen from Table 6, in the case of zeroing CMM
excitation energy this level has a little bit another energy Fs = 7.65 MeV and the nonzero
(though rather small) B(E11) value.

Further, the excitations with energies Eyy = 11.57 MeV (K™ = 0~, SF, Table 4) and
Ey; = 10.57 MeV (K™ = 17, SF, Table 6) form the isovector doublet. In the spherical limit
these levels converge in one J™ = 17 level with the energy E; = 10.64 MeV, see Figure 5,a. The
level K™ = 0~ is pure electric one (ESDR). Its excitation probability is B(E10) = 4.93 ¢*fm?
(see Table 4). The level K™ = 1~ has the predominantly magnetic nature with the very small
electric admixture. The respective excitation probabilities are B(M21)1= 1794.12 p3,fm? and
B(E11)t= 0.17 e*fm? (Table 6).

The isoscalar counterpart of this doublet is formed by the excitations with energies Fg =
7.57 MeV (K™ = 0~, SF, Table 4) and Ey; = 4.77 MeV (K™ = 17, SF, Table 6). In the
spherical limit, they converge in one J™ = 1~ level with the energy E; = 5.11 MeV (Table 8
and Figure 5,b0). The conclusion about the electromagnetic nature of these states depends on
the method of excluding the CM motion. As is seen from Table 4, the level Eq = 7.57 MeV is
not excited electromagnetically in the case of the large CMM energy Ecn, whereas in the case
of Ecy = 0 it has already a little bit another energy Fio = 7.69 MeV and the nonzero (though
rather small) B(E10) value. According to Table 6, the level Ey; = 4.77 MeV is pure magnetic
one if Eqyy is large, whereas it acquires the electric property (though rather weak one) and the
slightly another energy Fy; = 4.86 MeV, if Ecy = 0.

In the case of K™ = 07, the electric and magnetic modes are separated. For K™ = 1~
excitations the situation is different. In deformed nuclei, the electric and magnetic channels of
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Figure 6. (a) Energies of K™ = 0~ GDR (GDRO, red dashed line), K™ = 1= GDR (GDRI, red
line), K™ = 0~ ESDR (blue dashed line) and K™ = 1~ state (IV SF, blue line) with (b) B(E1K) and
(c) B(M21) strengths vs. deformation §. Calculations are performed for '64Dy.

1~ excitation are coupled. The result is non-zero B(E11) and B(M21) transition probabilities
for each 17 level, see Table 6. In the spherical limit, there is no mixing between the J™ = 1~
and J™ = 27. The interplay between the GDR, ESDR (which is IV SF 07) and IV SF 1~
state is shown in Figure 6. It is noteworthy that the energy and E'11 strength of the IV SF 1~
state depend weakly on the deformation, whereas the B(M21), on the contrary, drops sharply,
reaching zero at 6 = 0. It is also necessary to note the remarkable behaviour of this level
with deformation: beginning at the zero deformation as the pure electric excitation with the
B(E1)t= 1.23 ¢*fm?, it ends at the deformation § = 0.26 as the practically pure magnetic state
with the B(E11)t= 0.17e*fm? and the B(M21)t= 1794 p3fm?.

The M2 transition strength is dominated by the isovector response. The isoscalar one has a
small contribution. It mainly makes visible the transitions in the energy range of 4-8 MeV. In
the energy range above 8 MeV, the spectrum of isovector 1~ magnetic quadrupole excitations
exhibits two main peaks at 10.57 MeV (SF) and 11.97 MeV (SV) with nearly equal B(M21)
strengths (see Table 6). Their energy centroid is at 11.29 MeV. The spectrum of isovector 0~
magnetic excitations consists of two levels at 10.61 MeV (SV) and 12.02 MeV (SF), see Table 5.
Their energy centroid is at 11.06 MeV. The splitting with the 1~ bump is only 0.23 MeV. The
2~ component is represented by one strong SF state at 12.02 MeV (see Table 7).

To sum it up, the K™ = 07, 1~ and 2~ centroids of the isovector spin M2 strength are
found at energies of 11.06, 11.29 and 12.02 MeV, respectively. So, the deformation-induced
splitting of the M2 giant resonance is noticeably smaller than that of the E'1 giant resonance.
This conclusion is consistent with the results of the paper [15], where the distribution of the
M2 strength in heavy deformed nuclei was studied within the RPA framework.
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The effects of pair correlations on the M2 transitions in some spherical nuclei have been
studied in Ref.[16]. The key observation was that the pairing interaction reduces the M2
strength and shifts the centroid energy to the higher region. An extension of the WFM method
to include pair correlations will be done in the future.

Theoretically, the ESDR and GDR should be observed together since they have the same
J™ = 17 value and are located in the same excitation energy region. Spherical atomic nuclei
are preferred candidates for searching for the ESDR, since in this case the most pronounced
gap with the GDR is expected and there is no mixing with 2~ states. It is interesting to find
experimental indications to support our prediction. The collective spin-dipole excitations were
the subject of interest in the paper [11], where 2*Pb(p,p’) reaction was studied. The two
states at 6.26 and 8.37 MeV were interpreted as 1~ spin-flip excitations. In a recent paper [29],
photoneutron reactions on 2°®Pb in the GDR energy region has been investigated. Several
resonance structures have been detected in low-energy 2°Ph(y, n) cross sections. Thus, in
particular, the broad shoulder at 9.45 MeV and a prominent peak at ~ 10 MeV have been
observed. The ESDR position in 2**Pb calculated within the WFM method is 9.83 MeV [20]
and can be assigned to one of the above states. The 2*Pb(p, p'y) reaction has been studied in
Ref. [30]. Several discrete states of electric nature have been detected between 7 and 10 MeV.
It was supposed that some of them are collective 1~ spin-flip excitations. That is certainly in
line with our findings.

It is worth noting the remarkable analogy between 1~ excitations and 17 scissors modes, see
Ref. |7]. In both cases there are four types of collective motions which are classified as isoscalar
spin-scalar, isovector spin-scalar, isoscalar spin-vector and isovector spin-vector.

The rotational isoscalar spin-scalar motion is the rotation of a nucleus as a whole and
represents the conservation of the nucleus angular momentum. The translational isoscalar
spin-scalar motion is the linear motion of a nucleus as a whole and represents the conservation
of the nucleus linear momentum.

Furthermore, the rotational isovector spin-scalar motion is the conventional scissors mode.
This excitation has the appreciable admixture of the non-rotational motion (quadrupole dy-
namical deformations), due to which it has both magnetic and electric nonzero excitation
probabilities, B(M1) and B(E?2) respectively. The translational isovector spin-scalar motion is
the GDR. This excitation has not any rotational admixture. Nevertheless, due to the spin-orbit
potential it has (additionally to the electrical excitation probability B(F1)) the small magnetic
excitation probability B(M2), see Table 6.

The rotational isoscalar spin-vector motion is one of two spin scissors. It has the largest
(among three scissors) magnetic dipole excitation probability B(M1) and the smallest (order of
magnitude) electric excitation probability B(FE2), see Tabe I in Ref. [7]. One can say that this
scissors represents practically pure rotational motion of spin-up nucleons with respect to spin-
down nucleons, the admixture of the non-rotational one being negligibly small. This means
that it is practically pure magnetic mode. The translational isoscalar spin-vector motion is
identified as one of 1~ excitations with the energy E = 7.59 MeV (see Table 6). It represents
the linear oscillations of all spin-up nucleons with respect to all spin-down nucleons. It is
interesting to note that, having zero B(F11) and nonzero B(M21), this mode also turns out
pure magnetic one.

The rotational isovector spin-vector motion is the second of two spin scissors (complicated
spin scissors) with a little bit smaller B(M1). Its B(E2) value is one order of magnitude bigger
than that of the first (isoscalar spin-vector) spin scissors. This fact says that this mode has
the appreciable admixture of the non-rotational motion, exactly as the conventional scissors.
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The translational isovector spin-vector motion is identified as one more 1~ excitation with the
energy 2 = 11.97 MeV (Table 6). It has rather big magnetic quadrupole excitation probability
B(M21) = 1887 pAfm?. Analogously to the complicated scissors, it can be described as the
out-of-phase linear oscillations of spin-up protons + spin-down neutrons with respect to spin-
down protons + spin-up neutrons. However, contrary to the scissors this mode has very small
B(FE11), so one can count it as the pure magnetic one. The spin-vector motion contribution
disappears in the spherical limit (like spin scissors).

Now one can say that our expectations, announced in the Introduction, concerning the
possible existence of spin giant resonances of various multipolarities are justified. We have
found the sought out isovector and isoscalar spin-vector giant dipole resonances.

Here is the proper place to clarify the relation between the spin-flip (SF) and spin-vector
(SV) types of excitations. There exists a popular opinion that SF and SV are just the different
names of the same phenomenon. See, for example, the paper [11]: “.. a collective dipole
spin-flip excitation (L = 1, S = 1) which in a simple collective picture can be interpreted as
a collective dipole oscillation of spin-up particles against spin-down particles”. However, as we
have shown, SF and SV represent two different types of excitations. Moreover, the transition
strengths are quite clearly separated into the spin-flip and spin-vector components.

5. Conclusions

In this work we have investigated the properties of the GDR and electric and magnetic
spin-dipole resonances in heavy even-even axial deformed nuclei within the framework of the
WFEFM method.

The energy position and splitting of the GDR caused by the deformation are calculated for
164Dy, The obtained values are in good agreement with the general global trends for the GDR.

Our calculations show that spin resonance can be induced by an alternating electric field.
This mode (ESDR) is low-energy satellite of the GDR and is not excited if the spin-orbit
potential is neglected.

We have studied experimental 1~ spectra of spherical nuclei in search of states that could
correspond to the ESDR. Several suitable candidates have been found.

Of considerable interest are spin-vector states, interpreted as collective dipole translational
motion of spin “up” nucleons relative to spin “down” nucleons. These oscillations are the trans-
lational analogue of the 17 spin scissors mode. It was found that spin-vector displacements are
generated by the spin part of the O(MQ, 1) operator.

We have evaluated the energy, transition probability and deformation-induced splitting of
the spin M2 giant resonance. The third-rank tensors are required to calculate the orbital
response. However, the presented results seem vital since there are calculations indicating that
the magnetic quadrupole strength is dominated by the spin response [16]. The pair correlations
are another factor that influences the magnitude and distribution of M2 strength. The extension
of the theory to include pair correlations and third-rank tensors will be considered in due course.
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Appendix A. Mean field

The contribution of Hy, (6) to the mean field potential is easily found by replacing one of
the ¢o,, operators by the average value. We have [1]

Vi = V6 (=123 oy, (A.1)
m
where 7 denotes the isospin index (7 = n,p) and
Z3t = kRyT + kRS, Z0T = KRS 4+ KRR (A.2)

The analogous expression for Hgq (5) is found in a standard way [4] with the following result
for the Wigner transform of the mean field:

Vit = Vi + &V, VI = eV + VT (A.3)
with
1
Vii =Y (DR, Vig =Vl =vilt=o. (A.4)
p=—1

For the spin-dipole mean-field potential, we derived
Var =0, Vit =xVig +XViE VIS = Vi + Vi (A.5)
where (= —, 1|, |1 and
_ 1 1 1
I = gm0 (Mo 5MGo) - (M5, 4 ruM ) =
Yyt V2 V2 (

W = g oMo+ o

(roi&l + &),

V2

R

3 20 0,0) - (7"151,0 - _7"051,1) +77",1M272,

1 V2
T Vﬂz T \/§ T T 1 T 1 T Vﬁz T
VsdN = ?T0M27_1 - Er—l ( 2,0 0,0) 1 <7"—151,o + %7‘051,—1) _77’1/\42,—2, (A.6)

with denotations
My =Ry — ﬁRéT, My 1 =R°, + \/ERSK Moo =Ry + (RP - Rﬂ) /\/57
Moo= —RT/VZ Moo= RYNNV2, Moo= Ry — V2 (RP - Rﬂ) ,
Eii =Ry + ﬁRéT, &1 =R°, — \/§R$¢, 0= RP + Rijr

The contribution to the mean field coming from Z(—l)“sl_“slu is denoted as & ;,, the contri-
o
bution from Z(—l)%g_usw is denoted as My ,, and the contribution from syysgg is denoted

o
as My, where s,, is defined by Eq. (8). Taking into account that
Moy — &y = =2V2R", Moy — & 1 = 2V2Ry,

Mo+ &1 =2Ry, My 1 +& 1 =2R",
3 1 3
Mg = Moo = 5 (R =R, Mg+ 5Moo = Sy,
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we find from Eq. (A.6)

1
T 1 T T T 1 T
Vi = 2 roRy" —r 1 RY* — TIR—CI] — 9 Z (—1)" BT (A7)

p==1

Finally, we get
Wt =Vir+ Vit RO =V (A.8)

S

Appendix B. Equations

Appendiz B.1. K™ = 27 equations
sit_ L
Rl - _Pl 3
m

. _ _ A,
731“ = — (mw2 — 2:‘%0@20) Rﬁ + 204%0@2073%T 1 (XlRiT + XOXR%T) )

. 1
R%T = EP%T7

. _ A _
P%T = — (mw2 — 2/10@20) R%T + 20&/€(]Q207€J1'T — Z (X(),R,%T + XlXR%T) s (Bl)
~ 4 9 ma? 9
where Q2 = XQ2, X = (N - Z)/A> Q2 = Qoog& Qoo = A<7" >, Ko = —W [1], W™ =
00

wi/[(1 + 46)*3(1 — 26)Y/3] with hwy = 41A7'/3. Notations mw?C; = mw? — 2keQa and
mw?Cy = mw? + 4rko(Q9 are used in the main text of the paper, see Subsection 3.1.

Appendiz B.2. K™ =17 equations
- 1 - _ _
Rf = —P;f — mg (R; + \/§R$T> ,
m

N T/
Rl—mpl zh2721,

- 1 - ) n =
RH _ DIt _ Zh_R+,
0 m 0 2\/5 1
7—31+ = - (mw2 - 2/‘60Q20) 7_3? - Zhg (751_+\/§75§T> —{—2&/«:06?2072;“—%1 (ffﬂﬁir + f(f:lXRf),
. L AL B
Pf = — (muﬂ — 2,‘10@20) R; — Zhgpfr -+ 20&/10@207-\),1 — Z (XlRl + XOXRl ) s

. _ , _ _ A _
P = = (mw? + 4k0Qu) RE — thLﬂPj — daroQuRi — 5 (my + o XRY ) ,

1
Rf = —P; — ik’ (R; + ﬂRﬁ) ,
m 2
- _ ~p— _ h— +
Ry = —Pp —ihIR},

R = —Pg" — ih—=R{,
0 m 0 2\/5 1
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P = — (mw? — 2koQa0) Rf—mg (73; + ﬁPgT) +2ak0Qu R — A (EXTIRE + £71XRY),

- . - - A 3 _

731_ = — (7’m,u2 — 2%0@20) 7—\),1_ - Zhgpf_ + 2()1/{0@207—\),1 — Z (XORl + XlXRl ) ,

51t 2 NPT P 5. s A 1 )
Py = - (mw + 4/406220) Ry — th—ﬁﬂ — dargQ0Ry — Y <X0R0 + x1XR; ) , (B.2)

where /%1 = 2hwory [21, 22| and ky is Nilsson spin-orbit strength constant.

Appendiz B.3. K™ =0~ equations

- 1 — . ’]7 — —
+ _ —pt_,pt ™ 1
R = —P; zh2\/§<721 +R_1>,
. 1 -
- 1 _ ] n =
RTi — _7)T¢ —ih R+,
1 m 1t 9v/2 "
- 1 — . 77 —
R = =P —ih——R,
1 m 1 2\/5 0
']_30—" = — (mw2 + 4%0@20) ﬁg—lhg\/i <751Ti + 75£T1> —40&%0@207?,8_—14 (55207@8_—{—55{:0)(7—\),8_) s
S - . B
7)0 = (mw + 4/‘%0@20) RO 4&/‘%0@2072,0 1 (XlRO + XOXRO ) s
. L , _ A/
’PlTi = — (mw2 — 2H0ng> RP’ — Zh%lpar + 206!10@2073?’ — Z (XllR:lN + X()X,lew) s
7_3le = — (mw2 — 2/{06220) 7@_2 — ihiﬁ(}L + QOMOQQORﬂ — é <X17_€¢_T1 + XoXRtil) ,
2v/2 4

1
RE = P —inv2 (RI+RY),

Ry = —P;.
RN _PN _ Zh—R+,
1 1 2\/5 0
1 n
RY = =P —in—_RY,
1 1 2\/5 0

Pgr = — (mw2 + 4/‘%0@20) Rg-@hg\/ﬁ (731Tl + Pig) —405/10(2207-\_),3—14 (fé(zoRar‘f—ff(ZOXﬁg) s

. L A _
Py =— (mw2 + 4!@0Q20) Ry —daroQRy — — (XORE + XIXRa) ’

4
. , o A _
PlTi = — (mw2 - 2%0@20) 'R:lN' - ZH%PS_ + 2@%0@20R{¢ - Z <X()'R,I\L + X1X7—\)4¢> s
. ‘ o A _
Pf/rl = — (mw2 — 2/@06220) R{rl — zhznﬁpar + 2a/<aoQ20R¢_T1 -7 (XORfT1 + XlXRT_ﬂ) . (B.3)
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Appendiz B.3.1. FElectric K™ =0~

. 1 _
RE = —Pf — m%nf,

m V2
- 1 _ LN =
: _ 4 _
PF = —mw?CyRy — ih—=PP + ~ad Xm@®*RE — A (6K-OR: + 50X RY) |
0 0 \/5 0 3 0 0 0 0
SE 2o SE o 1 5y 2 onp A pE E
Py = —mwCiRy — Zhﬁpo - goaSme Ry — 1 (R + x0XRY) |
RE = —PE —ih—=R7
0 m 0 t \/5 0>
. 4 _ _
Pt = —mw?CoRE — ih—=PE + Zad Xma*Ri — A (E5"RE + KX R
0 0 \/5 0 3
: 2 _ A _
PP = —mw?CiRE — m%wg - SaSXmEPRY — 5 (R + X RY). (B.4)

where RE = RIV + R, PE =PIt + P
Appendiz B.3.2. Magnetic K™ =0~

- 1 _
Ry = —Py
0 m~ 9

- _ 4 A -
Py = —mw?CoRy + ga(SchDQRg v (1Ry + X0X Ry ),

- 1
RO — EPO,
5— 2 _ 4 a5 A - S —
Py = —mw CoRy + §a5me Ry — 1 (xoRo + x1XRy), (B.5)
S5 M 1
RO - EPO ,
M o~ M 2 ~25 M A 5 M M
. 1
Réw = (])W?
SM 2 Mo 2 cosm A M 5 M
Py = —mw CiRy — §a5me Ry — 1 (xoRy" + x1XRy") (B.6)
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Appendix C. Electromagnetic transition probabilities

Excitation probabilities are calculated with the help of the theory of linear response of the
system to a weak external field

O(t) = O e ™ 4 Ot ™, (C.1)

A detailed explanation can be found in [1, 7]. We recall only the main points. The matrix
elements of the operator O obey the relationship [31]

(GalOli)? = B Jim (52— Q) (/[Of)e 2, (C2)

where 1)y and v, are the stationary wave functions of the unperturbed ground and excited
states; ¢’ is the wave function of the perturbed ground state; 2, = (E, — Ey)/h are the normal
frequencies; the bar means averaging over a time interval much larger than 1/.

Appendiz C.1. Electric dipole transitions

To calculate the electric dipole transition probability, it is necessary to excite the system by
the following external field:

. Z N 3
OE1p) =€) (Z‘ST” - Zafp) Y1, (Er). (C.3)

T

The electric dipole operator (C.3) in cyclic coordinates r, reads

O(E1, ) = e\/g Z (%% - %@,,) e (C.4)

The reduced probability for electric dipole transition reads

B(E1u), = (Wl O(EL i) P = h lim (2 = Qu)(/[OEL ld/)e . (C5)

For the matrix element, we have

A , 312, N 3 =
WIOEL p)l) = \/% {z& - Zm} - 2\/% Ry - XR}]. (C.6)

Due to the external field (C.4), dynamical equations for collective variables Pl’fr and 775+

become inhomogeneous:
: /|3 NZ |
n+ it
P,m=...te Py

. /3 NZ .
Pﬁ+ = ... — € ET eZQt. (C?)

As a result, for P = Prt — PhT we obtain

- /3 NZ .
P: = ... +2€ ET eZQt. (08)

Solving the inhomogeneous set of equations, one can find the values of 7@: and R:[ required
in (C.5), (C.6) and calculate B(E1pu) factors for all excitations as explained in [1, 7].
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Appendiz C.2. Magnetic transitions

To calculate the magnetic transition probability, it is necessary to excite the system by the
following external field:

O(MA, 1) ,UNZ (95 ilgl(kﬁk) Vi (rYou(Be)) - (C.9)

The free particle g-factors are given by g =1, g? = 5.5856 for protons and g]' = 0, g = —3.8263
for neutrons, g = ¢g" — g7, g!% = ¢g" + g?. The spin quenching factor ¢ can be applied in the
calculations: g7 = gg7™°. The reduced probability for M\ magnetic transition reads

BMA)a = (@ OO, i) P = b Jim (2 = Qu)(/[OOA, l)e®.  (C.10)

The O(M2, 1) operator in cyclic coordinates reads

A1
15 2
O M2 p) = py g E C 1w {gSS Tp—y + 3gll T V} ) (C.11)

o
g k v=-1 k

For the matrix element, we have

<¢ |O(M2 K W - MN\/72 Z CQ‘LL v),1v [ SZ<U‘5’V’0/>RZL‘TI/ - 2\/_ 7—11’M 1/] ’ (C12)

k v=-1 o,0' k

where

Tii () = (2mh)~8 / dr / dp {r @ phaut 0 (1, D1 1), (©.13)

Only the dynamics of tensors of the first rank in the coordinate and momentum are taken into
account in this work. In this formulation of the problem, only the spin contribution of the
operator O(M2, i) can be estimated:

(¥'|Os(M2, )[4 uN\f d g Z Cil, [Z<a|3y|a’>7z;’:’y] : (C.14)

T=n,p v=-—1 o,0’ ’

From Eq. (C.14), for the p = 0,1,2 components we obtain

A 5 1
(V'|0s(M2,0)|) = NN\/%h > gl [Rg + 7 (R{” - R”J)] . (C.15)

T=N,p
15 T— it
(/|05 (M2, D) = puy | =h Zg (R — V2R, (C.16)
v / 15 T T
(W'|0s(M2,2)[0) = —pny[ - Y gIRT. (C.17)
T=n,p
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The matrix elements (¢/'|Og(M2, 11)|¢)') in terms of isoscalar and isovector variables have the
following form:

R i 5 RN _ RH B 7‘2N _ 7@@
1O M2. 0 = 1inin |2 |8 [ R o 1~ 1 VIRy + ——=—1]|, (C18
<¢ |OS( 7O)|w > /'LN2 An [gs (RO + \/§ + gs 7?'0 + \/5 9 ( )
71 A / h 15 _ _ _
(W0s(M2, D) = x5y 1= |9 (RT = V2RET) + g (R = V2RYT) . (C.19)
A ) ho[15 _
W10s(M2,2)10) = —un 5y 1 [9E5RAT + gV RYT). (C.20)

Since ¢!V = 9.4119 is much larger than ¢’ = 1.7593, the magnetic multipole operator is
dominantly isovector in nature.
Due to the external field (C.11), some dynamical equations become inhomogeneous:

- 15 gT it
— by LN
7Dl +/'LN dx 2 e,
7T — i h _.SNT it
0 RGNV s RAC
. 15 gT )
M= hy| == N7 e
7)1 + 1N Ax 2 e,
’P_ — — 1 h /igTNTeiQt
0 e N 47T s 3
. 5 gl )
T — . A Js NT Ot
P ey gro v e

. 5 g7 .
Pt = +uNh,/8—W%NTemt, (C.21)

where N™ = N for 7 = n and N™ = Z for 7 = p. As a result, for isovector and isoscalar
equations from (B.1), (B.2) and (B.3) we obtain

75f = ... +unh E% (92 + X g e,
Pr= oo iy 2 (0 XgY) o,
AR ;—i% (g2 + X gP®) ™,
P = .. —unh g% (95 + Xgt¥) ™,
P = . +ounh g% (g2 + X gi%) ™,
Prl = ... +punh E% (95 + Xgt¥) e,

DO
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- 5 A )
-— i) — = v X IS 1Qt
Po iy =5 (9.7 + Xg) e,
. 5 A )
-— a ] — = IS X v iQt
Py iy =5 (97 + Xg.') e,
- 5 A .
M _ v IS\ iQ
PO — _,U’Nh 8_71'5 (gs +ng) € t7
SM _ _ S A s VY it
Py = ... —unh (92 + Xg.') . (C.22)
8m 2
Solving the inhomogeneous sets of equations (C.22), one can find the values of 7_2,3 and Ri
(¢ = —,1},41) required in (C.18), (C.19), (C.20) and calculate B(M2pu) factors.
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