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Abstract. The FRDM(1992) mass model [1] has an accuracy of 0.669 MeWeaneagion where its
parameters were determined. For the 529 masses that havekasured since, its accuracy is 0.46
MeV, which is encouraging for applications far from stalyiln astrophysics. We are developing an
improved mass model, the FRDM(2008). The improvementsdrcticulations with respect to the
FRDM(1992) are in two main areas. (1) The macroscopic modedrpeters are better optimized.
By simulation (adjusting to a limited set of now known nugige can show that this actually makes
the resultsmore reliable in new regions of nuclei. (2) The ground-state defation parameters
are more accurately calculated. We minimize the energy ouadimensional deformation space
(&2, &3, €4, €6) UsINg a grid interval of 0.01 in all 4 deformation variabl&@ke (non-finalized) FRDM
(2008-a) has an accuracy of 0.596 MeV with respect to the 20@8mass evaluation before triaxial
shape degrees of freedom are included (in progress). Wieenatity effects are incorporated
preliminary results indicate that the model accuracy wilprove further, to about 0.586 MeV.

We also discuss very large-scale fission-barrier calariatin the related FRLDM (2002) model,
which has been shown to reproduce very satisfactorily krftsgion properties, for example barrier
heights from’%Se to the heaviest elements, multiple fission modes in theegarm, asymmetry of
mass division in fission and the triple-humped structurenébin light actinides. In the superheavy
region we find barriers consistent with the observed hadfsi We have completed production
calculations and obtain barrier heights for 5254 nuclevieahanA = 170 for all nuclei between
the proton and neutron drip lines. The energy is calculabe® 009 325 different shapes for each
nucleus and the optimum barrier between ground state aratated fragments is determined by
use of an “immersion” technique.
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INTRODUCTION

We discuss a new global calculation of ground-state (gs)fesstbn-barrier nuclear-
structure data. The gs calculation includes nuclear madeé&smation parameters, and
spins of odd-even nuclei. We also give some details of a \agetscale calculation of
fission barriers for 5254 heavy nuclei. Some aspects of tloelledions were reported
at thelnternational Conference on Nuclear Data and Technology;il®22-27, 2007,
Nice[2]. We present here additional results that are new singentieeting. We use the
macroscopic-microscopic method; full details of the maatelfound in Refs. [1, 3, 4].
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FIGURE 1. Difference between the Audi 2003 mass evaluations and tiEVFR 992) mass table. No
systematic divergence far from stability is observed.

MASSAND FISSION-BARRIER CALCULATIONS

A goal for a theory of nuclear masses is that it be able to atelyr predict masses of
nuclei for which no measured values are available. Datariknawn nuclei are needed
in many simulations; one example is simulations of the icpss. Our FRDM (1992)
which was finalized in 1992 and published in 1995 [1], was stdjd to a 1989 data base
of nuclear masses [5]. We have since compared it to nuclessesaneasured after 1989.
There are 529 such masses in the Audi 2003 mass evaluatiohié]model accuracy
for thesepredictednuclear masses is 0.46 MeV; much better than in the regionexthe
model parameters were adjusted, see discussion in [2]glilRve compare calculated
masses to thentire Audi 2003 evaluation, that is the 529 nuclei measured sif88 are
also included. They are mainly located along the upper awegr@dges of the plotted
region, that is towards the neutron and proton drip line&idn 2 we show a similar plot
for the HFB-8 mass model [7]. This model exhibits larger gexgng between odd and
even nuclei (a problem that may have been improved in lateleingersions) and, in the
heavy regions, a more systematic variation in the error detwthe proton and neutron
drip lines.

We have now improved the FRDM (1992) mass model. Succesapmwiements are
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FIGURE 2. Difference between the Audi 2003 mass evaluations and tli&8ifass table.

listed in table 1. The first three lines show the published MR2992) compared to
the data set to which it was adjusted (Audi 1989, labeled,“ti¢ totality of masses
in the most recent mass evaluation (Audi 2003, labeled “B¢ mew masses in A2003
relative to A1989 (labeled “3”). Because of a 100 000 foldr@ase in computer power
since the FRDM (1992) calculation was carried out we can nonsiclerably refine the
calculation. On line 4 (92-a) we show the result of a bettéin@gation of the constants
to the 1989 data set. Line 5 compares this better optimizetehto the 529 new masses.
It is interesting to note that the better optimized modellbetser predictive power (0.42
MeV versus 0.46 MeV)! Line 6 compares to the entire 2003 dataThe next three
lines (92-b) differ only in that fission barriers are not imbéd in the adjustment. We
have earlier [8, 3, 4] observed that the FRDM should not bdieghpo fission barriers.
The next line (06-a) shows the effect of adjusting the modehmeters to the 2003 data
set. The model is extraordinarily stable, its accuracy chignging by 0.0017 MeV.

In our 1992 mass calculation [1] the determination of theugbstate deformation
was carried out by interpolation in a coarsely spaced gridha two deformation
coordinatess, and &4; €3 and gg were studied only approximately (see [1]). Here we
considerably refine this calculation, by studying the siigbof all minima found in
the limited-space potential-energy-surface calculationa full 4D deformation space
in the coordinates,, €3, &4 and &. We use a grid with a grid interval 0.01 in all 4
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FIGURE 3. Calculated and observey, values in then-decay of elememt’®113. See the discussion
in the text.

deformation parameters. We start by calculating a 4D “cuwvetind a minimum found
in the previous mass calculation in 2b-¢4 space [1]. Such a cube consists of 81 grid
points, 80 of them on the surface of the cube. The lowest gnaithpe for a point on the
surface of this cube, unless the initial point determinedifthe limited 2D calculation

TABLE 1. FRDM (1992) and successive enhancements, compared toediffgdata sets. The first
column indicates a model designation, the second whichsgdtdhe model was Adjusted/Compared
to, and the last two columns the mean deviation and the madekacy. In column 2 “1”, “2", and
“3" stand for the Audi 1989 mass evaluation [5], the Audi 2008ss evaluation [6], and masses that
are in the 2003 evaluation but not in the 1989 evaluationwnmasses), respectively. The model
constants are given in the middle section. The top line dgive®riginal model constants [1].

Model A/C a1 a J Q & Ca C y Uth Oth;u—0
(92) 1/2 16.247 22.92 32.73 2921 0.00 0.436 60 0.831 0.0156688
(92) 1/3 0.1755 0.4617
(92) 1/2 0.0607 0.6314

(92)-a 1/1 16.245 23.02 32.22 30.73-2.24 0.465 104 0.927 0.0000 0.6614

(92)-a 1/3 0.0174 0.4208

(92)-a 1/2 0.0114 0.6180

(92)-b 1/2 16.286 23.37 32.34 30.51-5.21 0.468 179 1.027 0.0000 0.6591

(92)-b 1/3 0.0031 0.4174

(92)-b 1/2 0.0076 0.6157

(06)-a 2/2 16.274 23.27 32.19 30.64-5.00 0.450 169 1.000 0.0000 0.6140
(07)-a 2/2 16.231 2296 32.11 30.83-3.33 0.460 119 0.907 0.0000 0.5964
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FIGURE 4. Calculated potential-energy surface f8#120. The filled dots indicate local minima, the

x symbols significant saddles. The large filled dot designgte ground state. Although this minimum is

not the lowest minimum it has the highest saddle with resgefission and is therefore considered to be
the ground-state minimum.

accidentally turns out to be the location of the local minmmuf not, we construct a
new 4D cube around the point corresponding to the lowestggnem the surface of
the initial cube, taking care not to recalculate energies #ne already calculated. We
continue in this fashion until the lowest-energy poinhis on the surface of the last
cube investigated. It is then the interior point in this lagbe that is the minimum in
the full 4D space. We investigate all the minima found in tiespace in this fashion.
However, we found that sometimes there exists one minimurresfe- 0 and another at
&~ 0.1. separated by a low ridge. We therefore repeat the searchifima with the
above starting points, except = 0.1 in all the starting points. The lowest of the 4D
minima is the optimum choice for the ground state, with thee@tion that for heavy
nuclei the stability with respect to fission needs to be itigated as discussed below.
This refined calculation improves the accuracy of our oagstudy to 0.596 MeV,
(07)-a in Table 1. We can anticipate that including axialnasyetry effects [9] will
further improve the accuracy to about 0.586 MeV. In our womrk wclude essential
refinements that in practice are not possible to consideglfrcensistent Hartree-Fock
calculations. To illustrate one issue, we show in Fig. 3 agamson of calculated and
observedQ, values for the firs€’8113 decay chain that was observed at RIKEN. The



cusp atN = 165 in the FRDM and FRLDM models occurs because of a change in
gs deformation from deformed to spherical. In the HFB-8 @laliton the cusp occurs
because of a deformation change fr@n= 0.21 to 3, = 0.42 However, although the
more deformed minimum is the lowest found in the HFB-8 caltiah, our experience
tells us that it will have a very low barrier with respect tesfa. Therefore the higher-
energy, less deformed minimum should be tabulated as tlo@if\grstate”. We illustrate
further this issue in Fig. 4 in a potential-energy plot f8#120. The deepest axially
symmetric minimum is at> = 0.375 withE ~ —4.7 MeV. However, the barrier is only
about 1 MeV high; the saddle is nearbysat= 0.425. Instead we need to designate the
minimum with the highest barrier with respect to fission as gihound-state (an even
more sophisticated approach would be to calculate thelifalkivith respect to all decay
modes for all minima, but we do not take this step here). Thludehleads us to assign the
minimum ate; = 0.40 andy = 60 andE ~ —4.1 MeV as the ground state. Equivalently,
the ground state is oblate with = —0.40. The saddle is & = 0.425 andy = 32.5 and
E =~ —0.25 MeV. The barrier with respect to fission is about 3.9 MeV. Wdege for all
nuclei in our mass studies (and fission-barrier studies) aseater-immersion technique
to assign the ground-state to the correct minimum. So far hi@Bs calculations do not
use such techniques and must therefore be consideredalnedior heavy nuclei.

We have calculated fission potential-energy surfaces 64 5iclei fromA = 170 to
A = 330. For each nucleus the energy is calculated for 5009 3&5eatit shapes in a 5-
dimensional deformation space. From these calculationsanedetermine all minima,
saddle points between minima, valleys leading to diffesegsion configurations (that
is, different fissionrmode$, ridge heights between valleys, and the distinctly défer
saddle points that provide the entry doorways to the diffefession modes. Triaxial
shapes were studied in the vicinity of the first barrier paalki3D calculation. We
are in the process of tabulating these results. Our calonktgree well with various
observed fission properties in the heavy- and superheavyeglt regions. For example,
we obtain 4 to 6 MeV barriers for the new elements betwBea 107 andZ = 113
that were observed in cold-fusion reactions. Barriers f tiagnitude are required so
that the fission half-lives are sufficiently long to be coniipatwith the observed half-
lives, which are in the ranges to ms. This work was carried out under the auspices of
the National Nuclear Security Administration of the U.S pagment of Energy at Los
Alamos National Laboratory under Contract No. DE-AC52-8@N396.

REFERENCES

P. Mdller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, Atanlata Nucl. Data Tables9 (1995) 185.
P. Méller, R. Bengtsson, K.-L. Kratz, and H. Sagawa, Pirternational Conference on Nuclear Data
and Technology, April 22—-27, 2007, Nice, France, to be higlil, ancht t p: / / t 16web. | anl .
gov/ Mol | er/ publ i cati ons/ nd2007. ht i .

. P. Mdller, D. G. Madland, A. J. Sierk, and A. Iwamoto, N&t489 (2001) 785.

. P. Mdller, A. J. Sierk, and A. lwamoto, Phys. Rev. L&%.(2004) 072501.

G. Audi, Midstream atomic mass evaluation, private comication (1989), with four revisions.

G. Audi, A. H. Wapstra, and C. Thibault, Nucl. Phys/29 (2003) 337.

M. Samyn, S. Goriely, M. Bender, J.M. Pearson, Phys R&® (2004) 044309.

P. Méller and A. lwamoto, Phys. Rev.6% (2000) 047602.

P. Mdéller, R. Bengtsson, P. Olivius, B. G. Carlsson, anidflikawa, Phys. Rev. Let®7 (2006) 162502.

N

©CONDUIAW



