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ABSTRACT

We present results of theoretical nuclear
strucuure model calculations for the gamma-ray
laser candidate nucleus !86Re proposed by
Collins. Qur calculations of this odd-odd
transitional nucleus are based on an axially-
agymmerric (particle plus triaxial rotor)
model for constructing the orbitals of the odd
nucleons that cnuple under the influence of
the residual neutron-proton interaction. We
include pairing correlations in the determina-
tion of these orbitals by using the BCS ap-
proximaticn with newly determined pairing
strengths. The matrix elerents of the resid-
ual neutron-proton interaction are obtained
using phenomenological spin-dependent 8 func-
tion potentials vf both surface and volume
forms, We examine the sensitivity of the cal-
culated low-excitation level structure of
186Re to the strength of these potentials.
Calculated energy levels of !8¢Re will be pre-
sented and compared with experiment. The im-
pact of our resu.ts on the proposed uss of
186Re as a gamma-~ray laser will be discussed,
In addition, based upon these and other model
calculations to be described, we assesa the
leval of affort necessary in a full-scale the-
oretical search for a viable candidate nucleus
for a gamma-ray laser.

4 _INTRORUCTION

The odd-odd transitional nucleus 1?6Re haa
an experimentally known isomeric state of spin
and parity J® = 3% at an excitation energy of
approximatelv 150 kaev, The statc has a
halflife Ty;7 of 2 x 103 years. Collins! has
proposed 186Re as a candidate nucleus for a
gamma-ray laser on the basis of an as yet to
be identified 7~ state lying close by the 8°*
isomeric state. The 0* storage level couid be
depopulated by El radiation to the 7° transfer
level, which would then cascade to the upper
lasing level--the 3~ state at an excitation
energy of 99 keV, The viability of the pro-
posal of Collins rests upon the existence of
the 7° state, its excitation energy relative
to the 8° gtorage atate, and the strength of
the E1 transition rate between these two
states.

We report in this paper on our theoretical
investigation of the low-lying level structure
of 106ne with particular emphasia on the exci-
tation energies and nuclear wstructure proper-
ties of any 7° states near the known 8*' (so-
meric state at approximately 130 keV. Our in-
vestigation consists of nuclear astructure



model calculations that are carried out in the
following manne We view the odd-odd transi-
tional nycleus ,qRe,;; as the even-even core
nucleus ,,W,;, plus an odd unpaired proton and
an odd unpaired neutron that couple together
under the influence of the attractive residual
neutron-proton interaction, We obtain t-he
orbitals (wave functionsy of the unpaired
proton by rigfoducinq ths low-lying level
struf pre of ,¢Re; o, viewing this nuc gs as
the ,,W,,, core plus a proton. Because ", Re,,
is a transitional nucleus, we use an axially-
asymmetric model to calculate its low-lying
level structure. Specifically, wve use the
particle plus triaxial-rotor model as
formulated, for example, by Larsson, Leander,
and Ragnarsson.? Similarly, to obtain the or-
bitals (wave functions) of the unpaired
neutron, we use the same modal to reff?Juce
the low-lying level stru re of PPLIEEY)
viewing this nucleus as the ", ,W,,, core plus a
neutron, The calculations of these orbitals
are described in detail in 3ec. 2.

In Sac. 3, we calculate the matrix ele-
ments of -he attractive residual eutron-pro-
ton interaction using the wave functions de-
termined in Sec. 2. We consider two phe-
nomenological spin-dependent Jfunction poten-
tials to represent this interation. These are
surface and volume 8§ function potentials whose
strengths are determined hy reproducinyg opti-
maily the known low-lying levels iu 1l2fRe.
With this information, the remaining,
unmeasured, low-lying levels of !06Re can be
reliably predicted. NWe calculate tre 196Re
low=-lying excltats=n spectrum in this way for
both choices of the residual interaction, and
compare our results with the available
axperimental lavel information, Qur
conclusions from this work, expectations for
futura work, and assessmant of the scope of a
full-scale theoreti search for & viable
candidate nucleus for a gamma-ray laser will
be given in Sec, 4.

4. SINGLE-PARTICLE MWAVE FUNCTIONS

Our starting point for the calculation of
the two sets of s.nqgle-particle wave functions
that we require {s the particle plus triaxiel-
rotor model as formulated and coded by
Larsgonr, Lsander, and Ragnarsson.?.) The
particle-rotor Hamiltonian {s derived from tha
many-bedy Bohr-Mottelson Hamiltonian of an
odd-mass syatem* and i+ given by
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where =he I, are the moments of inertia. and
Jx and jx are components of the zctal and sin-
gle-particle angular momentum, respectively.
The asecond term i3 the single-particle
Hamiltonilan in an adiabatic core field de-
scribed by collective coordinates @. Equation
(l) is actually obtained from the Bohr-
Mottelson Hamiltonian by choosing the strong-
coupling basis, which has the advantage that
the particle-rotation interaction then appears
in the equation only in a Coriolis term,

1
Coriolls term = —.i.l'_ul-j.)'o-Hm(a) . (D

Y

and a recoll term,

recoil term = 2 (‘Ijj:ﬂl‘) . (2)

The triaxial core assumption, appropriate
to the transitional nuclei, is intrcduced to
Eqs. (1)=(3) through a hydrodynamirxl model
for the three moments of inertia, namely,

I, = (47)ly sin’ (y + 203) @

where Y measures the degree of axisl asymmetry
or triaxiality and [g is the moment of inertia
associated with axisl symmetry.

The single-particle Hamiltonian of Eq.
(1), Hpage (@, required to cslculate the
single-particle wave functions Xy, so that the
diagonalization of Eq. (1) in the stirong-
coupling basle ~an occur; ia constructed using
the modified oscillator potential?

Vo = (I2baage e )o" [1-23MP,(co0 8)

+ 2P, (cos0)] . (5

This potential Lis expressed here in the
stretched coordinate system? for the case of
quadrupole (22) and hexadecapole (84)
deformaticrs. In our actual caltulations we
include even higher deformation order, vir..
¢g. Two other ingredients of Hpger NEcessary
to [it accurately the leve spectra Ot
deformed nuclei are a spin-orbit cerm,

spin-arbit term=-2xhdof & . ()]



with coupling strength X, and a quadratic
orbital angular momentum term /(to truhcate the
oscillator potential with Increasing mass
number A),

quadratic frerm ~ xudo ¥ T, (N

with coupling strength KM, With the toral
single-particle potential given by Egs. (S)-
(7), one obtains solutions of Hpare(®) ~f the
form

= V) g 1
X, 2 du;n Ya - ot
afl

with @ = N, 2, where N s the principal oscil-
lator quantum number, R and j are the orbital
and total anqular momentum of the particle,
and f3 is the projection of j along any one of
the three gfincipnl axes. The basis wave
functions y,.’ are coupled harmonic oscillator
wave functions referred to the stretched
coordinate system.> However, we wish to note
that the entire formalism prejented.here can
also be referred to the unstretched coordinate
system in which ..o approximationa are made in
the coupling calculation. We have used the
unstretched coordinate system in all of the
calculations presented in this paper.

Finally, we account for the effects of
pairing correlations by performing a standard
BCS calculation on the adiabatic single-parti-
cle levels Xy. Therefore, the Fermi level and
the pairing occupation factors are uniquely
determined without additional adjuscable pa-
rameters. In the BCS calculation, the pairing
strengths Go £ Gi((N-Z)/A] are determined by
reproducing the experimental pairing gaps 4,
and Ap obtained from fourth-order mass differ-
ence equations.$

We now present our results in calculating
the single-particl ave functions Xy fur the
od: -prot Esnuclcul jsR@y,, and the odd-neutron
n.cleus LW, . The final values of the input
parameters for the two nuclei are p.esented in
Table 1. in this table, the values of X and U
are taken from tha extensive studies of
Nilssorn et al.’ an. these were held fixed
throughout. The values of the quadrupole (22)
and hexadecapole (f,) detormations were
constrainad to lie cluv.e to the transforms of
the corresponding Pz and Py values determined
in the analysis of 1nelastic scattering
experiments of A ~ 185 nuclel. The value of ¢t
tor !95Re was taken Zfrom the systemati:
theoretical analysis of ground-state m&sses by
M8ller and Nin.’ The value of & for



185w was taken to be zero for the present
calculations. For 185re a value of y= 15.04°
was determined by adjustment to *he measured
excitation enerqgy 646.0 keV of the pandhead of
the K = 1/2 y-vibrational band. A value of y =
0.0° is used for 85w, as the only experimental
evidence for a Y-vibrational band {n this
nuceus is tentative, for a K = 3/2 Y-vibra-
tional band above | MeV in excitation. Since
the presence of the odd nucleon in the 184y
core polarizes this core somewhat, the excita-
tion energy of the cora 2% state,E(2%), is ad-
justed to reproduce the experiaental ex-
citation energy of the first-excited state in
the odd-nucleon nucleus. The values of E(2*)
in Table 1 should be compared to the -rue
value of 0.1112 MeVv. As already mentioned,
the values of the pairing strengths Gy and G,
are adjusted to reproduce the experimental
pairing gaps A, and Ap. Finally, -he parame-
ters §pair and Scoriolys are attenuar: .5 on the
pairing factor (exponeéntial) and trhe Coriolis
term (multiplicative), which are normally of
unit value. However, it is well known that
attenuation of these two terms can sometimes
improve agreament with experiment in axially-
symmetric cases. We have found that a value
of &coriolis = 0.9 for i95W (axially symmecric
in our present treatment) gives better agree-
ment with the experimental level spectrum than
does the unit value,

The levels (and therefore the correspond-
ing wave functions) calculated using the pa-
rameters contained in Table 1 are compared
with the experimcntal levels in Tables 2 and
3. In Table 2 we compare calcmlaced and ex-
perimental levels for the first three even-
parity bands of 1%3e. The quite good agree-
ment indicates that the correspondiny wave
functiony can be used with confidence in cal-
culating the residual n-p interaction matrix
elements for '®Re, to be discussed in Sec. 3.
We reach a simi'ar cunclusion with Table 3, in
which we compare calculated and experimental
levels for the first three odd-parity bands of
105y, Here, the agreement between calculation
and experiment is not as good overall as for
185re. Howaver, the arrors in the !83W wave
functions that are required in Er.dictinq the
locations of any 7 ntates in ! ‘Re are quite
small. We now tuzn to a discussion of the
calculations of the residual n-p interaction
matrix olements using the single-particle wave
functions that have Leen described here.



Table 1, Parameters for Constructing Cffs Wave
Functions of the 0Odd-Protop Nucleus 75Re110
and the Cdd-Neutron Nucleus 74”11L

0dd-Proton Oda-Neut ron
Raramerer Nucleus
X C.062 0.0636
N G.b0l4 0.393
e, 0.230 0.240
(N 0.130 0.068
13 -0.013 0.0
Y (deg) 15.04 0.0
E(2*%) (MeV) 0.1187 0.1200
Gp - (MeV) 20.435% 20,150
Gy (Mev) 7.4 7.4
Ap (Mev) 0.826 —_
Aa (MeV) — 0.783
Spair 1.0 1.0
Scoriolis 1.0 0.9

Table 2. Comparison of Calculated and Experi-
mental Low-Lying Even-Parity Bands of the Cdd-

188
Proton Nucleus ;g Re13p

Calcuated Experimental

—Band L. {114} &ke¥)
3 1402) e 00 00
e 1251 125,348
9n2e 2845 284.1
1ae 476.8 475.6
132+ 699.0 697.0
157+ 930.5 949.5
172+ 12272 12300
Kok y-vib, 12+ 646.0 646.11
¢ (402p e 708.3 717.42
s 786.9 767.3
Lran e 369.5 874.81

1/2¢ 888.9 880.27




Table 3 Comparison of Calculated and Experi-
mental Low-Lying Odd-Parity Bands of the Odd-

Neutron Nucleus ‘walll

Calcuated Experimental

_Bad = _I® GeW) 1719
21512) v 0.0 00
s 64.4 65.86
" 204.1 173.68
wn 3139 302.0
12 564.9 480.0
315101, 12¢ 89 2354
ne 876 93.30
[P 195.1 187.88
" 3435 338.0
92 5443 490.0
1z 745.8 706.0
Z1s03) " 246.8 2438
2 419.5 390.8
ne 630.4 $70.0
1. RESIDUAL NEUTRON-PROTON TNTERACTION AND
186

IHE ""°BI SPECTRUM
The simplest generalization of Eq. (1)
for two nucleons is

¥ i3
H-é';’:((.j. ")n‘H"‘ V_. L))

where the rotational and single particle terms
of H have the sawe significance ss in Eq. (1),
and Vpp in the residual neutron-proton inter-
action. Historically, cn&ygcn3 axially-sym-
metric case was considered®’ %V, This was in
part due to a lack of detalled experimental
information in odd-ndd nuclei, & lack of the
requisite computati.nal abilities, and to a
realization that the differences due to as-
sumed axial asymmetries were offset by the un-
certainties in Vpp.

However, each of these difficulties has
been, or i currently being overcome. With
rthe advent of new heavy lon accelerators and
4% detectors, prodigious amounts of data are
becoming availaple. Larger computers allow
more basis states--an essential point since
relaxing the requirement of axial symmetry re-
sults in Hamilionian matrices an order of mag-
nitude larger than for the case of axially
symmetric systems. Finally, the increased
comput ing power also allows the calculation of
the neutron=-proton interaction from potentials
based on nucleon-niucleon scattering. Further,
considersble work on the magnitude of Vo has
been done by R. Moff and his collaboratorsll,



In this paper we shall calculate Vnp from
simple phenomenological interactions such as a
delta function potential. Our choice for the
delta function includes both a spin-indepen-
dent as well as & spin-dependent part. Our
salection follcws closely the work of Sood et
a1.12,13, although in addition to a purely
central delta interaczion, we also allow a
tensor {nteraction with no radial dependence
to contribute.

It is relevant to briefly discuss the
case of axial symmetry, since the systematics
of the matrix elements of the neutron-proton
inveraction is similar for the two instances.
1f Qp and (ln are the projections of the pro-
ton and neutron single-particle angular mo-
menta along the symmetry axis, then X = Qg +
Cln where K is the projaction of the angular
momentum of the core along the axis, It was
demonstrated by Gallagher and Moszkowski8 that
if the projection of each of the single nu-
cleon's spin is aligned or anti-aligned, the
matrix element of Vnpp is attractive, If one
is aligned with the direction of the prolec-
tion of the orbital angular momentum and the
other is anti-aligned, then the matrix element
is repulsie.

A simple representation of Vhp is

AKIV, 11K>=A+()' 8B (10)

The first term is usually referred to as a
Gallagher-Moszkowski matrix element. The sec-
ond term is the so-called Newby term3. The
magnitudes of A and B are typically a few
hundreds and tens of keV, respectively. In
our work, the matrix element is explicitly
calculated.

From the single particle wave func:tions
and energies calculated, as described in Sec.
2, and with the matrix elements of Vpp calcu-
lated as described above, one may calculate
the structure of 186Re. Our results for the
nagative parity states are shown in Fig, 1.
We omit here a discussion of the positive par-
ity states, since we »re primarily intetested
in the possibility of a low-lying 7~ leval.
In fact, there are several 77 levels; ocne is a
dominant member of the ground-state bdand; oth-
ers may be formed from other bands. The phys-
ical levels sre, of course, mixtures of the
aimple states thus formed. The lowest 7~ lies
above 300 keV and therefore 186Re can untortu-
nately be eliminsated from consideration as a
candidate for a gamma ray laser.

This points out two important facts: nuclear
structure calculations can be useful as a
gquide to whether a particular nucleus may be a
possible candidate. It also reaffirms that it
iy easisr to eliminate a nucleus than to
demonstrate that a given nucleus mests the
necessary criteria.
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Fig. 1. The low lying negative
parity states of 186me celculatea
as described in the text, The in-
teraction used in the calculation
has not been optimized.

4. DISCUSSION AuD CONCLUSICN

We have demon-trated in this fgpo: that
it is possible to eliminate 186Re from
consideration as a candidate for a gamma-ray
laser. Similar techniques may be applied to
other nuclei to test their applicability.
However, this only addresses one aspect of the
problem~--that of eliminating candidates. The
other aspect, namely, that of actually
proposing promising possibilities, is more
difficult. In order to do this, several
refinements to ocur model currently under way
will have to be completed.

The neutron-proton interaction V,p was
calculated above from a simple cCentrai delta
interaction. However, it iy known that the
true interaction contains appreciable non-
central componentsy. These are currently being
calculated using G-matrix techniques pioneered
by Kuoc and Brown.

A further refinement applies both to the
odd-A and odd-odd cases. In the above
discussior the pairing interaction was
included ir an ad hoc mannar, which leads to
uncertainty. For example, should 183ae be
considered as a particle outside a }84Re core
or a hole in l86Re? If the mass 184 and 106
nuclel do not differ appreciably, (t 13



probably irrelevant from a practical point of
view, although the ambiguity is still
unseemly. Both of these objections may be
overcome by using the results of Dénau and
Frauendorfl4, which are based on earlier work

by Kerman and KleinlZ, In this case the
Hamiltonian takes the fcrm of an array:

Ey+T +4 A
(n

A Ey-T-A

The basis states are the core states of A+l
and A-1l. Since the energies of these core
states enters explicitly, they may have very
different properties. Further, these even-
even core states may he calculated explicitly.
Ideally they would be calculated by self-
consistent, multi-configurational Hartree-
Fock. Such an approach would be more basic,
but prohibitively expensive if one wishes to
expiore many nuclei. We choose to obtain the
core states by numerically solving the Bohr
Hamiltonian using a variant of the techniques
pioneered by Hess et all6. This is somewhat
similar to recent work by Bennour et al.l7.
The analog of &q. (l1) has been derived for
the case of two nucleons outside a core. Work
in these directions is continuing.
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