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Abstract

The projected shell model is used to study the multi-quasiparticle and collective excitatidh&Héf With an axially
symmetric basis, the spin-16 isomer at 2.4 MeV appears todbeseparated in energy/spin space from other configurations.
However, projected energy surface calculations suggest fRif has significant softness to axially asymmetric shapes, which
can strongly modify the level distribution. The implications for photodeexcitation of the isomer are discussed.
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Long-lived isomers—excited nuclear states with in-
hibited electromagneticatay—may be considered to
offer a form of energy storage [1,2]. The possibil-
ity to trigger the decay by the application of exter-

nal electromagnetic radiation has attracted much in-
terest and potentially could lead to the controlled re-

This situation contrastsith the recent determination
of a threshold triggering energy of 1.01 MeV for the
spin-9, 75 keV isomer iA8%Ta [8], and subsequently
the discrete intermediate states involved in the exci-
tation/deexcitation pathway have been identified [9].
The significantly higher energy of the8Hf isomer

lease of nuclear energy. First reports of the trigger- leads to the expectation of a lower triggering thresh-

ing of the spin-16, 2.4 MeV isomer iA’8Hf with
low-energy & 100 keV) photons [3-5] have, however,

old, on account of the higher level density, even allow-
ing for the pairing difference between the even—even

been refuted [6,7]. Meanwhile, the threshold photon and odd—odd nucleon numbers 8Hf and 18%Ta,

energy for triggering the isomer remains unknown.
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respectively. The higher isomer energyliffHf also
leads to greater potential with regard to the utility of
triggered energy release.

The two-step process of triggered gamma-ray emis-
sion is depicted schematically in Fig. 1. A nucleus
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duisway sltee inhibition factors of close to 100 per degree Kf

forbiddennessy = AK — A, with total inhibition
~ 100 [14]. This strong inhibition supports the view

/ o that178Hf has an axially symmetric intrinsic shape.
- isomer y Symmetric Sic shape
I\, In a deformed, axially symmetric nucleus, a high-

! K state is made by summing the contributions from
/ several unpaired quasiparticles. Anquasiparticle
/ (n-gp) configuration gives rise to a multiplet of 2
states, with the totak expressed bX = |[K1+ K> £+
...+ K,|, whereK; is for an individual neutron or
proton. Among the 2! states, the state with the
highestk value,K =), |K;|, is usually energetically
favoured and the most likely to form aast state
(lowest energy state for a given angular momentum).
in an isomeric state is first excited to an intermedi- Deformed nuclei withA ~ 180 have several high-
ate state by absorption of an incident photon. An in- single-particle (both neutron and proton) orbitals close
termediate state may serve as a “gateway” that con-to the Fermi surface, and several multi-qp high-
nects the isomer to the ground state (g.s.). If the se- states in this mass region are found to be yrast [15,16].
lection rules for transitions between the gateway and  The physics of multi-gp states is well incorporated
the g.s. are fulfilled, then enhanced gamma-decay, usu-in the PSM framework. The PSM follows closely the
ally a multi-step gamma-cascade, is expected to occur. shell-model philosophy, and in fact is a shell model
In determining the favourable conditions for trigger- constructed in a deformed multi-gp basis. More pre-
ing gamma-ray emission from the isomer, it is neces- cisely, the basis is first built in the gp basis with re-
sary to have information on the structure of possible spect to the deformed-BCS vacuum; then rotational
gateway states, as well as possible paths of electro-symmetry, violated in the deformed basis, is re-
magnetic transitions to and from these states. Experi- stored by angular-momentum projection [17] to form
mentally, only a few states close to th&Hf isomer a rotational-invariant basis in the laboratory frame; fi-
have been observed and documented in the literaturenally, a two-body Hamiltonian is diagonalised in the
[10,11]. The purpose of the present Letter is twofold: projected basis. In contrast to mean-field methods [18]
to demonstrate that the projected shell model (PSM) employed in the study of multi-qp states, the PSM can
[12] is an appropriate theory for studying high-spin produce fully correlated shell-model states, and can
isomers and associated excitations, including poten- generate well-defined wave functions, allowing us to

[ LS g
[} b Sy

Fig. 1. Schematic diagram illustrating the process of triggered
gamma-ray emission from a nuclear isomer.

tial gateway states; and to show that in #Hf case,
in order to trigger emission from the t6somer with

low-energy photons, a series of external excitations via

compute, without further approximations, the quanti-
ties such as transition probabilities.
Starting from the deformed Nilsson scheme [19]

gateway states may be necessary. In addition, the gateplus a subsequent BCS calculation, one builds the

way states should be sufficiently mixed with lok-
components.

The long half-life (31 years) of the 2.4 MeV
isomer in178Hf is to a large extent dependent on the
approximate conservation of thé quantum number,
where K is the projection of the angular momentum
on the body-fixed symmetry axis. The isomer has
K™ = 16". Spontaneous electromagnetic transitions
from a highKX state to a lower energy, loW- state
are strongly hindered by th& selection rule [13],
|AK| < A, with A being the transition multipolarity.
The spontaneous decay of th€Hf isomer involves

shell-model space (for even—even systems) through
multi-qp states:

|bic)

{10), o] el 10), o o], 10),

Tl ol ol 10y, ..., (1)

a”ia”japkapl
wherea' is the creation operator for a gp and the
indexn (p) denotes neutron (proton) Nilsson quantum
numbers which run over the low-lying orbitals. The
gp states are defined in a space with three major shells
(N =4,5, 6 for neutrons and/ = 3, 4, 5 for protons).
The corresponding gp vacuum [8). The indicesn
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andp in (1) are general; for example, a 2-qp state can with “—" for neutrons and 4" for protons, which

be of positive (or negative) parity if both quasiparticles
i and j are from the same (or two neighbouring)

reproduces the observed odd—even mass differences
in the mass region. Finally, the strength parameter

major shell(s). Positive and negative parity states span G o for quadrupole pairing was simply assumed to be
the entire configuration space with the corresponding proportional toG,;, with a proportionality constant

matrix in a block-diagonal form classified by parity.
Although in the present work we truncate the model

0.16, as commonly used in PSM calculations [12].
For 178Hf, the model basis is built with the de-

space beyond 4-gqp’s, the bases (1) can be easilyformation parameters; = 0.251 ande4 = 0.056.

enlarged by including higher-order multi-qp states. If
the configurations denoted by-*” are completely
included, one recovers the full shell-model space
written in the representation of gqp excitations.

In the case that the nuclear potential is axially
symmetric, the basis states in (1) are labelledkhy
Thus, theprojected multi-gp K -states are théuilding
blocksin our shell-model wave function
W)= £l Phk 1) @)

K
In Eqg. (2), « labels the basis states and the
states with the same angular momentuty}.. is the
angular momentum projector [17]. The coefficients
flo in Eq. (2) are determined by diagonalisation
of the Hamiltonian. Diagonalisation is the process
of configuration mixing (herek-mixing). Thus, the
required physics, i.e., constructing multi-gp states
(with good angular momentum and parity) and mixing

these states through residual interactions, is properly {n[404]%+ @n[514]%*}

incorporated in the model. Electromagnetic transition
probabilities can be directly computed by using the
resulting wave functions.

The Hamiltonian employed in the PSM [12] is

N A 1 At A I
— t t
H = Ho— §x§QﬂQu—GMP P

~Go )y PP, ®)
"

whereHj is the spherical single-particle Hamiltonian,

These values are taken from the literature [20]. Fig. 2
shows the calculated energy leveldTHf, compared
with the known data [10]. Satisfactory agreement is
achieved for most of the states, except that for the
bandhead of the first 8band and the 14 band, the
theoretical values are too low. The dominant structure
of each band can be read from the wave functions. We
found that the & band has a 2-qp structure

{v[512" @ v[5141 "},

the 16" band has a 4-gp structure

[vI5141~ @ v[6241" @ 7[4045" @ x[5141 },
the first (lower) 8 band has a 2-gp structure
{v[5141~ @ v[624 "},

the second (higher)8band has a 2-qp structure

)

and the 14 band has a 4-gp structure

{5128~ @ v[5141,” @ 7[40415" @ =[5141 }.

These states, together with many other states (not
shown in Fig. 2) obtained from the same diagonalisa-
tion process, form a complete spectrum including the
high-K isomeric states and candidate gateway states.
In order to study the possible gateway states
through which triggered isomeric emissions might oc-
cur, in Fig. 3 we plot the highk bands lying close in

which contains a proper spin-orbit force [19]. The gnergy to the 16 isomer. We plot also the calculated
other terms in Eq. (3) are quadrupole-quadrupole, and gyer 8- band via which the gamma-cascade could

monopole- and quadrupole-pairing interactions, re- rgach the g.s. The 16isomeric band is found to be
spective[y. The strgngth.of the quadrupole—qqadrupole yrast, above which there are many other 4-gp high-
force x is determined in such a way that it has a pangs with either positive or negative parity. It can be
self-consistent relation with the quadrupole deforma- goan from Fig. 3 that the 16isomeric band is well
tion e2. The monopole-pairing force constadis; areé  geparated from the other bands, leaving an energy gap
of nearly 500 keV. However, the bandhead energies of

N-Z7 4
Gy = [20~123F 13~13—A ]A J (4) the other highkK bands are not much higher than the
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Fig. 2. Comparison of calculated energy leveld 1AHf with known data [10].

5 T T T T

the 8 band, a series of external excitations may
be necessary, otherwise the deexcitation would return
to the original isomer. The excitation may proceed
stepwise among the gateway states, until it arrives
in a low-K state (a possible state is a member
of the 8 band) from which spontaneous decay to
the g.s. is possible. Of course, if such a multi-step
excitation is required, then the probability would be
very low. In addition, in order to link to the8band,
the gateway states should contain sufficight~ 8
components. The latter requirement is usually difficult
. . . . . . to fulfill in an axially symmetric nucleus; however, the
-1 12 14 16 18 20 29 discussion below may open a possibilityrough non-
Spin | axial distortions.
The picture shown in Fig. 3 has been obtained by
Fig. 3. Calculated highk bands in178Hf. The bands are plotted assuming an axial basis, and it could be modified
relative to the bandhead energy of the"Zigomer. if the nucleus exhibits significant deviation from the
axial shape. The amount of triaxial deformation is
16T isomer, and an external energy-©100 keV may given by an additional deformation parameter,To
be able to excite the T6isomer. see if they degree of freedom plays a role }8Hf,
A close look at Fig. 3 suggests, however, that we have newly extended the capability of the PSM
in order to excite the 16 isomer to the states of to study energy surfaces as a function of the two

— — 4-gp 16™ isomer
—— 4-gp pos. parity
---- 4-gp neg. parity
— 2-gp 8~ band

Energy (MeV)
)]
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quadrupole deformation parametess,andy, based
on exact projection calculations in three-dimensional

Euler space [21,22]. Here, we calculate the angular-

momentum-projected energies having the form

(@ (s2, IHP 1§ (2, 7)) _
(B (e2, V)P (e2, 1))

El(e2,y) = (5)

87

nuclei sitting in the transitional region between the
axially deformed and triaxially deformed phases. The
energy surfaces in Fig. 4 indicate th5EHf has a
character close to that of critical point nuclei with
considerabley softness. Therefore, the degree of
freedom may play a significant role in this nucleus. Xu
et al. [25] studied the importance pfdeformation for

For comparison, the unprojected energy surfaces arehigh-K bandheads if’8W and'820s, and for some
also calculated. The unprojected energy contains ahafnium isotopes [26]. While axial symmetry was

mixture of states with good angular momenta.

Energy surfaces for states with angular momentum
I =0,2...,10 are plotted in Fig. 4. The left part
of Fig. 4 shows the energies as a functioregfwith
y = 0. A minimum ate; = 0.25 is seen, which is con-
sistent with the use of, = 0.251 in the calculations

predicted for the hafnium cases, the calculations for
multi-gp states were restricted to bandhead shapes and
energies, and not the associated rotational excitations.
Our calculations now suggest thateHf exhibits a
significanty softness already near its ground state.
They softness may strongly enhance excitation of the

of Figs. 2 and 3. The unprojected energy surface has gateway states. However, an extension of the PSM for

a similar form, but the minimum has a slightly smaller
g2 value. In the right part of Fig. 4, energies are cal-
culated as a function of, with the minimum value
of g2 = 0.25. It is interesting to observe that the un-
projected surface has a minimumijat= 0, suggest-
ing that this nucleus is axially symmetric. However,
the projected surfaces exhibit a qualitatively different
pattern: for all the spin states with=20, 2,..., 10,
the energies with smaly are almost constant, and
they start to rise only foy > 15°. This suggests a

the description of multi-gp states, with tiredegree of
freedom explicitly included, does not yet exist.

To summarise, in the PSM the multi-gp states with
good angular momentum serve as the building blocks,
and mixing of these states is incorporated through two-
body residual interactions. Our calculations f6#Hf
show that the 16 isomer lies well separated in energy
from other states, suggesting that a series of external
excitations may be necessary to trigger isomeric emis-
sion. However, axially asymmetric energy-surface cal-

softness to axially asymmetric shapes. Note that such culations show that if”Hf there is considerablg

qualitative differences between projected and unpro-
jected calculations haveebn discussed before in an-
other context [23].

Nuclei having flat energy surfaces in thalirection
have recently been suggested [24] to be critical point

Energy (MeV)

60

Fig. 4. Energy surfaces for states with angular momentum
I =0,2,...,10. The energies are calculated as function of
(a) quadrupole deformatiogp with y =0, and (b)y deformation
with ¢ = 0.25. Full (dashed) curves correspond to projected (un-
projected) calculations.

softness. This fact, in the context of recent discussions
of critical point nuclei [24], indicates that not only this
particular example, but also other nuclei in this mass
region, may be significantly influenced by threde-
gree of freedom. The-softness may strongly enhance
excitation of the gateway states, in favour of trigger-
ing isomer decay. To describe multi-qp states properly,
and to further guide experiments in finding candidate
nuclei for triggered gamma-ray emission, an advanced
theory following the projected shell-model concept,
with the y degree of freedom included, is very much
desired. Work along these lines is in progress.

Acknowledgements

Y.S. thanks Professor D.-H. Feng for communi-
cations. Research at University of Notre Dame is
supported by the NSF under contract number PHY-
0140324.



88 Y. Sun et al. / Physics Letters B 589 (2004) 83-88

References

[1] G.C. Baldwin, J.C. Solem, Rev. Mod. Phys. 69 (1997) 1085.
[2] P.M. Walker, G.D. Dracoulis, Nature 399 (1999) 35.
[3] C.B. Collins, et al., Phys. Rev. Lett. 82 (1999) 695.
[4] C.B. Callins, et al., Phys. Rev. C 61 (2000) 054305.
[5] C.B. Collins, et al., Europhys. Lett. 57 (2002) 677.
[6] I. Ahmad, et al., Phys. Rev. Lett. 87 (2001) 072503.
[7] 1. Ahmad, et al., Phys. Rev. C 67 (2003) 041305.
[8] D. Belic, et al., Phys. Rev. Lett. 83 (1999) 5242.
[9] P.M. Walker, G.D. Dracoulis, J.J. Carroll, Phys. Rev. C 64
(2001) 061302(R).
[10] S.M. Mullins, et al., Phys. Lett. B 393 (1997) 279;
S.M. Mullins, et al., Phys. Lett. B 400 (1997) 401.
[11] A.B. Hayes, et al., Phys. Rev. Lett. 89 (2002) 242501.
[12] K. Hara, Y. Sun, Int. J. Mod. Phys. E 4 (1995) 637.
[13] A. Bohr, B.R. Mottelson, Nuclear Structure, Vol. Il, Benjamin,
New York, 1975.
[14] M.B. Smith, et al., Phys. Rev. C 68 (2003) 031302(R).

[15] M.J.A. de Voigt, J. Dudek, Z. Szymanski, Rev. Mod. Phys. 55
(1983) 949.

[16] P.M. Walker, G.D. Dracoulis, Hyperfine Interact. 135 (2001)
83.

[17] P. Ring, P. Schuck, The u¢tlear Many Body Problem,
Springer-Verlag, New York, 1980.

[18] S. Frauendorf, Rev. Mod. Phys. 73 (2001) 463.

[19] S.G. Nilsson, et al., Nucl. Phys. A 131 (1969) 1.

[20] R. Bengtsson, S. FrauendoF.-R. May, At. Data Nucl. Data
Tables 35 (1986) 15.

[21] J.A. Sheikh, K. Hara, Phys. Rev. Lett. 82 (1999) 3968.

[22] Y. Sun, et al., Phys. Rev. C 61 (2000) 064323.

[23] A. Hayashi, K. Hara, P. Rig, Phys. Rev. Lett. 53 (1984) 337.

[24] F. lachello, Phys. Rev. Lett. 91 (2003) 132502.

[25] F.R. Xu, P.M. Walker, J.A. Sheikh, R. Wyss, Phys. Lett. B 435
(1998) 257.

[26] F.R. Xu, P.M. Walker, R. Wyss, Phys. Rev. C 62 (2000)
014301.



	Nuclear structure of 178Hf related to the spin-16, 31-year isomer
	Acknowledgements
	References


