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Nuclear scissors modes are considered in the frame of the Wigner-function moments method generalized
to take into account spin degrees of freedom and pair correlations simultaneously. A new source of nuclear
magnetism, connected with counter rotation of spins up and down around the symmetry axis (hidden angular
momenta), is discovered. Its inclusion into the theory allows one to improve substantially the agreement with
experimental data in the description of energies and transition probabilities of scissors modes in rare-earth nuclei.
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I. INTRODUCTION

The nuclear scissors mode was predicted [1-4] as a counter-
rotation of protons against neutrons in deformed nuclei.
However, its collectivity turned out to be small. From random-
phase approximation (RPA) results which were in qualitative
agreement with experiment, it was even questioned whether
this mode is collective at all [5,6]. Purely phenomenological
models (such as, e.g., the two-rotors model [7]) and the sum
rule approach [8] did not clear up the situation in this respect.
Finally, in a recent review [9] it was concluded that the scissors
mode is “weakly collective, but strong on the single-particle
scale” and further: “The weakly collective scissors mode
excitation has become an ideal test of models—especially
microscopic models—of nuclear vibrations. Most models
are usually calibrated to reproduce properties of strongly
collective excitations (e.g., of J™ = 2% or 3~ states, giant
resonances, ...). Weakly collective phenomena, however,
force the models to make genuine predictions and the fact
that the transitions in question are strong on the single-particle
scale makes it impossible to dismiss failures as a mere detail,
especially in the light of the overwhelming experimental
evidence for them in many nuclei [10,11].”

The Wigner-function moments (WFM) or phase-space
moments method turns out to be very useful in this situation.
On the one hand it is a purely microscopic method, because it is
based on the time-dependent Hartree—Fock (TDHF) equation.
On the other hand the method works with average values
(moments) of operators which have a direct relation to the
considered phenomenon and, thus, make a natural bridge with
the macroscopic description. This makes it an ideal instrument
to describe the basic characteristics (energies and excitation
probabilities) of collective excitations such as, in particular,
the scissors mode.

Further developments of the WFM method, namely, the
switch from TDHF to TDHF-Bogoliubov (TDHFB) equa-
tions, i.e., taking into account pair correlations, allowed us
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to improve considerably the quantitative description of the
scissors mode [12,13]: for rare-earth nuclei the energies
were reproduced with ~10% accuracy and B(M1) values
were reduced by about a factor of two with respect to their
nonsuperfluid values. However, they remained about two times
too high with respect to experiment. We have suspected, that
the reason of this last discrepancy is hidden in the spin degrees
of freedom, which were so far ignored by the WFM method.

In a recent paper [14] the WFM method was applied for
the first time to solve the TDHF equations including spin
dynamics. As a first step, only the spin-orbit interaction was
included in the consideration, as the most important one among
all possible spin-dependent interactions because it enters into
the mean field. The most remarkable result was the discovery of
anew type of nuclear collective motion: rotational oscillations
of “spin-up” nucleons with respect to “spin-down” nucleons
(the spin scissors mode). It turns out that the experimentally
observed group of peaks in the energy interval of 2—4 MeV
corresponds very likely to two different types of motion: the
orbital scissors mode and this new kind of mode, i.e., the spin
scissors mode. The pictorial view of these two intermingled
scissors is shown on Fig. 1, which is just the modification (or
generalization) of the classical picture for the orbital scissors
(see, for example, Refs. [7,9]).

The next step was done in the paper [15], where the
influence of the spin-spin interaction on the scissors modes
was studied. There was hope that, due to spin-dependent
interactions, some part of the force of M1 transitions will be
shifted to the energy region of 5-10 MeV (the area of a spin-flip
resonance), decreasing in such a way the M1 force of scissors.
However, these expectations were not realized. It turned out
that the spin-spin interaction does not change the general
picture of the positions of excitations described in Ref. [14]
pushing all levels up proportionally to its strength without
changing their order. The most interesting result concerns
the B(M 1) values of both scissors—the spin-spin interaction
strongly redistributes M 1 strength in favor of the spin scissors
mode practically without changing their summed strength.

In the present work we suggest a generalization of the
WFM method which takes into account spin degrees of
freedom and pair correlations simultaneously. According to
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FIG. 1. (Color online) Pictorial representation of two intermin-
gled scissors: the orbital (neutrons versus protons) scissors + spin
(spin-up nucleons versus spin-down nucleons) scissors. Arrows inside
ellipses show the direction of spin projections; p corresponds to
protons; n corresponds to neutrons.

our previous calculations these two factors, working together,
should improve considerably the agreement between the
theory and experiment in the description of nuclear scissors
modes.

The paper is organized as follows: In Sec. II the TDHFB
equations for the 2 x2 normal and anomalous density matrices
are formulated and their Wigner transform is found. In Sec. III
the model Hamiltonian and the mean field are analyzed. In
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Sec. IV the collective variables are defined and the respective
dynamical equations are derived. In Sec. V the choice of
parameters and the results of calculations of energies and
B(M1) values of two scissors modes are discussed. The
phenomenon of counter-rotating angular momenta with spin
up and spin down, which can be considered also as a
phenomenon of hidden angular momenta, is analyzed in
Sec. VI. Results of calculations for 26 nuclei in the rare-earth
region are discussed in Sec. VII. The summary of the main
results is given in the conclusion section. The mathematical
details are concentrated in Appendixes A-D.

II. WIGNER TRANSFORMATION OF TIME-DEPENDENT
HARTREE-FOCK-BOGOLIUBOV EQUATIONS

The time-dependent Hartree—Fock—Bogoliubov (TDHFB)
equations in matrix formulation are [16,17]

ihR = [H,R], 1)

o p —R (kA
The normal density matrix 4 and Hamiltonian / are Hermitian
whereas the abnormal densny % and the pairing gap A are

skew symmetric: ¢ = —&* , AT = —A*,
The detailed form of the TDHFB equations is

with
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—ihk = —hi —kh* + A — Ap* — pA,

—ihkT = T+ #Th — AT + ATp + p*AT. (3)
It is easy to see that the second and fourth equations are
complex conjugate to the first and third equations, respectively.

Let us consider their matrix form in coordinate space keeping
all spin indices s,s’,s”:

> / dr'((e,s IR ,s") ("I s") — (e, |pIE s ) (s |l

—(r,s| Al ) (s R, s7) 4 (r,s|RIY,s") (s |ATIY s7)),

ih(r,s|kr’,s") =

+(r,s|AlY, s\ 8" | pF |,

—(r,s|A|r",s") —|—Z/d3r/((r,s|fz|r/,s’)(r’,s’|12|r”,s”) + (r,s|R Y, s) (1 s |R* | s
"

s”) 4 (r,s1pIr ') s AX" s7)),

ih(r,s|p*|r",s") = Z/d3r/( (r,s|h* v s s | pF Y, s") + (r,s| ¥, ) s || s”)

+ (r,s| AT ) (1 s [R5y —

ih(r,s|&f|”,s"

—(r,s| AT sV (s | pIr sy —

(r,s|RT|,s"y (,s'|AlY"s™)),

= (r,s|AT|r" s") +Z/d3r'(—(r,s|fz*|r’,s')(r’,s'lk”r”,s”) — (r,s|kT| s (s Bl s")
S/

(r,s|p*|r' ") (x| AT 7). )
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We do not specify the isospin indices in order to make formulas more transparent. They will be re-introduced at the end. Let us
introduce the more compact notation (r,s|X|r’,s") = X'7,. Then the set of TDHFB equations (4) with specified spin indices reads

» r 1y =

1T 3 7 W W
ihp!h = / Brmitott, = oMt f Rt pT bt AT AT

»

ihpl = / Brnptt — MR f bty

ihp,) = / &rlphl = ol + higotl = o),

b
P 3 o AR vy Wl ot At
ihp), = / &'y plt — e Rl Ryt — ikl — A kAT,

rr'tr'r” r'r”

ikl = —AM + / ' e Al e+ T ALY,

it = AN ¢ / Pr i, £t £ AN ot g phialt), )

rr/ ey

This set of equations must be complemented by the complex conjugated equations. Writing these equations, we neglected the
diagonal matrix elements in spin, «.7 and AZ},. It is shown in Appendix A that such an approximation works very well in the
case of the monopole pairing considered here.

We work with the Wigner transform [17] of equations (5). The relevant mathematical details can be found in Ref. [12]. The
most essential relations are outlined in Appendix B. Let us recall of some essential details of the Wigner transform of equations (5)
with the example of the first of these equations. Its left-hand side is transformed with the help of formula (B1) without any
approximations, i.e., exactly. The right-hand side of this equation contains the products of two matrices which are transformed
with the help of formula (B4), where the exponent represents an infinite series of terms with increasing powers of 7. It was shown
in Refs. [12,13] that, after integration of the obtained equation over phase space with second-order weights x;x;, x;p;, pip;,
only terms proportional to powers in 7 less than 2 survive. That is why we will write out only these terms. From now on, we will
not write out the coordinate dependence (r,p) of all functions in order to make the formulas more transparent. We have

. . 2 2
ihf.ﬁ — ih{h”,fﬁ} 4 thiT _ hoH 4 %{hw’fw} _ %L{fw’h“} _ %{{hw’fw}} 4 %{{f”,h“}}

10 10 K2 K2
FRAT = AT 4 %{K,A*} - %{A,K*} - Sl A + A+

. . 2 2
ihf'u — ,-h{hw’fw} + thN _ flThN + %i{hiT’fN} _ %{fw’hw} _ %{{hiT’fN}} + %{{f”,h”}}

ih
2

A K= =% A * = ih =% A hz A* = hz =% A
+A% —kTA+ {A ,K}—?{K ,A}—g{{A ,K}}+§{{K A

i

2
iﬁfN — fN(hTT _ hu) + Eh{(hTT + hw),fw} _ %{{(hﬁ _ hll),fﬂ}} _ hN(fTT _ fw)

. 2
+ %’{h”,(fM + Y9+ %{{W,(f” — N+,

i

2
ihf“ — fw(hw _ hTT) 4 ?h{(hli 4 hTT),fM} _ %{{(hii _ hTT)’flT}}
. 2
_th(fll _ fTT) + %{hw,(fu + fTT)} + %{{th’(fw _ fTT)}} 4o

ik _ 2 i
ihic = i (01 + ) + TR =R} = UGB + 7))
i

2
+AM+ Y+ g{(f” — Ay - %{{(f” + A=A+

: 2
in* = —k*(W'T + RV + %L{(h” — Yt + %{{(W + Rt

: 2
- A M+ Y+ %{(f” — F,A% + %{{(f” + AN+ A+ (6)
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where the functions &, f, A, and « are the Wigner transforms of fz, 0, A, and k, respectively, f (r,p) = f(x,—p), {f.g} is
the Poisson bracket of the functions f(r,p) and g(r,p) and {{ f,g}} is their double Poisson bracket. The dots stand for terms
proportional to higher powers of i—after integration over phase space these terms disappear and we arrive to the set of exact
integral equations. This set of equations must be complemented by the dynamical equations for 11, £V, FNV, F41 & k.
They are obtained by the change p — —p in arguments of functions and Poisson brackets. So, in reality we deal with the set of
twelve equations. We introduced the notation ¥ = ™ and A = A™. Symmetry properties of matrices &, A and the properties
of their Wigner transforms (see Appendix B) allow one to replace the functions «*"(r,p) and A''(r,p) by the functions & (r,p)
and AN (r,p).
Following the paper [14] we will write above equations in terms of spin-scalar

f—‘r — fTT +f¢¢

and spin-vector
= fTT _ fw

functions. Furthermore, it is useful to rewrite the obtained equations in terms of even and odd functions f, = %( f+ f)and
fo = 3(f — /) andreal and imaginary parts of k and A: k" = J(k 4+ k%), k' = 3-(k — k%), A" = (A + A%), Al = (A — A).
We have

it = T Y U S U S U S+ LS S AT+ T AT+ )
+4i ([ AL = [0 AL + [k AL] — (kG AL]) + -+
ihf, = %[{h:’f;} AR LY A g Y A N+ 2k ALY+ (kALY (kDAL + k)L ALY

ALY LY LA R I S
infe =2 £+ AT = T = bt T 2in({l A} + {icl ALy + (i Al + (K. AL)

+ zL[{hi,f;} SR RV AR S U AN E S U AR
——{{h I AR LY = R A = T A+
infy =2 IR Y — R — R +di([LAL] — (kL AD] + [kEAL] = [kLAL))
—[{h,, R Ul RV ol R VA
—Z[{{hli,fﬁ}}+{{h1kfe“}}—{{hiﬂfo“}} nyt fm+ -
ihf = g [ by [ = hl T =l gy >+ RUREY £) + Y £+ £ + (£
+ %[{{hll,f;}} + (RS N - {{h;,fﬂ}} — g S+
ihfh = —(hg £+ hg £ = hg fT =g f >+ BLi Y+ 3£+ £ + £V
—g[{{h SN+ S }}—{{he,f”}}—{{ho,ﬁ IR
infM =(h;fj¢+h;fj¢—h§¢f- AN )+ [{h SV R Y L Y £
{{w o+ UR £ - {{h;,fo”}} —{{hy S+
L S [{h“,f:}+{h3ﬂf:}+{h:,fﬁ}+{hj,fo“}1
- %[{{hiT,fo‘}} S OARy A I (U AR VI (1 A} SR
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h + r — r c Al
AL AL LA i+

+ Ay AL i

ik, = —i[hf k] +h, )]+ %L{hj,;cé +hy kL) —i[ £ AL+ AL+ 3{ AL+ f A AL+
ihk) = —i[hf k) +h, k] + %i{hj,ic(’; +hy Ly —i[ AL+ £ AL+ 5{ AL fTAL AL+ (D)
[
The followin)fg2 notation is introduced here: h==h1" + hit, 1 ) z N z N
— v — — 2 -
Ezbl]) lafd_f-?{?}’b:}}’{ a[,‘;)l; i ff ;} N 1=[ab] + [cd] + - - , H, = H; G Z ; +5 ,-,%,»)+ l-.,-%,»)
These twelve equations will be solved by the method y §7u @) Su ()8 — 1)), an

of moments in a small-amplitude approximation. To this
end all functions f(r,p,#) and «(r,p,t) are divided into
an equilibrium part and a deviation (variation): f(r,p,t) =
f@,Pleq +8f(x,p,t), k(x,p,t) = K(r,P)eq + Sk (r,p,1). Then
equations are linearized neglecting quadratic terms.

From general arguments one can expect that the phase of
A [and of «, since both are linked, according to equation (20)]
is much more relevant than its magnitude, since the former
determines the superfluid velocity. After linearization, the
phase of A (and of «) is expressed by A’ (and 8«'), while
A" (and 5k") describes oscillations of the magnitude of A
(and of «). Let us therefore assume that

Sk"(r,p) < 8k'(r,p). (8)

This assumption was explicitly confirmed in Ref. [18] for
the case of superfluid trapped fermionic atoms, where it was
shown that §A" is suppressed with respect to SA’ by one order
of A /Eg, where Er denotes the Fermi energy.

The assumption (8) allows one to neglect all terms con-
taining the variations dx” and § A" in the equations (7) after
their linearization. In this case the “small” variations §«" and
SA" will not affect the dynamics of the “big” variations Sk’
and §A’. This means that the dynamical equations for the big
variations can be considered independently from that of the
small variations, and we will finally deal with a set of only ten
equations.

III. MODEL HAMILTONIAN

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

A A2
Z|: + ma)l‘ —nlSiI+qu+Hma (9)

with
2 zZ N z N
Hyg= Y e >+ Y+ )
n=-2 i iLjA#j)  LjA#))
X g2 (X)qau(r;), (10)

where N and Z are the numbers of neutrons and protons and
S, are spin matrices [19]:

h=- 6 ) 8-1)

V2\0 0)’ 2\0 —1)°

§1=i<0 O). (12)
NAVER)

A. Mean field

Letus analyze the mean field generated by this Hamiltonian.

1. Spin-orbit potential

Written in cyclic coordinates, the spin-orbit part of the
Hamiltonian reads

h 7 h
07 1%
his; =—n Z( )l Su=—n< iz% g)

n=—1

where [19]

= —FL\/—ZCIU ol (13)

cyclic coordinates r_y, rg, r; are also defined in Ref. [19],

Cfa 1, 1s a Clebsch—Gordan coefficient, and

» 1 . 2
Iy = h(roVi — Vo) = _E(lx +ily),
lo = h(r_ Vi — Vo) =1,

. 1. .

Iy =Mr_1Vo—roVoy)) = E(lx —ily),
[, = —ik(yV, —zV,), [, = —ih(zV, —xV.),
[, = —ih(xVy — yV,). (14)
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Matrix elements of /4, in coordinate space can obviously be
written [14] as
(ri.s11hslra,52)
= —gn[fo(rl)(émam — 841851) + V201(11)85,1 85y,
— V218, 480,1]8(ry —12). (15)

Their Wigner transform reads [14]:

S152 h
hls (r’p) = _EU[IO(r’p)(aY]TSSzT - 831i852¢)
+ ‘/Elfl(r»p)asmaszi - \/Ell(r’p)(sswfgsﬁ]v
(16)
where [, = —i~/2 Yoo Clllffmrvpa.

2. Quadrupole-quadrupole interaction

The contribution of H,, to the mean-field potential is easily
found by replacing one of the g,, operators by the average
value. We have

Vi, =V6Y (—1Y'Z . (17)
"
Here
Zhh =k Ry + ERZj, Zflf - KRZj + RS
T+ l T+
Ry, (1) = % d(p,r)qo,(r) fF7(xr,p,1), (18)

with [ d(p,r) = 27h)™ [ d*p [ d*r and T being the isospin
index.

3. Spin-spin interaction

The analogous expression for Hy; is found in a standard
way [15] with the following result for the Wigner transform of
the proton mean field:

R
VI‘)‘ (r,t) =3y g[SNSS/TntT + Sﬁ&wnzi
— 8518yt = 854 8qnt]

hZ
+ X E[zssias%niT + 2557«5J/¢n2i’

+ (854854 — 85180 )M — i, (19)

ss’ d3
where ns* (r,1) = [ (2;1;[;)3

of the neutron mean field V,f“' is obtained from Eq. (19) by the
obvious change of indices p < n.

fr”/(r,p,t). The Wigner transform

B. Pair potential

The Wigner transform of the pair potential (pairing gap)
A(r,p) is related to the Wigner transform of the anomalous
density by [17]

d*p' ) )
A(r,p) = —/ Qnhy v(|p — p' Dx(r,p), (20)
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where v(p) is a Fourier transform of the two-body interaction.
We take for the pairing interaction a simple Gaussian of
strength Vy and range r,, [17]

v(p) = Be™ ", 1)
with 8 = —|V0|(r‘,,\/5)3 and @ = r‘,z,/(4h2). For the values of
the parameters, see Sec. V A.

IV. EQUATIONS OF MOTION

Integrating the set of equations (7) over phase space with
the weights

W={r®phu {r®rhu, and 1, (22)

{p ® phius

one gets dynamic equations for the following collective
variables:

L350 = [ 4.0l © phudfIEepa).

Ri50 = [ donir © r)bf7 5 p),

PIS() = / dPOP © Phud [ (P,

Frs() = / PSS (1),

L0 = /d(p,r){r ® phudiy (x,p,0),

RE, (1) = / d(p,0){r ® r} 8kl (r,p,t),

(1) = / AP ® phudki@pn,  (23)
where ¢ =+, — M, 4t and {r @ rla, = Y., C1lt | roly.

The required expressions for 4%, ATV, and A'" are

2
Wt = % +motr? + 123 (DA ZE (i ® rla

"
+ Vf+(r’t) - /JL‘[’
with u® being the chemical potential of protons (r = p) or
neutrons (t = n),

T

h
hy = —hnly+ V. (r,t), hl¥ = —Enl_l + VD),

T

hit = %nll + Vi,
where according to Eq. (19)
2
V;(r,t) = —3§)(n;(r,t),
2 2
v, (1) = 3§)(n;(r,t) + Z)Zn;(r,t),

K2 B2
Ve n =3 xmp e + X,

h? h?
Ve =3 e+ ot en, 24
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and the neutron potentials V,; are obtained by the obvious
change of indices p <> n. Variations of these mean fields read:

Shi =123 (=D8Z3(){r ® rhay + 8V, (x.1),
"

where 2" = k8R) + kSRy"

5 SR (1) = R} (1), and

"
+ -
sV, (1) = —3§)(8np(r,t),
d*p

+ —
st (r,r) = / R

Variations of 2=, h™V, and A'" are obtained in a similar way.
Variation of the pair potential is
d’p’
(2w h)?
We are interested in the scissors mode with quantum

number K™ = 17, Therefore, we only need the part of dynamic
equations with u = 1.

8, (r.p.o).

v(lp — p'Dék(r.p’1).  (25)

SA(r,p,t) = —/

J

PHYSICAL REVIEW C 91, 064312 (2015)

It is convenient to rewrite the dynamical equations in terms
of isoscalar and isovector variables

Rku = RK# + Rfﬂ’ RM}. = RKV- - Rfus
Pou =Pl + Pl Pu=Py, —P, (26)

Loy =L, + L}

Al

Loy =L5, — ,Cfﬂ.

It also is natural to define isovector and isoscalar strength
constants k; = %(K — k) and kg = %(K + i) connected by the
relation k; = akg [20]. Then the equations for the neutron and
proton systems are transformed into isovector and isoscalar
ones. Supposing that all equilibrium characteristics of the
proton system are equal to that of the neutron system one
decouples isovector and isoscalar equations. This approxima-
tions looks rather crude. In the paper [13] we tried to improve
it by employing the more accurate approximation which works
very well in the case of collective motion:

Q"/N ==+0"/Z,

where Q is any of collective variables (23) and the sign + (—) is utilized for the isoscalar (isovector) motion. The corrections
to the more simple approximation turned out of the order (%)2. For rare-earth nuclei this gives an error about 4%, which is
admissible for us, because the main goal of this paper is to understand the influence of the simultaneous action of pairing and
spin degrees of freedom on the scissors mode. So, to keep final formulas more transparent, we prefer to use the more simple

approximations.

The integration yields the following set of equations for isovector variables:

L4 = —P5 = [m o’ = 4v3aro Ry + VoL + 0o RIRS, — i [L5, + 2L} + VBLi
i 1 ) eq \/32 X I I a% ag _ N 4 CA, A
£21 :apzl—[mw +\/6K0R20—Eh X—g %—FE A_Q_A_l R21—lh5521+ﬁ|‘/o|lrp Loy,
ity _ Lo 2 q_ V3, X\ND | oty ol oy
Ly = =Py —|mw —2«/6/(0R20——h X — = )— Ry —ihzL5,
5 3/ A, 2
2t _ Lo 2 2 Jeo RITRM 4 2o RARM —in [ ot
‘CZO = Z 0 — [ma) +2 6K0R20]R20 +%K0R20 ROO —ZFLE Eﬁzl
V3 b 1 2 1 1
Yol — XV (= — VR 4 Vo — + — VR4
T <X 3> 1[(112 A1> 0tV G, T g )
£ = —3v6(1 — )RR, — ihg[c,] +v2L80,
. V3 X L L a? a2 n 4 <
- _ eq 2 1 0 - . At 1t KA1
£11 = —|:3\/6K0R20 — Eh (X — E) (a_g — a_]z) (A_2 — A_1>:|R21 — hE[l,C” +FLF ]+ ﬁ|VQ|]rp (r )‘Cll»
£ = gt + hEYY,
10 2\/§ 11
FY' = —plLy, + V2L,
. 2
RY, = —f, = ih3 Ry, +2RY + VR,
2., .7
R21 = n_’1£21 —_ lhER;—l,
. 2
1 N
Rt = 2tt - inlRy,
. 2 n /3
1 .
Ron _CioT_’hE ER;
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Al =V2RY - R = @<1+-3),

00 — \/g 3
Qoo 2
RS /N2 + Ry = _E<1 - 55).
(1 - (2/3)5)”6
a1 =a =Ry —=)
1+ (4/3)8
(1 — (2/3)5)‘1/3
ap = Ro\ ———~~
14 (4/3)8

are semiaxes of ellipsoid by which the shape of nucleus is
approximated, §—the deformation parameter, Ry = 1.2A4'/3
fm—the radius of the nucleus,

= _/ (8n(r)> I = %/wdrrzn(r)z,
0

n(r) = no[1 + exp(“=2)]~!—the nuclear density,

Ko= f dE.proc.p). Ks = f d(r.p)rco(r.p).

27

(

The functions ko(r'), Ao(r"), L5 ('), and 152 (') are discussed
in the next section and are outlined in Appendix D. Deriving
these equations we neglected double Poisson brackets con-
taining x or A, which are the quantum corrections to pair
correlations. The isoscalar set of equations is easily obtained
from Eq. (27) by taking o« = 1, replacing ¥ — —x, and putting
the marks “bar” above all variables.

V. RESULTS OF CALCULATIONS

The set of equations (27) coincides with the set of equations
(27) of the paper [15] in the limit of zero pairing, i.e., if to omit
the last four equations and to neglect the contributions from
pairing in the dynamical equations for the variables £5,, £ 110
and 7721 On the other hand, the dynamical equations for P,
and R, and the contribution from pairing in the dynamical
equation for P are exactly the same as the ones in the
paper [13]. Only the dynamical equations for L5y, £y and the
contributions from pairing in dynamical equations for £5,, L,
are completely new.

Imposing the time evolution via e!£"/" for all variables one
transforms (27) into a set of algebraic equations. It contains
23 equations. To find the eigenvalues we construct the 23 x23
determinant and seek (numerically) for its zeros. We find seven
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FIG. 2. (Color online) The pair-field (gap) Ao(r), the function
A=Wl ;pA (r), and the nuclear density n(r) as functions of distance

r. The solid lines—calculations without the spin-spin interaction H,,
the dashed lines—H,; is included.

roots with exactly £ = 0 and 16 roots which are nonzero:
eight positive ones and eight negative ones (situation is exactly
same as with RPA; see Ref. [21] for connection of WFM and
RPA). In this paper we consider only the two lowest roots
corresponding to the orbital and spin scissors. The qualitative
picture of high-lying modes remains practically without any
changes in comparison with Ref. [15].

Seven integrals of motion corresponding to Goldstone
modes (zero roots) can be found analytically. They are written
out in the Appendix C. The interpretation of some of them
has been found in Ref. [15], whereas the interpretation of the
remaining ones seems not to be obvious.

A. Choice of parameters

(i) Following our previous publications [20,21] we take
for the isoscalar strength constant of the quadrupole-
quadrupole residual interaction ko the self-
consistent value [22] kg = —m®d? /(4 Qo) wWith Qgy =
2AR%, @ = W} /[(1 4 38)*3(1 — 28)!/3], and howy =
41/A'3 MeV.

(ii) The equations (27) contain the functions
Ao(r') = Aeg(r', pr(r)), IR0 = IS pr(r)),
DA = I;ﬁ(r/,pF(r/)), and k(") = k(1)
depending on the radius r’ and the local Fermi
momentum pr(r') (see Fig. 2).

The value of r’ is not fixed by the theory and can be
used as the fitting parameter. We found in our previous
paper [13] that the best agreement of calculated results
with experimental data is achieved at the point r’
where the function [ ;I,A(r’, pr(r’)) has its maximum.
Nevertheless, to get rid off the fitting parameter, we
use the averaged values of these functions: Ay =
f drny(r)Ao(r,pr(r))/ A, etc. The gap A(r, pr(r)), as
well as the integrals I;pA(r,pF(r)), K4, and K, were
calculated with the help of the semiclassical formulae
for «(r,p) and A(r,p) (see Appendix D), a Gaussian
being used for the pairing interaction with r, = 1.9

PHYSICAL REVIEW C 91, 064312 (2015)

fm and Vi = 25 MeV [17]. Those values reproduce
usual nuclear pairing gaps.

(iii) The spin-spin interaction used is repulsive, the val-
ues of its strength constants being taken from the
paper [23], where the notation x = K;/A, X =qx
was introduced. The constants were extracted by the
authors of Ref. [23] from Skyrme forces following
the standard procedure, the residual interaction be-
ing defined in terms of second derivatives of the
Hamiltonian density H(p) with respect to the one-
body densities p. Different variants of Skyrme forces
produce different strength constants of the spin-spin
interaction. The most consistent results are obtained
with SG1, SG2 [24], and Sk3 [25] forces. To compare
theoretical results with experiment the authors of
Ref. [23] preferred to use the force SG2. Nevertheless,
they noticed that “As is well known, the energy
splitting of the HF states around the Fermi level is too
large. This has an effect on the spin M1 distributions
that can be roughly compensated by reducing the
K, value.” According to this remark they changed
the original self-consistent SG2 parameters from
K; =88MeV,q = -0.95t0 K; =50MeV, g = —1.
It was found that this modified set of parameters gives
better agreement with experiment for some nuclei in
the description of spin-flip resonance. So we will use
K; =50MeV and g = —1.

(iv) Our calculations without pairing [15] have shown
that the results are strongly dependent on the values
of the strength constants of the spin-spin interaction.
The natural question arises: how sensitive are they to
the strength of the spin-orbital potential? The results
of the demonstrative calculations are shown in Fig. 3.

The M1 strengths were computed by using effective spin
gyromagnetic factors g° = 0.7gf™°. One observes a rather
strong dependence of the results on the value of #: the splitting
AFE and the M1 strength of the spin scissors grow with
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FIG. 3. (Color online) (a), (b) The energies E and (c), (d) B(M1)
factors as functions of the spin-orbital strength constant 7. (a), (c)
Solid lines are without the spin-spin interaction H,,, dashed lines are
with Hj, included. (b), (d) The same as in panels (a) and (c) but with
pair correlations included.
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TABLEI. Scissors mode energies E. and transition probabilities
B(M1),.

%Dy Ey MeV) B(M ) (13)

K,=0 K;=50 K;=92 K;=0 K,=50 K,=92

Spin Ap=0 147 1.67 1.80 558 645 7.02
Scissors Ag#0 2.86  2.80 2.82 493 498 5.66
Orbital Ay=0 2.64 2.76 2.8 199 1.82 1.73
Scissors Ag#0 3.62  3.57 358  1.67 1.71 1.55

increasing 1, the B(M 1) of the orbital scissors being decreased.
At some critical point 7. the M1 strength of the spin scissors
becomes bigger than that of the orbital scissors. The inclusion
of the spin-spin interaction does not change the qualitative
picture, as well as the inclusion of pair correlations (see Fig. 3).

What value of n to use? Accidentally, the choice of n
in our previous papers [14,15] was not very realistic. The
main purpose of the first paper was the introduction of spin
degrees of freedom into the WFM method, and the aim of the
second paper was to study the influence of spin-spin forces on
both scissors—we did not worry much about the comparison
with experiment. Now, both preliminary aims being achieved,
one can think about the agreement with experimental data,
therefore the precise choice of the model parameters becomes
important. Of course, we could try to choose 1 according to the
standard requirement of the best agreement with experiment.
However, in reality we are not absolutely free in our choice. It
turns out that we are already restricted by the other constraints.
As a matter of fact we work with the Nilsson potential; the
parameters of which are very well known. Really, the mean
field of our model (9) is the deformed harmonic oscillator with
the spin-orbit potential, the Nilsson £> term being neglected
because it generates the fourth-order moments and, anyway,
they are probably not of great importance. In the original
paper [26] Nilsson took the spin-orbit strength constant
knits = 0.05 for rare-earth nuclei. Later, the best value of «yjs
for rare-earth nuclei was established [17] to be 0.0637. For
actinides, different values of knjs were established for neutrons
(0.0635) and protons (0.0577). The numbers kynjs = 0.0637,
kniis = 0.05, and ks = 0.024 (corresponding to 1 = 0.36
used in our previous calculations [14,15]) are marked on
Figs. 3 and 5 by the dotted vertical lines. Of course we will
use the conventional [17] parameters of the Nilsson potential
and from now on we will speak only about the Nilsson [26]
spin-orbital-strength parameter kyj;s, which is connected with
n by the relation n = 2hwkiss.

PHYSICAL REVIEW C 91, 064312 (2015)

B. Discussion and interpretation of results

The energies and excitation probabilities of orbital and spin
scissors modes obtained by the solution of the isovector set of
equations (27) are displayed in Table I. There are results of
calculations with three values of the spin-spin strength constant
and two values of Aj. As was expected the energies of both
scissors increased approximately by 1 MeV after inclusion
of pairing. The behavior of transition probabilities turned out
to be less predictable. The B(M 1) value of the spin scissors
decreased approximately by 1.5 M%\,, whereas the B(M 1) value
of the orbital scissors turned out to be practically insensitive
to the inclusion of pair correlations.

We can compare the summed B(M1)y = B(M1)y +
B(M 1), values and the centroid of both scissors energies:

Ecen = [Ea: B(M 1) + EspB(Ml)sp]/B(Ml)Za

with the results of the paper [13] where no spin degrees of
freedom had been considered and with the experimental data.
The respective results are shown in Table II.

It is seen that the inclusion of spin degrees of freedom in
the WFM method does not change markedly our results (in
comparison with previous ones [13]). Of course, the energy
changed in the desired direction and now practically coincides
with the experimental value (especially in the case without
spin-spin forces.) However, the situation with the B(M1)
values did not change (and even becomes worse in the case with
spin-spin forces). Our hope that spin degrees of freedom can
improve the situation with the B(M 1) values did not become
true: the theory so far gives two-times-bigger values of B(M 1)
than the experimental ones, exactly as was the case in the
paper [13].

The result looks discouraging. However, a phenomenon
which was missed in our previous papers and is described in
the next section saves the situation.

VI. COUNTER-ROTATING ANGULAR MOMENTA OF SPIN
UP AND SPIN DOWN (HIDDEN ANGULAR MOMENTA)

The equilibrium (ground-state) orbital angular momentum
of any nucleus is composed of two equal parts: half of
nucleons (protons + neutrons) having spin projection up and
other half having spin projection down. It is known that the
huge majority of nuclei have zero angular momentum in the
ground state. We will show below that, as a rule, this zero
is just the sum of two rather big counter-directed angular
momenta (hidden angular momenta, because they are not
manifest in the ground state) of the above-mentioned two parts

TABLE II. Scissors mode energy centroid E.., and summarized transition probabilities B(M1)y. The experimental values of E.., and

B(M1)y, are from Refs. [27,28].

%Dy Ecen (MeV) B(M1)s (13)
K.,=0 K, =50 K, =92 Ref. [13] Expt. K,=0 K, =50 K, =92 Ref. [13] Expt.
Ap=0 1.77 1.91 2.01 2.17 1.57 8.27 8.76 9.59
3.14 3.18
Ay #0 3.06 2.99 2.98 3.60 6.60 6.69 7.20 5.95
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of any nucleus. Being connected with the spins of nucleons
this phenomenon naturally has great influence on all nuclear
properties connected with the spin; in particular, the spin
scissors mode.

Let us analyze the procedure of linearization of the equa-
tions of motion for collective variables (23). We consider small
deviations of the system from equilibrium, so all variables
are written as a sum of their equilibrium value plus a small
deviation:

L(t) = L(eq) + L(1), ....
Neglecting quadratic deviations one obtains the set of lin-
earized equations for deviations depending on the equilibrium

values R;;(eq) and L;; (eq), which are the input data of the
problem. In the paper [15] we made the following choice:

R}, (eq) = Ry,(eq) =0, 28)
Ry(eq) # 0, Rgy(eq) # 0,

RlY(eq) = R}/ (eq) =0, (29)

Li5(eq) =0, R;,(eq) =0 (30)

At first glance, this choice looks quite natural. Really,
relations (28) follow from the axial symmetry of the nucleus.
Relations (29) are justified by the fact that these quantities
should be diagonal in spin at equilibrium. The variables L 9 ° (1)
contain the momentum p in their definition which incited us to
suppose zero equilibrium values as well (we will show below
that it is not true for L, because of quantum effects connected
with spin).

The relation R; (eq) =0 follows from the shell-model
considerations: the nucleons with spin projection “up” and
“down” are sitting in pairs on the same levels, therefore
all average properties of the “spin up” part of the nucleus
must be identical to that of the “spin down” part. However, a
careful analysis shows that, although being undoubtedly true

J
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for variables R; ;, Ri i , this statement turns out erroneous for

variables L10 , L10 . Let us demonstrate it. By definition,

Lss (l) — de f

= / &Erir @ I Y,

o h)g{ ® phi ™ (rp.1)

€29

where

a3 ,
P (e pt)

JiSS (rvt) = / (27Th)3
d®pp; ,-
:/ PP /d3qe_hp'q,o<r+ g,s;r— g,s’;t)
(32)

2r k)3
is the ith component of the nuclear current. In the last relation,
the definition [17] of the Wigner function is used. Performing
the integration over p one finds
1 t)
2

, d
I () = ih/ d3q[—6(q):|p<r + g,s;r —
qu 2

0
—iﬁ/d3q5(q)a—qip<r+ %,s;r — g,S’;t)

ih
=~y

- VZi)p(rle;r2ys/;t)]r1=r2=r9 (33)
where r; = r+ , I =r— ‘2—’. The density matrix of the
ground-state nucleus is defined [17] as

pr1,siTa,s's1) = Y vigu(ris)r(ras),  (34)

where v2 are occupation numbers and ¢, are single-particle

wave functions. For the sake of simplicity we consider the case
of spherical symmetry. Then v = nljm and

Putjm(r.5) = n,,mzcm R NCROVMOR (39)
ss’ l 2 * / * /
I = =2 Y Vi85 = $ur,s)Vig(r,s)] (36)
ih jm * * ’
== D Ry D o O Y ViYia = YiaViYio Iy (90616 (37)
nljm A,o,N o'
Inserting this expression into Eq. (31) one finds
, ih m . R
Lig(ed) = == D viim D CL Ol 1 KX (s / IPrRy; 1Y (r ® ViYia — Yiafr @ VhoYy ]
nljm Ao, Ao’
jm jm 3 2 * 7 _ T vx
Zvn,,m > Gl O ) [ R T~ YiahaT
nljm Ao,No’
Z > Con1oCin o X100 (A + A
nljm Ao,N'o’ )
ZvnzﬂnZA( i ) X10()X14(5). (38)
nljm
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Here the definition IAM = —h«/i{r ® V}iu, formula le YA = AY;a, and normalization of functions R,,;; were used. Remembering

the definition of the spin function x % - (8) = 855 we get finally

Lio( q) Z Unl]m Z A (Cljlinl ) ss' = 8” f Z v”]JW’( Im—s, 3) (m o S) (39)
nljm
Now, with the help of analytic expressions for Clebsch—Gordan coefficients one obtains the final expressions
s I+1+m 1 I+ —m] 1
LTT 2 T2 A R — ), 40
(eq) = IZ Zlvn,jm et ZIU"“’" il | G (40)
Lm=—0+3) m=—(-5 _
S I =3 I ]
Wiy — L p lty—m , Lt atm !
Lig(eq) = NG Z Z Valjtm oy 1 + Z Vi 7 + 1 [\ t3) (41)
| m=—(+3) m=—(-3) i
where the notation j* =1+ % is introduced. Replacing in Eq. (40) m by —m we find that
LITOT (eq) = —Lfé (eq). (42)
By definition (23) L o(eq) = LITOT (eq) £ Lfé (eq). Combining linearly Egs. (40) and (41) one finds
T -4
i 21 2042
Li(eq) = — 2 e + wiemar | 43
toea) ﬁz Zl Cntitm o ™" Z] Cntjmm o g™ 43)
nl Lm=—0+3) m=—(—3)
i [ omt—j—L 15 2m? 41+ 1
_ _ 2 2 _ 2 -~ 2
Lue0 =52 X gy T X Ve g 4
n L m=— +§ m=—(—3

These formulas are valid for spherical nuclei. However, with
the scissors and spin-scissors modes, we are considering
deformed nuclei. For the sake of the discussion, let us consider
the case of infinitesimally small deformation, when one can
continue to use formulas (43), (44). Now only levels with
quantum numbers £m are degenerate. According to, for
example, the Nilsson scheme [26], nucleons will occupy
pairwise precisely those levels which leads to the zero value
of L,(eq).

What about Lj,(eq)? It only enters Eq. (27) in the
equation for 752_1. Let us analyze the structure of formula (44)
considering for the sake of simplicity the case without pairing.
Two sums over m (let us note them ¥; and X,) represent
the two spin-orbital partners: in the first sum the summation
goes over the levels of the lower partner (j =/ + %) and in the

second sum—over the levels of the higher partner (j =1 — %).
The values of both sums depend naturally on the values of
occupation numbers 71,;;,, = 0,1. There are three possibilities.
The first one is trivial: if all levels of both spin-orbital partners
are disposed above the Fermi surface, then the respective
occupation numbers 7,;,, = 0 and both sums are equal to
zero identically. The second possibility: all levels of both
spin-orbital partners are disposed below the Fermi surface.
Then all respective occupation numbers 7+, = fuj-m = 1.
The elementary analytical calculation (for arbitrary /) shows
that, in this case, the two sums in Eq. (44) exactly compensate
each other, i.e., ¥; + ¥, = 0. The most interesting is the third
possibility, when one part of the levels of two spin-orbital
partners is disposed below the Fermi surface and another part

(

is disposed above it. In this case the compensation does not
happen and one gets X1 + X, # 0 which leads to L|,(eq) # 0.
In the case of pairing, things are not so sharply separated and
L7,(eq) has always a finite value. However, the modifications
with respect to mean field are very small.

Let us illustrate the above analysis by the example of Dy
(protons). Its deformation is § = 0.26 (¢ = 0.24) and Z = 66.
Looking at the Nilsson scheme (for example, Fig. 1.5 of
Ref. [16] or Fig. 2.21c of Ref. [17]) one easily finds that
only three pairs of spin-orbital partners give a nonzero
contribution to L,(eq). They are N =4, ds; — d3p (two
levels of ds, are below the Fermi surface, all the rest—above);
N =4, g9 — g7/2 (one level of g7, is above the Fermi
surface, all the rest—below); N = 5,h11/2 — hoj» (four levels
of hyyj, are below the Fermi surface, all the rest—above).
It is possible to make the crude evaluation of L ,(eq) using
the quantum numbers indicated in Fig. 1.5 of Ref. [16] or in
Fig. 2.21c of Ref. [17]. The result turns out rather close to the
exact result, computed with the help of formulas (31) and (36)
and Nilsson wave functions. The influence of pair correlations
is very small.

Indeed, from the definitions (31) and (38) one can see that
Lip(eq) is just the average value of the z component of the
orbital angular momentum of nucleons with the spin projection
S (2 or ——) So, the ground-state nucleus consists of two
equal parts having nonzero angular momenta with opposite
directions, which compensate each other resulting in the
zero total angular momentum. This is graphically depicted in
Fig. 4(a).

064312-12



ORBITAL AND SPIN SCISSORS MODES IN SUPERFLUID ...

(a) Equilibrium

spins down spins up
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(b) Spin-scissors
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FIG. 4. (Color online) (a)Protons with spins 4 (up) and |, (down)
having nonzero orbital angular momenta at equilibrium. (b) Protons
from panel (a) vibrating against one another.

On the other hand, when the opposite angular momenta
become tilted, one excites the system and the opposite angular
momenta are vibrating with a tilting angle, see Fig. 4(b).
Actually, the two opposite angular momenta are oscillating,
one in the opposite sense of the other. It is rather obvious from
Fig. 1 that these tilted vibrations happen separately in each of
the neutron and proton lobes. These spin-up against spin-down
motions certainly influence the excitation of the spin scissors
mode. So, classically speaking, the proton and neutron parts
of the ground-state nucleus consist each of two identical
gyroscopes rotating in opposite directions. One knows that
it is very difficult to deviate gyroscopes from an equilibrium.
So one can expect that the probability to force two gyroscopes
to oscillate as scissors (spin scissors) should be small. This
picture is confirmed in the next section.

VII. RESULTS OF CALCULATIONS, CONTINUED

We made the -calculations taking into account the
nonzero value of Lj,(eq) [which was computed according to
formulas (31) and (36) and Nilsson wave functions]. The
results are shown on Fig. 5.

They demonstrate (in comparison with Fig. 3) the strong
influence of the spin-up vs spin-down angular momenta on
the spin scissors mode, whose B(M1) value is strongly
decreasing with increasing xnjs. The B(M1) value of the
orbital scissors also is reduced, but not so much, the value of the
reduction being practically independent of kyjjs. The influence
of L,(eq) on the energies of both scissors is negligible,
leading to a small increase of their splitting. Now the energy
centroid of both scissors and their summed B(M1) value at
knits = 0.0637 are Ecen = 3.07MeV and B(M1)s = 3.78 u%,.
The general agreement with experiment becomes considerably
better (compare with Table II).

The results of systematic calculations for the rare-earth
nuclei are presented in Tables IITand I'V and displayed in Fig. 6.
Table III contains the results for well deformed nuclei with
8 > 0.18. It is easy to see that the overall (general) agreement
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[ T T T T
36 - 164 //’/_:
N y . \sc'\‘55°‘s/ (@ ]
34l M' .
ST ==
) L ==
w e
B.OF ==L 3Pin scisgoys ]
2.8 — \\
L . . . ] ]
8 T T T T
i ——= Ley=0 (b)
_ 6f — L,70 BT
Nf : "//
: i /// .
% 4 r ) Z i} SCITSOI‘S .
B N _\\
o [ eQ\(\/ NG St 7
2r ZBsors ]
| /4 Ks =92 3 >~ \.
o ) |/ N N 1 N N N 1 N N 1 i. N N
0 0.02 0.04 0.06 0.08
Knils

FIG. 5. (Color online) (a) The energies E and (b) B(M 1) factors
as a functions of the spin-orbital strength constant xy;s. The dashed
lines—calculations without Lj,(eq), the solid lines—L),(eq) are
taken into account. Hy, and pairing are included.

of theoretical results with experimental data is substantially
improved (in comparison with our previous calculations [13]).

The results of calculations for the two groups (“light”
and “heavy”) of weakly deformed nuclei with deformations
0.14 < 6 < 0.17 are shown in Table IV. They require some
discussion because of the self-consistency problem. These
two groups of nuclei are transitional between well-deformed
and spherical nuclei. Systematic calculations of equilibrium
deformations [16] predict 8;2 = 0.0 for 1**Ba, 0.1 for *3Nd,
0.15 or —0.12 for '*°Sm, 0.1 or —0.14 for '*°Os, and —0.1
for 2Os, whereas their experimental values are §oq = 0.14,
0.17, 0.16, 0.15, and 0.14, respectively. As one sees, the
discrepancy between theoretical and experimental & is
large. Uncertain signs of theoretical equilibrium deformations
are connected with very small (~0.1-0.2 MeV) difference
between the values of deformation energies Egr at positive and
negative d¢q. Even more so, the values of deformation energies
of these nuclei are very small: Er = 0.20, 0.50, 0.80, and
0.70 MeV for 8Nd, '3°Sm, '°°0Os, and '*>Os, respectively.
This means that these nuclei are very “soft” with respect
to B or y vibrations and probably have more complicated
equilibrium shapes; for example, hexadecapole or octupole
deformations in addition to the quadrupole deformation. This
means that, for the correct description of their dynamical and
equilibrium properties, it is necessary to include higher-order
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TABLE III. Scissors-mode energy centroid E ., and summarized transition probabilities B(M 1)x. Parameters: kn;s = 0.0637, Vy = 25
(Vi = 27 for 82184186\ The experimental values of E,, 8, and B(M 1)y are from Refs. [27,28] and references therein.

Nuclei 8 Ecen (MeV) B(M1)5 (12)
Expt. WEM Ref. [13] A=0 Expt. WEM Ref. [13] A=0

150Nd 0.22 3.04 2.88 3.44 1.92 1.61 1.64 4.17 7.26
152§ 0.24 2.99 2.99 3.46 2.02 2.26 2.50 4.68 7.81
1545m 0.26 3.20 3.10 3.57 2.17 2.18 3.34 5.42 8.65
156Gd 0.26 3.06 3.09 3.60 2.16 2.73 3.44 5.42 8.76
158Gd 0.26 3.14 3.09 3.60 2.19 3.39 3.52 5.72 9.12
160Gq 0.27 3.18 3.14 3.61 2.21 2.97 4.02 5.90 9.38
160Dy 0.26 2.87 3.08 3.59 2.13 2.42 3.60 5.53 9.03
162Dy 0.26 2.96 3.07 3.61 2.14 2.49 3.69 5.66 9.25
164Dy 0.26 3.14 3.07 3.60 2.17 3.18 3.78 5.95 9.59
164Ep 0.25 2.90 3.01 3.57 2.10 1.45 3.39 5.62 9.26
166F 0.26 2.96 3.06 3.53 2.13 2.67 3.86 5.96 9.59
168 0.26 3.21 3.06 3.53 2.10 2.82 3.95 5.95 9.67
170R; 0.26 3.22 3.05 3.57 2.09 2.63 4.03 5.91 9.79
112yh 0.25 3.03 2.99 3.55 2.05 1.94 3.72 5.84 9.79
174yh 0.25 3.15 2.98 3.47 2.02 2.70 3.80 5.89 9.82
176yh 0.24 2.96 2.92 3.45 1.94 2.66 3.46 5.54 9.58
18Hf 0.22 3.11 2.81 3.43 1.79 2.04 2.67 4.86 9.00
180 0.22 2.95 2.81 3.36 1.76 1.61 2.69 4.85 8.97
182y 0.20 3.10 3.28 3.30 1.63 1.65 2.05 4.31 8.43
184y 0.19 3.31 3.24 3.28 1.55 1.12 1.72 3.97 8.14
186\ 0.18 3.20 3.19 3.26 1.49 0.82 1.40 3.76 7.95

Wigner-function moments (at least fourth order) in addition
to the second-order ones. In this case it would be natural also
to use more complicated mean-field potentials (for example,
the Woods—Saxon potential or the potential extracted from
some of the numerous variants of Skyrme forces) instead of
the too simple Nilsson potential. Naturally, this will be the
subject of further investigations. However, to be sure that the
situation with these nuclei is not absolutely hopeless, one can
try to imitate the properties of the more perfect potential by
fitting parameters of the Nilsson potential. As a matter of fact
this potential contains one single but essential parameter—the
spin-orbital strength k. It turns out that changing its value
from 0.0637 to 0.05 (the value used by Nilsson in his original
paper [26]) is enough to obtain a reasonable description
of B(M1) factors (see Table IV). To obtain a reasonable
description of the scissors energies we use the “freedom” of

choosing the value of the pairing interaction constant Vj in
Eq. (21). It turns out that changing its value from 25 MeV to
27 MeV is enough to obtain satisfactory agreement between
the theoretical and experimental values of Ey. (Table IV).

The isotopes '82-186W turn out to be intermediate between
weakly deformed and well-deformed nuclei: reasonable results
are obtained with «yjs = 0.0637 (as for well deformed) and
Vo =27 MeV (as for weakly deformed). That is why they
appear in both tables.

Returning to the group of well-deformed nuclei with
6 > 0.18 (Table III) it is necessary to emphasize that all results
presented for these nuclei were obtained without any fitting. In
spite of this, the agreement between the theory and experiment
looks more-or-less satisfactory for all nuclei of this group
except two: 'Er and '7>Yb, where the theory overestimates
B(M1) values by approximately two times. However, these

TABLEIV. Scissors-mode energy centroid E.., and summarized transition probabilities B(M 1)y. Parameters: knjs = 0.05 (kniis = 0.0637

for 182.]84‘186W) VO = 27.

Nuclei 8 Ecen (MeV) B(M1)5 (12)
Expt. WEM Ref. [13] A=0 Expt. WEM Ref. [13] A=0

134Ba 0.14 2.99 3.04 3.09 1.28 0.56 0.68 1.67 3.90
48Nd 0.17 3.37 3.22 3.18 1.48 0.78 1.28 2.58 5.39
150§ 0.16 3.13 3.17 3.13 1.42 0.92 1.12 2.45 5.26
182y 0.20 3.10 3.28 3.30 1.63 1.65 2.05 4.31 8.43
184y 0.19 3.31 3.24 3.28 1.55 1.12 1.72 3.97 8.14
186y 0.18 3.20 3.19 3.26 1.49 0.82 1.40 3.76 7.95
1900 0.15 2.90 3.14 3.12 1.21 0.98 1.38 2.67 6.64
1920 0.14 3.01 3.11 3.12 1.15 1.04 1.00 2.42 6.37
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FIG. 6. (Color online) (a) The energies E and (b) B(M 1) factors
as a function of the mass number A for nuclei listed in Table III.

two nuclei fall out of the systematics and one can suspect that
the experimental B(M 1) values are underestimated. Therefore,
one can hope that new experiments will correct the situation
with these nuclei, as happened, for example, with 23>Th [29].
It is interesting to compare our results with that of RPA
calculations. The only systematic calculations for rare-earth
nuclei was done in the frame of the extended RPA formalism
[quasiparticle-phonon nuclear model (QPNM)] [30]. We took
the Table V from this paper, adding here, for the sake of
comparison, the column with our results. It is easy to see that

TABLE V. Scissors-mode summarized transition probabilities
>~ B(M1). The experimental values ) B(M1) are from Ref. [27].

Nuclei E (MeV) > B(M1) (u3)

Expt. [27] QPNM [30] WEM
156Gd 2.7-3.7 2.73 2.95 3.44
158Gd 2.7-3.7 3.39 3.41 3.52
160Gd 2.7-3.7 2.97 2.86 4.02
160Dy 2.7-3.7 2.42 2.46 3.60
162Dy 2.7-3.7 2.49 2.60 3.69
164Dy 2.7-3.7 3.18 2.92 3.78
166F 2.4-3.7 2.67 2.51 3.86
168y 2.4-3.7 2.82 2.87 3.95
112yh 2.4-3.7 1.94 227 3.72
174yh 2.4-3.7 2.70 2.84 3.80
18 f 2.4-3.7 2.04 2.30 2.67
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QPNM results practically coincide with experimental results,
whereas deviations of our results from experimental data reach
sometimes 50%. However, it is necessary to emphasize here
that such a naive comparison is not fully legitimate because
the objects of comparison are slightly different. The numbers
presented in third column of Table V are just the sums of all
M 1 strength found experimentally in the energy interval shown
in second column. Theorists, working in RPA, represent their
results exactly in the same manner—the sum of B(M 1) values
of all peaks in the respective energy interval.

In principle, RPA calculations [5,30] predict some M1
strength at energies higher than 3.7 MeV (up to 10 MeV).
“Because of the dominance of spin flip and the high-level
density in this region there is little hope that reliable measure-
ments of this strength will ever be possible” [5]. This just the
point: the WFM approach implicitly takes into account the
whole configuration space. Then the two scissors modes (spin
and orbital) found by the WFM method include this part of
the M1 strength which is inaccessible, even for the modern
experiments.

In the light of the aforesaid it becomes clear that the
summarized M1 strength of spin and orbital scissors is to
become somewhat bigger than the number presented as the
experimental B(M1) value of the scissors mode. So, in
evaluating the quality of agreement between theoretical and
experimental results, one has to have in mind this element of
uncertainty.

VIII. CONCLUSION

The method of Wigner-function moments is generalized to
take into account spin degrees of freedom and pair correlations
simultaneously. The inclusion of the spin into the theory
allows one to discover several new phenomena. One of
them, the nuclear spin scissors, was described and studied
in Refs. [14,15], where some indications of the experimental
confirmation of its existence in actinides nuclei are discussed.
Another phenomenon, the opposite rotation of spin-up and
spin-down nucleons, or in other words, the phenomenon of
hidden angular momenta is described in this paper. Being
determined by the spin degrees of freedom, this phenomenon
has great influence on the excitation probability of the spin
scissors mode. On the other hand the spin-scissors B(M1)
values and the energies of both spin and orbital scissors are very
sensitive to the action of pair correlations. As a result, these
two factors, the spin-up and spin-down counter rotation and
pairing, working together, improve substantially the agreement
between the theory and experiment in the description of the
energy centroid of two nuclear scissors and their summed
excitation probability. More precisely, a satisfactory agreement
is achieved for well-deformed nuclei of the rare-earth region
with standard values of all possible parameters. The accuracy
of the description of the scissors mode by the WFM method
is comparable with that of RPA if we take into account the
principal difference in definitions of scissors in the WFM
method and RPA and experiment. A satisfactory agreement
is also achieved for weakly deformed (transitional) nuclei
of the same region by a very modest refit of the spin-orbit
strength. We suppose that fourth-order moments and more
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realistic interactions are required for the adequate description
of transitional nuclei. This shall be the object of future work.
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APPENDIX A

1. Abnormal density

According to formula (D.47) of Ref. [17] the abnormal
density in coordinate representation « (r,s;r’,s’) is connected
with the abnormal density in the representation of the har-
monic oscillator quantum numbers «,, ,» = (®|a,a,/|P) by the
relation

k(r,s;1,s") = (®la(r,s)a(’,s")| D)
= Z%(l‘,s)lﬁv’(r/,s/)@|duau'|¢)a (A1)

v,V

where v = k,¢, v=k, — ¢, k=n,l,j,|m|, ¢=sign(m) =+

Yy(r,s) = Ty, (r,s), T—time reversal operator defined by

formula (XV.85) of Ref. [31]: T = —io, Ko, where o, is the

Pauli matrix and K is the complex-conjugation operator.
According to formula (7.12) of Ref. [17]

Ap,e = UpQly, ¢ — §vka}; _o» w|P) =0,
(Playay |P) = Kkyy = g urvp (Dlay, gak/ —¢ | D)
= —g/ukvkrﬁk,kré,g,gr. (A2)

J

Time reversal:

TYn =Y = (=D"Yi_4,
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This result means that, in accordance with the theorem of
Bloch and Messiah we have found the basis |v) in which the
abnormal density k, ., has the canonical form. Therefore the
spin structure of k,, ,/ is

_ 0 UV
Ku,v’ - <_ukvk O )7 (A3)

Or Ky = —Kyp and Kyy =Kpp = 0.
With the help of Eq. (A2), formula (A1) can be transformed
into

k(r,s;r,s)
= curvee o (r.8) o (r'.s)
k,s
= Z uy U [, (e, )Y (1, 8") — s (e, )y, (5], (A4)
v>0

which reproduces formula (D.48) of Ref. [17].

2. What is the spin structure of «(r,s;r’,s’)?

Let us consider the spherical case

Yo(.8) = Ru(r) Y CY s Vin(0.9)x16(5)
Ao

= Rnlj(r)d)ljm(szvs),

where @y (R.5) = Yo Oy, Yia 0. 0)x1, ).
function X%U(S) = 8,5, and angular variables are denoted
by Q.

the spin

Txyr=xmp Txioy=-xy = Tre =D,
TZCI o YA X Lo ZCZA I VY S A3 = ZCZ o UYIAX%U(—l)*A"”%
Ao
—ZCM] Yiaxyo (= DA _ZC,A1 Yiaxi, (=177,
As aresult
Yo(r,s) = (—1)~ /+MR,,,,(r)ZC1A L Yin 0.9 (5) = (- DR ()b (2.5), A5

which coincides with formula (2.45) of Ref. [17]. Formula (A4) can be rewritten now as

k(r(,81512,52)

nljm>0

nljm>0
— I Yin()Yin ()]

nljm>0

D @O Ratj (rORu r2) =D Y [y i

AN

Z @Vt jom Ront 1) Ront ) (= D' T [0 (1,51 (R2,52) — Pijm (2,52)P1j—m (Q1,51)]

Yia(Q)Y1a(S22)

> (uv>nz_,-m7znz,-(m)M_,(m)(—1)"!’*’”ZYM(Ql)m/(szz)[C;;’H Ly =l CZA""S} (A6)

AN
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It is obvious that «(r, 151/, |) # —«k(r, |;1’, 1), i.e., in the coordinate representation, the spin structure of « has nothing
common with Eq. (A3).

The anomalous density defined by Eq. (A6) does not have definite angular momentum J and spin S. It can be represented as
the sum of several terms with definite J,S. We have

Gim(Drj—m@) = > Cl . 16;(1)® 652}

0<J<L2j

=Ch i (D@ Do+ D Chn i 16;(1)® d;(2) 0. (A7)
1<J<L2j

We are interested in the monopole pairing only, so we omit all terms except the first one:

[B1jm(Dbrj—m()]s=0 = Chyy i, {b;(1) ® ¢;(D}oo = (—1)) ™" WZC,W@V(I)%Q)

BETES D =D g1 (2). (A8)

Remembering the definition of the ¢ function we find

(=" [@1jm(R21,51)P1j—m(22,52)]7=0 =

DD Y Y OO YA @Y Q)Xo ()X 1o (2. (A9)

Ao N,o'

2j+1
The direct product of spin functions in this formula can be written as

Xio ()X 1 (n)—ZCS A @ a6y = €0 1 6D @ xi6)l + ) C1Y XD ® x162)} 5. (A1)
p)

According to this result the formula for x consists of two terms: the one with § = 0 and another one with § = 1. It was shown
in the paper [32] that the term with S = 1 is an order of magnitude less than the term with S = 0, so we can neglect by it. Then

1
X1 (DX 1(52) = (= 1)""380,_0/{)(%(&)@x%(Sz)}OO
= (=17 ﬁaa,_of 2N K DX i (52)
v,/

1/2

| 1
= (-1 (r —o’ 15_‘) 1, 1_y
(=12~ U;/; X))
1
= (—1)570530,—0 [x x11(s)x1-1(s2) = X%_%(SI)X%%(SZ)]
1 1
= 580__(,/(—1)2 ‘7[ S1l8S271 —3317%8”%]. (A11)

Inserting this result into Eq. (A9) we find

(—1y" [¢1,»m(91,s1)¢zj-m<92,sz>]§=g

= [831,53271 _531*%&?% I)YZA (92) Z( UH‘E_JCIJ: aCZJA/U' -0
AA’
= 8180t — 8,15, —pE L piHel, el
2 Sl 2 1= 2 22 Zl+1 vi—ﬂ JV,3—0
AN
1 - A
=5[551%552_%_asl_%a,%]ZZH( 1)/~ Zm(szom(szz)( D*8a-n
1 i1
= 5 [8,180-1 = 8,48, ] (=1 — Pilcos ), (A12)
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where Pj(cos £21;) is Legendre polynomial and €2, is the angle between vectors r; and r,. With the help of this result formula (A6)

is transformed into

3

. 5=0
K(r1,81302,8)7 9 = [55 s1—3 %%

Now it is obvious that, in the coordinate representation, «
with J =0, § = 0 has the spin structure similar to the one
demonstrated by formula (A3):

) 0 Kk(ry,1r2)
$=0
ir, 0 _ , Al4
Kk(ry,81512,52) 7 (—K(I‘l,l‘z) 0, ) ( :
with

1
k(ry,rp) = 4 ny%;o(”’))nzijnlj(rl)R"’f(rZ)P’(COS )

(A15)
APPENDIX B
Wigner transformation

The Wigner transform (WT) of the single-particle operator
matrix Fr, o:r,,0 1S defined as

A

[Frl,a;rz.a/]WT = Fa,o’(rap) = /d3se_ip's/hFr+s/2,0;r—s/2,0/,
(BD)

with r = (r; +1r;)/2 and s =r; —r,. It is easy to derive a
pair of useful relations. The first one is

* _ 3 ,ips/h %
Fg,gr(l’,P) - /d se Fr+s/2,a;rfs/2,0’
_ 3. ,—Iips/h fx
- fd se Fr—s/2,zr;r+s/2,cr’

3o ,—ips/hpt all
= fd se”'P ¥/ Fr+s/2,cr’;rfs/2,a = [Fr],a’;rz,a]WT’
(B2)
|

I

1
D @0)utjm Rt (1) Rt (r2) Pi(cos Q). (A13)
T nljm>0
[
ie. (B o olwr = [Fr onmoliyr = Fiy(r.p). The second

relation is

F(m/(l',l)) = Foo(r, — P) = /d3sel’pis/hﬁr+s/2,(r;r—s/2,(r’
= /dsse_ip.s/hﬁr—%,a;r-i—%,a’

3 ,—ips/h] #t *
- / dse ™ MEL  ornsipo] - (B3)
For the Hermitian operators 5 and / this latter relation gives
[ﬁ:‘klyg;rz,g]WT = pUU(r7 - p) and

[ﬁ;,a;rz,o—]WT = hoo(r, — P).

The Wigner transform of the product of two matrices F' and
Gis

A i h <
[EGlwr = F(r.p)exp (’3 A )G(r,p>, (B4)

where the symbol X stands for the Poisson bracket operator,

APPENDIX C

Integrals of motion

Isovector integrals of motion:

Zm 2(3 21
const. = ihg[ﬁ;ﬂ - hz%[ngl + ZRS] + _(ghznzm - C3>R§oT + 5;7?2%?

3

1 3
+ TBCZ((C] — C2)(C] + 262) + 26‘16‘3 — Eh??’ﬂm)RéOT -+

h
const. = ihg [ﬁlﬁ - izF“} —3v6(1 — a)KORgg[

1 3
—— (e +cr+ 203 — —h2n2m>77w,
ﬁ62m< : 2 0

2 c 2
1 ! 1t \
\/§6‘2m POO * \/§C2 ROO a \/;RZO j| '

L35 Ao(r) . . [, m _ 2 .
const. = zhznczﬁll + h {zhE |:’le + Z(ch + )R — \/;PZOT

_ (i B
42  mc

m

.7 C1 e 1
—(in —d4ey) — 2V2— ko LS ) RYL T,
(l 8«/§(C1 c2) o Ko 10) 00 }

4./6 m [2
L;KoaL?%>P&)T - <ihn7\/;(2cl + Cz) + 4«/§K0(1L?%)R%0T
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const. =
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5 2
P - \/;(Pz + V2P + i - cz)[RS - \E(R%T + ﬁRéoT)]

. 7] ~ 16 Ao(l"/) 3 2 ! ! 2 5
const.:zhERzl — <5h/coaK4+ & ——h Ko(r") ngoT fc2Rog ﬁ—mQPOOT )

2(c1 +¢2)

Ao(r')
n [\/77320 V3e

2 C1
6hoo K \/iR” — LRI -
+ 6hkpo 0[ 3720 fcz 00

const. = ihEPy 7300

const. = Ez] + 5

where

7

2A A
¢ = 2me’* — 7h2 IZM

A A,

’

fmCz
AT 1 —_\/? "o u)}
[fc/’ 3 (e 3R W

m (c; — c2)(cr + ZCZ)R“]
2 \/§C2 00

gl

(ChH

3

A A
—4\/_KOR +—h2 12M

A1A;

’

c3=mw —4\/_01K()R +\/_(1+06)K()R20

Isoscalar integrals of motion are easily obtained from isovector ones by taking o = 1. In the case of harmonic oscillations all

constants “const” are obviously equal to zero.

APPENDIX D

3

Iy Ep) = e f K" (. p)lgo(x) — 4’ pga(x)le ™" pdp/, (D1)
3
) = s e f K" (r, p)go(x) — 2ap i (x)le " p”dp, (D2)
where x = 2app’,
¢o(x) = — smh(x) ¢1(x) = [cosh(x) — l s1nh(x):|
X
| (135 e~
dr(x) = 1+ sinh(x) — — cosh(x) |. (D3)
X
Anomalous density and semiclassical gap equation [17]:
1 A(r,p)
P = ; (D4
P =3 T, P+ 5D :
/ A(r,p)

A - —_ — , D5
- = / ey PPV e T ae) >

where v(|p — p'|) = Be~*PP with B = —|Vp|(r,/7)* and @ = ro/(412).
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