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Abstract. The geometry of the shears mechanism in nuclei is obtained by taking the limit of
large angular momentum of shell-model matrix elements.

1. Introduction

In several lead isotopes, as well as in other regions of the nuclear chart near doubly-magic
closures, regular sequences of v rays are observed resembling those typical of a rotational
band [1, 2, 3, 4]. These transitions are of magnetic character, in contrast to the usual quadrupole
nature of nuclear rotors [5]. An explanation of this observation invokes the so-called ‘shears’
mechanism [6]. In a weakly deformed nucleus there exist low-energy configurations in which
neutrons and protons combine into stretched structures (‘blades’) with angular momentum
generated by the re-coupling of these blades, resembling the closing of a pair of shears. The
breaking of the rotational symmetry in this case originates in an anisotropic distribution of
nucleonic current loops (rather than electric charge), and thus the phenomenon is also referred
to as magnetic rotation [7].

While an interpretation in terms of the shears mechanism provides an appealing, intuitive
picture of these nuclear states, the question remains whether this geometry is borne out by
microscopic calculations. A numerical shell-model calculation by Frauendorf et al. [8] confirmed
the shears picture in the lead region. An analytic derivation of the geometry of the shears
mechanism from the shell model is the purpose of the present contribution which presents results
complementary to those reported elsewhere [9].

2. General shell-model expressions for the shears matrix element

Consider m nucleons of one type (say neutrons) in particle-like orbits ji,,joy,..., and m/
nucleons of the other type (protons) in hole-like orbits jfﬂl,jgﬂl, ..., where jp, (p = v,7) is
used as an abbreviation for the set of quantum numbers ng,, £y, and ji, of singe-particle
levels in a central potential. The m-particle (mp) and m’-hole (m'h) states are represented
as |N) = |jivjor(Ji2v) ... J,) and |P71) = \jl_ﬁljz_ﬂl(Jlgﬁ) ... Jx), where Jia_, are intermediate
angular momenta occurring in some coupling scheme, and J, and J; are the neutron and proton
total angular momenta, respectively. The single-particle orbits ji, (k = 1,2,...) may or may not
be identical and, in the former case, the states |[N) and |P~1) are assumed to be Pauli allowed.
A shears band consists of the states [NP~!;.J) where J results from the coupling of .J,, and J,.
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A general shell-model hamiltonian has a neutron and a proton piece, and a neutron—proton
interaction, and therefore can be written as

H=H,+H,+ V.

The quantity (NP1 J|H|NP~';.J) will be referred to as the (diagonal mp—m’h) shears matrix
element. Due to the scalar character of the hamiltonian, the matrix elements of H, and H,
depend only on the quantum numbers appearing in |N) and |P), respectively; H, and H, give
constant energy contributions to all members of the shears band, irrespective of the total angular
momentum .J, and are therefore of no interest in the following. Any J dependence originates from
the neutron—proton interaction V,, specified by its matrix elements (JkvJirs R|VW\ Jkrvjvn; R).
A multipole expansion of V. leads to the following expression for the shears matrix element:

(NP~L J|V,z NP7 T)
= Y ()it It TR (R 4 1)V R {jku Tk A }{ J, iﬂ i}

FLRA JewJiz jlﬂ' ler R Jﬂ' v
~ A — ~ A -
X (N||(al, a; YVINYP|(a]_a; )V|IPT, (1)
where VjI:ujzﬂ = <jkl,jlﬂ;R|VW|jijl7r;R>. The operator a;kpmkp creates a neutron (p = v) or a

proton (p = ) in orbit ji, with projection my, on the z axis; the corresponding annihilation
operator aj, m,, is modified to aj, m,, = (—)Jkﬂ+mkpajkp_mkp to make it behave as a proper
tensor under rotations in three dimensions.

The expression (1) for the shears matrix element between mp-m'h states can be further
reduced with use of standard techniques of angular momentum. This reduction is carried out
here for m = m’ with m =1 and m = 2.

2.1. The Ip—1h shears matriz element
For m = 1, the members of the shears band are written as [NP~1;J) = |j,j-!;J) and the
expression (1) reduces to one for a particle-hole matrix element,

(NP7L IV NP7L ) = =S 2R+ 1)V, { v Jx I } .
R vIn | v Jr R
This is nothing but the Pandya relation which expresses a particle-hole matrix element as a
sum of particle-particle matrix elements [10]. The object in curly brackets is a 65 symbol [11],
a quantity which is scalar under rotations, depending on six angular momenta. It is in fact the
simplest non-trivial scalar 3nj symbol, the case n = 1 being the trivial triangular delta {jij273}
which is equal to one if ji, jo and j3 form a triad and zero otherwise [12]. For the purpose of
comparing with the case m = 2 given below, it is of some interest to convert the 65 symbol to
the standard notation for 3nj symbols (see eq. (17.11a) of Yutsis et al. [12]), leading to

A Jv Jn
<NP_1;J|VW|NP_1;J>:—Z(2R+1)ijjw{ J R}. (2)
R Jv Jrx

2.2. The 2p—2h shears matriz element

For m = 2, the members of the shears band arise from the two-neutron-particle state
IN) = |jivjov; Jo) and the two-proton-hole state |P~') = |j; iy J) which are coupled to
angular momentum J. The two-particle reduced matrix element in eq. (1) equals

. - .. s ~ 1 J1 A
<mz;Jll(a}kaﬁﬂ”um;J>:<—>31+32+J+W2A+1<2J+1)P12{{} g i }cman,
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where Pjo is a symmetrizer defined as

Piof(j1.j2) = (1, d2) + f(G2s 1),

for any function f. The corresponding result for holes is obtained from eq. (14.39) of Talmi [11],

1. ~ 1. . - i1 71 A
(J1 1.72 1% J"<a}kajl)(/\)”ﬂl 1]2 1; J) = (—)]1+]2+JH V2A +1(2J + 1) P12 { ‘?]1 ‘?]1 o }5k15ll~

Insertion of these expressions for the two-particle and two-hole reduced matrix elements in eq. (1)
leads to the shears matrix element

(NP~Y J|Vyu| NP1 )
@7, + (2T + 1)

R R jlu Jl/ Jﬂ' WAt
=Py R+1VE, ¢ Guw J  jer Ry, (3)
R jll/ Jl/ J7r j17r

where P/J = P}, P[5, now generates four terms according to

PIZ/QTrf(jlyanVajlﬂ'?jQﬂ')
= f(j1V7j2V7leraj27T) + f(jll/aj21/7j27r,j17r) + f(le/)jll/ajlﬂ‘anﬂ‘) + f(szzajll/aj%raler)'

The object in curly brackets in eq. (3) is a 12j symbol of the first kind, a quantity which is
scalar under rotations, depending on twelve angular momenta. The result (3) is obtained by
expressing the shears matrix element as a sum over four 65 symbols, which can be related to a
12j symbol (see eq. (19.1) of Yutsis et al. [12]).

If the neutrons and protons are all particle-like (or all hole-like), a result similar to eq. (3) is
obtained,

,jll/ Jl/ Jﬂ' j17r
Jaw J  Jex R
jll/ Jl/ J7r j17r

(NP; J|Vya|NP; J)

=Py 2R+ 1)VE
(20, + 1)(2J; + 1) iz 2 2R+ 1)V,

]lujlw
R

: (4)

where the object in square brackets is a 125 symbol of the second kind (see eq. (19.2) of Yutsis
et al. [12]).

Note the striking similarity between the expressions (2) and (3) for the 1p-1h and 2p-2h
shears matrix elements, raising the hope for a treatment of the general case with m > 2, a
problem which is currently under study.

It is now a simple matter to introduce in the sums (2) or (3) values for the neutron-proton
interaction matrix elements and to derive the J dependence of the shears matrix element. The
geometric significance of these expressions can be understood by the taking the limit of large
angular momenta. If these are large in comparison with #, this can be considered as the classical
limit of the quantum-mechanical expression for the shears matrix element.

3. Classical expressions for the shears matrix element

Classical limits of 3j and 6j symbols are known since the seminal study of Wigner [13],
subsequently refined by Ponzano and Regge [14] whose work was put on a mathematically
solid footing by Schulten and Gordon [15]. The classical limit of a 3j symbol is associated with
the area of a triangle, while that of a 65 symbol involves the volume of a tetrahedron, with
the lengths of the sides determined by the angular momenta. However, for 95 (let alone 12j)
symbols only partial results are known and therefore the classical limit of the expression (3) is
difficult to obtain for an arbitrary neutron—proton interaction.
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Instead of dealing with a general interaction, consider the modified surface delta interaction

(MSDI),

VMSDE = Ny MSDL(g 1) YMSPY(E 1) = —dmalpd (7 — 7)0(ry — Ro) + V7 -7 + €,
k<l

which is known to be a reasonable approximation to the realistic nucleon—nucleon force in terms
of the isoscalar and isovector strengths a(, and a}, and the strengths &’ and ¢’ of a charge-exchange
and a constant interaction. The neutron—proton matrix element of the MSDI is [16]

2, 4+ 1)(2)x + 1 e R\ W e R\
j}fjw:—(] e ) “01<]1 i; 0> +a0<'71 ]; _1>]—b+c, (5)
2 2 2 2
with N
_GTa o g4e0,+R% — Q1
ao1 = 2 ( ) 92 ’
and
ar = ayC(Ry), b=VC(Ry), c=cC(Ry), C(Ro) = Ry , (Ro)R3 = R}, , (Ro)R3.

A geometric insight is obtained by introducing the neutron—proton matrix elements of the
MSDI into the expressions for the shears matrix elements. The procedure is illustrated with
the 1p—1h shears matrix element (2) and results are summarized for the 2p—2h shears matrix
element (3).

3.1. The 1p—1h shears matriz element
When the neutron—proton matrix elements of the MSDI (5) are introduced in the shears matrix
element (2), one encounters sums of the type

o j j R\’ Jv Jn J
A) AR v i ’ g
=S ereran (Y S T R )

for (A,n) = (0,0), (0,1) and (1,0). These reduce to simple expressions in the classical limit. For
example, for A = 0, the sum can be exactly rewritten as

. . 2
o0 — Jv Jm J
" % —n + % n—1) "~

The classical limit of the 3j symbol [13] leads to the approximations

0) 2[1 + (_)ju+jw+e]] 1
g, ~

0 (25, + 1)(2jr + 1) sin O,

o 2 1 Njotgatd L )
o1 (25, + 1)(2jr + 1) <Sin O, +(=) tané,. /)’

where 6, is the shears angle, that is, the angle between the neutron and proton angular
momenta,

J(J+ 1) - ju(jl/ + 1) _jﬂ(jﬂ' + 1)
250 (G + Djn(Gin + 1) '
1 _ _(_)JU(O).

For (A,n) = (1,0), a similar approximation is obtained from the relation oy’ =

0, = arccos
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With use of the preceding approximations, the expression for the 1p-1h shears matrix
element (2) of a MSDI becomes

(NP~L JIVMSPY NP1 7y m (b — ) + —t 2

(6)

27 sin 6, * o tan Our’
with

s1 = [1+ (=) (a4 a1) + 2a0 + (=) T (ag — ay),
tl = 2(_)ju+j7r+njao + (_)£V+Z7r+ju+jﬂ' (G/O _ al)'

3.2. The 2p—2h shears matriz element
A classical limit can also be obtained for the 2p—2h shears matrix element (3). The derivation
is more complicated [9] and leads to the result

89 to

(NP~Y J|VMSPINP=Y ) 2 4(b — ¢) + (7)

27 sin 6, + 2mtan b,

where 6, is now the angle between .J, and J,, and with

s2 = 4(3ap +a1), t2=4p(ag —a1), p = 1 Py (=)t it

The classical limit of the 2p—2h shears matrix element (7) is remarkably similar to that of the
1p—1h shears matrix element (6). In both expressions the quantity (b — ¢) appears and the
constant as well as the charge-exchange interaction contribute equally to all members of the
shears band. The coefficients s,, and t,, are expressed in terms of the isoscalar and isovector
strengths ag and aq of the MSDI but the dependence for m = 1 is different from that for m = 2.
It would be of interest to find the generalization to m > 2.

4. Comparison of quantum-mechanical and classical expressions

In Fig. 1 the exact 1p—1h and 2p—2h shears matrix elements of the SDI (i.e., MSDI with
b = ¢ = 0) are compared with their classical approximations. To illustrate the quality of the
classical approximation, rather large values for the neutron and proton angular momenta are
chosen, j, = 471 for the 1p—1h and J, = 20 for the 2p-2h case. Even for such unrealistically high
single-particle angular momenta, the 1p—1h matrix element does not display a shears behaviour
since the minimum energy is not attained for a configuration with orthogonal neutron and proton
angular momenta. The 2p—2h matrix element, on the other hand, does behave (qualitatively
at least) as expected for the energies of the members of a shears band. In fact, for to = 0 (or
ap = a1) a minimum energy is reached for a shears angle 0, = 90° between the neutron and
proton angular momentum vectors. Furthermore, it can be shown [9] that the shears picture
remains valid for smaller values of the angular momenta, as long as these are made from nearly

stretched configurations with J, =~ ji, + j2,.

5. Conclusion
In this contribution 1p—1h and 2p—2h shears matrix elements of a modified surface delta
interaction (MSDI) are studied in the limit of large angular momentum. The geometric picture
underlying the shears mechanism is confirmed in the latter case and the shears angle at which
the 2p—2h matrix element reaches a minimum energy can be related to the isoscalar and isovector
strengths of the MSDI.

Future studies are called for along the same lines. They include the extension to more
complicated configurations (i.e., mp—m’h and mixed configurations) and to other components
of the interaction (e.g., the tensor force), and the study of electromagnetic properties.
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Figure 1. Left: The exact expression (2) for the 1p—1h shears matrix element of the SDI (dots)
compared with its classical approximation (6) (lines). The single-particle angular momenta are
Jp = 42—1. The matrix element is in units ap = a;. Right: The exact expression (3) for the 2p—2h
shears matrix element of the SDI (dots) compared with its classical approximation (7) (lines).
The single-particle angular momenta are ji, = % and ja, = %, and the total neutron and
proton angular momenta J, = 20. Results are shown for three choices of the ratio ag/a; and
the matrix element is in units a;.
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