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CALCULATION OF FISSION BARRIERS FOR HEAVY NEUTRON-RICH NUCLEI*

W. M. Howard and J. R. Nix
Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico, United States of America

ABSTRACT

We study the possible production of superheavy nuclei by the multiple
capture of neutrons in the astrophysical r-process, the conventional thermo-
nuclear explosion, and the multistep explosions p.oposed by Meldner. This
is done by calculating the fission barriers and neutron separation energies
for the appropriate region of heavy neutron-rich nuclei. We use an improved
version of the macroscopic-microscopic method. The macroscopic energy is
calculated according to the droplet model of Myers and Swiatecki, with con-
stants they determined in January 1973 by adjustments to experimental nu-
clear ground-state masses and fission-barrier heights and from statistical
calculations. The microscopic correctio-s to the energy ara calculated from
a diffuse-surface single-particle potential of the folded Yukawa type. The
potential radius is taken from the statistical calculations of Myers; the
potential well depth3 and d! “fuseness and the spin-orbit interaction strengths
are adjusted to reproduce experimental single-particle levels in heavy nuclei.

The calculated fission barriers are displayed as functions »f the dis-
tance between the centors of mass of the two nascent fragments. The actuul
shupos considered aro the soquonce of idoalized llguid-drop-model saddle-
point shapes (the so-c:llod y family of shapes) for distortions up to the
vicinity of tho saddle polnt. Vor larger distortions the most probable ide-
allzod llquld-drop-model dynamical path is used. Tho neutron soparation en-
orglos aro calculutod from ground-state mussos that are detormined by mini-
mizing the potontlal enorgy with respact to the nuclear quadrupole moment
Q, and hoxadecapolo moment Q,.

For n broad roglon off houvy noeutron-rich nuclol the calculatod flssion
burriors nre loss than the calculatod noutron sopuration onorvgles. This
stoms primavily from tho nredicted rapld docreaso In the offoctive surfuace
tontlion of a nuclous with Increastng neutron excoss. Therefore, the capture
of o noutron should exclte tho nuclous above tho top of the flsslon barrlier
and consequent ly terminate the neut ron-cupture process hefore any superhoavy
nucle!l are producad.

MWork performad tmder the auwapices of the U, S, Atomlce Enerpy Commisslon,



1. INTRODUCT ION

The prediction of the possible existence of superheavy nuclei has led
to attempts to produce them in the laboratory and to searches for them in
nature. Calculations of the nuclear properties of such nuclei by Myers and
Swiatecki [1], Nilsson and his coworkers [2], and more recently by other
workers [3,4] have predicted half-lives as long as 10% yr. Thus, if these
nuclei are produced in astrophysical environments, they should be detect-
able on the earth and in the cosmic rays impinging on the earth. Thus far,

efforts to produce superheavy nuclei in the laboratory or to find them in
nature have failed.

In this paper, we study the effectiveness of the mechanism that nature
would use to produce them as well as the mechanism that man might use if he
employed nuclear explosions. In particular, we study the astrophysical r-
process, the conventional thermonuclear explosion, and the multistep process
proposed by Meldner [5]. Neutron-induced fission plays the critical rcle in
terminating these processes; we therefore calculate the fission barriers and
neutron separation energiss for a broad region of heavy neutrcn-rich nuclei.

Figure 1 is a plot of known and predicted nuclei as a function of the
neutron number N and proton number Z. The heaviest points represent stable
nuclei, the medium-size points nuclei with half-lives greater than one year,
and the lightest points nuclei with half-lives less than one year. Nuclei
with predicted half-lives greater than about five minutes are included in
the island of superheavy nuclei [4]. The dashed lines outline the region
of nuclei where we calculate fission barriers and nuclear ground-state
masses. Our fission-bariler calculations are limited to even nuclei. The
solid lines indicate the approximate regions of heavy neutron-rich nuclei
through which the various processes occur.

In Sec. 2 we discuss the method of calculation, in Sec. 3 our results,
in Sec. 4 the significance of our results to these various neutron-capture
processes, and in Sec. 5 our conclusious.

2. METHOD OF CALCULATION

The potentlal cnergy surfaces for these heavy neutron-rich nucloi are
calculated by use of the macroscoplc-microscoplic method as described in the
provious revliew puper on the calculation of fisclon barriers [6]. The mic-
roscopic energy is calculatod asccording to tho droplot model of Myers and
Swiateckl [7,8], with constants they determined In January 1973 by adjust-
monts to oxperimental nucloar ground-stato masses and fission-barrier
helghts and from stutli)kcul calculutions., Tho droplet modol tukes into ac-
count torms of order A%/ In tho nuclear onorgy as well as a moro procise
dependence of tho offectlve surfaco energy on the noutron oxcess. ‘The mi-
croscople corrections to tho energy ave cateulatod Crom o dit tuwio-surtace
singlo-particle potential of the folded Yukawa type. Tho potontlial radius
iy takon from the stutistical calculatlions of Myors [9]; the potentlal well
depths nre adjustod to roproduce experimenval single-particle lovels in
heavy sphorlcal nuclel and the diffusensss and spin-orbit Intoraction
strongths In hoavy deformed nuclol [6].  This macroscople-mleroscople mothod
is conslstont with oxperimentnl fisslon barriors and ground-state muades In
tho actinlde roglon nx woll as with Information from conventlonal nuclear
oxplosions In the noutron-rich reglon.



The neutron separation energies are calculated from ground-state masses
that are determined by minimizing the potential energy with respect to the
nuclear quadrupole moment Q, and the hexadecapole moment Q, . The nuclear
shapes are described in terms of smoothly joined portions of three quadratic
surfaces of revolution [10,11]. One of the three symmetric coordinates that
define such shapes is eliminated by requiring that the relative quadrupole
moment of the middle spheroid be equal ir magnitude but of opposite sign to
the relative quadrupole moment of either end spheroid. The two remaining
coordinates are chosen to be the quadrupol: moment Q, and hexadecapole moment
Q, of the shape. -

For the droplet-mcdel mass excess we use the following form [7,8],
where it is understood that all energies and masses are in MeV and that all
lengths are in fm:
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The six relative energies Bj are functions only of the nuclear shape
and are defined so as to have the value unity for a sphere. The quantities
B and B; are the relative surface and coulomb energies of the liquid-drop
modei, By is the relative curvature energy, B, is the relutive coulomb re-
distribution energy in the nuclear volume, and By and B, are two types of
relative coulomb redistribution energy in the nuclear surface. The reader
is retferred to Ref. [7] for the relevant equations to calculate these shape-
depend2nt terms. From 4 combination of statistical calculations and adjust-
ments to nuclear ground-state masses and fission-barrier heights, values fo1
the cunstants that appear are determined to be [8]: a3 = 15.986, a2 =
20.76G, az = 0, J = 36.5, Q =17, ry = 1.175, K = 240, L = 100, M = 0, and
H= 0.99. Notice that the coefficient of the curvature term is identically
zero, ‘The difference in Eq. (1) relative to what appears in Ref. [7] for the
coulomb term multiplying C4 arises because the substitution A = 2Z has been
made.

There is much interest in the value of the surface-asymmetry constant
K in liquid-drop-model mass formulas because it has an important bearing on
the fissility of neutron-rich nuclei. In the droplet-model the shape de-
pendence of the potential energy is more complicated than in the liquid-
drop model, and the constant kK no longer anters. However, by neglecting
the relatively small influence of the four new shape-dependent energies,
the more complicuted dependence of the droplet model on the surface and
coulomb enorgies can be described approximately in terms of an effective
value of k which would yield the same saddle point as the liquid-drop
model [12]. The result is

2
i

Koff ™ 2
9.8
“2(‘ " 133)

QA™"

whero B, is tho relative surface onergy of the saddlo-point shape. ‘Thus,
unlike in the liquid-drop mou.:i, this effective valuo of K depends on tho
mass number and the snddlo-point shape. FPFor tho noutron-rich nuclous
280p,, whare tho mucroscoplc saddle-point shape is closo to y « 0.10, wo
obtaln Kapp = 2.8, This Is significantly higher than tho froquently used
value of kK ~ 1.7826 in the liquid-drop mode! [13]. Thu., in the droplot
model tho effoctive surface tonston decreases much more rapldly witn neu-
tron oxcoss than In the liquld-drop modol of Myors and Swlatackdl.

» (12)



The fission barriers are calculated for the sequence of idealized liq-
uid-drop-model saddle-point shapes (the so-called y family of shapes) for
distorticus up to the vicinity of the saddle point. For largsr distortions
we use the most probable idealized liquid-drop-model dynamical path [10,11].
The barrier heights that we calculate should be considered upper limits
since we have not included mass-asymmetric or axially asymmetric (y) distor-
tions. As shown in the previous paper [6] inclusion of these effects could
lower our calculated barriers by 1 or 2 MeV.

3. RESULTS OF CALCULATION

Figure 2 is a comparison of the experimental ground-state single-par-
ticle correction for nuclei in the lead, rare-earth, and actinide regions
with our calculated values. The discrepancies oscillate with particle num-
ber and are as large as 4 MeV for nuclei close to 22°Th. Part of the error
for these nuclei arises because the constrained version of the three-qua-
dratic-surface parametrization that we are using does not describe ade-
quately shapes with large positive hexadecapole moments: the generated
shapes have a large curvature near the equator, which increases substantial-
ly the surface energy The error for thes: nuclei can be reduced (by up to
1.2 MeV for 225Th) by u~ [6] of the coordinates € and €, in Nilsson's per-
turbed-spheroid parametrization [2]. However, for several nu-iei with neu-
tron number N close to 152, the energy calculated by use of the coordinates
Q, and Q, is lower (by up to 0.4 MeV for 252Cf). Comparing this figure
with the ‘results of Ref. [6], different conventions are adopted here con-
cerning two separate points. First, our calculated values do not include
any zero-point energy. Second, they are relative to the pairing convention
of Myers and Swiatecki [8,13], in which an odd-particle nuclesus rather than
an even nucleus has zero pairing energy. The combined effects of these two
differences increase our calculated values by 0.2 to 0.3 MeV relative to
those in Ref. [6].

Figures 3, 4, and 5 show some of our calculated barriers as functions
of the distance between the centers of mass of the two nascent fragments.
We note that the droplet-model contribution to the petential energy is
greatly reduced for an increased neutron excess; this is because the
ef fective surface-asymmetry constant for these nuclei is relatively large
(Keff ™ 2.8). The barriers are also greatly reduced with increasing proton
number due to the strong dependence of the fissility on the disruptlve cou-
lomb force. The large second peaks on the barriers of 2*%u, 2%2y, and
236 should be roduced by at least 1 or 2 MeV when mass-asymmetric distor-
tions are taken into account.

Our calculated borriers for sup rheavy nuclel are displayed in Fig. 5;
they ure very similar to those calculated by Bolsterli et al. [3]. Thore are
throe differences in those two calculations: (1) we employ the full droplet
modol For the macroscopic onoryy invtead of the liquid-drop model, (2) wo
adjust tho surface diffuseness and the spln-orbit intoraction strongths to
roproduco oxporlmnntul slnglc particle levels in tho raro-earth und actinide
nuclol Lnstoad of in 2%%ph, and (3) boyond the vicinity of the saddle point

we use the liquld-drop-model dynamical path instead of the y-famlly sequence
of shupes.

The barriors for 2°*118, 2%%118, ‘“na5 290114,7%"114, and *?%114
aro all over 10 MeV high. The barrler for 8114 1s slightly lower than in



the previous calculation [3,4]; howeyer, in our calculation the barriers for
294114 and 2?°118 (at N = 180) are larger than the barriers for #2114 and
302118 (at N'= 184). As in the previous calculations, when neutrons are
added beyond N = 184, the barrier height decreases drmatically. We predict
the superheavy island to be somewhat more stable in the neutron-deficient
direction than has been predicted by previous calculations. This is due to
the increased spin-orbit interaction strengths and the decreased surface-dif-
fuseness parameter [6] that we use. This change has the effect of decreasing
the neutron level density below N = 180, which increases cthe binding of nuclei
with neutror numbers near N = 180.

Figure 6 is a contour plot of the calculated fission-barrier height for
even nuclei. We include a zero-point energy of 0.5 MeV for motion in the fis-
sion direction. Figure 7 is a contour plot of the calculated neutron separa-
tion energy for even nuclei, and Fig. 8 is a contour plot of the difference
between the calculated fission-barrier height and the calculated neutron sspa-
ration energy for even nuclei. We will employ these three figures in evaluat-
ing where neutron-induced fission will terminate the various muitiple-neutron-
capture processes. We have not performed any spontaneous-fission half-life

calculations.
4. APPLICATION OF RESULTS TO MULTIPLE-NEUTRON-CAPTURE PROCESSES

4.1 Astrophysical r-process

The astrophysical r-process [14] is the multiple capture of neutrons on
heavy nuclei on a time scale that is much shorter than beta-decay half-lives
for heavy neutron-rich nuclei. In some catastrophic supernova events the
high-density matter is thermalized to an energy of order 200 keV, so that neu-
tron capture is impeded by neutron photodisintegration at a low neutron sepa-
ration energy. The neutron-capture flow thus proceeds far to the neutron-rich
side of the valley of beta stability. Neutron separation energies decrease
dramatically immediately after a ciosed shell of neutrons, which tends to halt
- temporarily the capture flow. When beta decays increase the proton number suf-
ficlently, neutron sc¢paration energies again become large enough to allow the
capture flow to continue. Figure 1 shows a typical r-process capture path.
Since the nuclei along the path are in statistical equilibrium with respect to
the exchange of photons and neutrons, the r-process path is determined by the
neutron separation energies of the neutron-rich nuclei and, in fact, follows
a path of essentially constant neutron separation energy.

There has been much lnterest as to whether superheavy nuclei can be pro-
duced in the r-process, which is known to produce many of the naturally occur-
ring neutron-rich nuclei between germanium and bismuth and all of the naturally
occurring nuclei heavier than bismuth. Iwo groups [15,16] have studied In some
detail the fission propertios of heavy neutron-rich nuclei in regard to tho
production of superheavy nuclel by use of the macroscoplc-microscopic approach,
Boleu et al. [15] have calculated the nuclear potential-enargy surfaco with the
modified harmonic-o.~illator potential and the liquld-drop modol of Myers and
Swiatecki [13]. Thoy conclude that even with a low surfaco asymmetry constant
(¢ = 1.7826) superheavy nuclel cannot be produced by the convontlonizl r-procoss.
They find that tho r-process would be terminated by noutron-induced fisslon at
approximately Z =« 98 and N = 186. However, those calculations are porformed
with a palrlng strongth proportional to the surfaco area, which reduces tho
barriar with Increasing distortion. Accordlng to Re”. [4], tho lightost supor-

heavy nucleus with an astrophysicaliy significant half-11fo s A = 291 (Z =
110, N « 181).

-6 -



Schramm and Fiset [16] also use the Myers and Swiatecki [13] liquid-
drop model for the macroscopic contribution to their barriers and the dif-
fuse-surface single-particle potential of the folded Yukawa type [3] for
the microscopic corrections to the energy. In addition, they studied the
dependence of the results on the value of the surface-asymmetry constant K.
The neutron separation energies were calculated from the 1966 mass formula
of Myers and Swiatecki [1], which included am empirical microscopic-energy
correction. However, their neutron spearation energies are similar to those
that we calculate. They predict the neutron-induced-fission cutoff 2 be
near Z = 100 and N = 190 (for k = 1.7826). Since the Myers-Swiatecki mass
formula predicts a broad r-process path, material below the neutron-induced-
fission cutoff but with higher mass number A survives. By carefully follow-
ing the decay back to the superheavy island they find that significant
amounts of nuclei with A = 290, 291, 292, and 293 survives, depending on
what is included for the zero-point energy.

For a given determination of the neutron separation energy for neutron-
rich nuclei, the r-process path can be determined approximately without car-
rying out a full r-process calculation. When calculating neutron-induced
fission on the approach to the superheavy island, it is important to know
where the r-process path will occur in this region.

There exist two peaks in the solar system abundance distribution of r-
process nuclei, at A = 130 and A = 195. These peaks are due .0 an accumula-
tion of material along the r-process path at the neutron closed shells N =
82 and N = 126. The second peak extends through the region 185 < A £ 200;
the r-process path must therefore pass through the same mass region at N =
126. The neutron separation energies in the region where the path enters
and leaves the neutron-closed shell at N = 126 therefore determines the
values of the neutron separation energy that the r-process path follows.

We calculate the neutron separation energies in this region to be
By = 3£ 1 MeV. We therefore find from a study of Figs. 7 and 8 that the
neutron-induced-fission cutoff.is Z = 96 and N = 186; this is somewhat lower
than the estimates by Boleu et al. [15] and Schramm and Fiset [16].

Thus, we predict that nuclei with mass number A = 281 will be the last
to survive in the r-process before neutron-induced fission terminates the
path. Accerding to the results of Ref. [4], nuclei with mass number 281
would sruntaneously fission with half-lives of the ovrder of 1 sec after a
few beta decays. In order for superheavy nuclel to be observed in cosmic
rays, their half-1lives would need to be at least 106 yc. This would require
the production of nuclei with mass number A 2 291, which is 10 mass units
higher than the heaviest yield that we predict. This lower neutron-induced-
fission cutoff is due primarily to the rupid docrease predicted by the drop-
lot model of the surface cnergy with the addition of neutrons.

Schramm and Fiset [16] suggoest that a small fraction of the material
at tho noutron-closed sholl N = 184 could climb along this closed shell dur-
ing tho frveze out of the r-process neutron Flux and reach the superheavy
fsland. Howover, as scon in Flg. 8, such nuclei would reach Cape Farowell
[17] somowhoro between Z = 98 and 102 und suffer neutron-inducod fission be-
fore reaching the superheavy island.



4.2 Conventional nuclear explosions

Conventional nuclear explosions yield nenutron exposures similar to
those in the astrophysical r-process; however, the time duration is so short
(At £ 10-6 sec) that there is no time for beta decays during the neutren-
capture process. The thermal photon temperature is much less than that in
the r-process. The neutron captures theretore proceed to a lower neutron
separation energy, which extends into a more neutron-rich region. In nuclear
explosions to date, targets of various actinide nuclei have been irradiated
with intense neutron sources. Independent of the target used or the inten-
sity of the neutron irradiation, the heaviest nucleus recovered from the de-
bris has been 2°7Fm [18].

We can understand this failure to produce heavier nuclei in terms of
our results. From Fig. 8 we see that neutron-induced fission terminates the
neutron-capture chain on the U isotopes at mass number A = 256. Actually,
neutron-induced fission should occur somewhat before this because we over-
-estimate the barrier for U isotopes in this region by 1 or 2 MeV by not in-
cluding mass-asymmetric distortions. Thus, we conclude that conventional

nuclear explosions have even less hope for producing superheavy nuclei than
the r-process.

From Fig. 8 we see that if a lighter target (such as 227Ac, 22fRa, or
22an) were used, the neutron capture could proceed well beyond A = 25€.
The results of Fig. 6 show that subsequent beta-decay products would have
barriers lower than 4.5 MeV and would therefore spontaneously fission with
short half-lives. We have not performed spontaneous-fission half-life cal-
culations for these nuclei, but perhaps some odd-mass chains could survive
spontaneous fission and produce nuclei that live long enough (26 h) tc be
detected in the debris. Neutron exposure experiments on targets of Ac, Ra,
or Rn could yield valuable information about the spontaneous-fission halt-
lives in this region of nuclei. This broad region of nuclei with fission
barriers lower than 4.5 MeV (referred to by Nilsson as the Bay of Pigs) is
also found in the calculations of Boleu et al. [15].

4.3 Multistep process

The failure of conventional nuclear explosions to produce superheavy
nuclei has led Meldner [5] to propose a multistep explosive process that
would aliow beta decays between subsequent explosions. However, his process
seems fraught with the same diffi-:alties encountered in the r-process and in
conventional nuclear explosions. Certainly odd-mass capture chains would
have to be utilized as well as a target lighter than Th to avoid initial
termination of the process by neutron-induced fission. It would then be re-
quired that beta decay lead to a region of stability against neutron-induced
fission before the noxt neutron burst.

Meldner would like to take advantage of neutron capture along odd-pro-
ton chains where the (ission barrior could be enhanced relative to the bar-
rler heights of evon nuclei. In the actinide region the spontaneous-fission
half-1ives of odd-particlo nuclei are systematically about 103 times as long
as thoso of neighboring even nuclei [19]. These hindrancus arise from an
increasce either in the height of the barrier or in the inertia (or in both).
If this hindrance factor is assumed to arise only from an increase in the
barricr hoight, then tho barricrs for odd-particle nuclei are raised by about
0.5 MeV relative to those for even nuclel [1].



An examination of Fig. 8 reveals that after an initial neutron burst
and subsequent beta decay into the Bay of Pigs, the nuclei would be in a
region where a second neutron burst would initiatc neutron-induced fission.
This conclusion also applies for odd-proton capture chains. We conclude
therefore that the multistep process has little chance of reaching the super-
heavy island.
5. CONCLUSIONS

We have used an improved version of the macroscopic-microscopic method
to calculate fission barriers and neutron separation energies for a broad
region of heavy neutron-rich nuclei. On the basis of these calculations we
conclude that neutron-induced fission terminates the three possible multiple-
neutron-capture processes well before the superheavy island is reached. How-
ever, it is possible that the use of somewhat lighter targets in conventional
nuclear explosions could lead to the, productlon of slightly heavier nuclci
than are obtained at present.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Flg. 6.

Fig. 7.

Fip. 8.

FLGURE CAPTIONS

Plot of known and predicted nuclei as a function of ncutron numbor
N and proton number Z. ‘The three possible ways to vreach the island
of superheavy nuclei by the multiple capture of rcutrons are il-
lustrated.

Comparison of experimental and calculated ground-state single-
particle corrections. The difference betwecen the cxperimental
and calculated valuos is glven in the lower portion of the figure.
The ground-state single-particle correction is the nuclear mass
excess relative to the spherical droplet-model enorgy.

Fission barriers for nuclei as functions of the distanco between

the mass centers of tho nascont fragments. The dashed curves give
the droplet-model contributions and the solid curves the total
potential energies. These barriors are calculated by uso of the y
family of shapes out to the distortion y = 0.2 and the most probable
liquid-drop-model dynamical path tor fissllity parameter x = 0.8 for
larger distortions. The microscopic contributlons to the barrlors

.are calculated with the single-particlo levels for 28"Fm,

Those barriers are calculated by use of the y family of shapes out
to tho distortion y = 0.1 and tho most probable llquid-drop-model
dynamical path for fissility parametor x = (0.9 for larger distor-
tions. Tho microscopic contributions to the barriers are calculat-
ed with tho single-particle levols for 2%“Fm.

These barriers are calculatod by use of the most probable llquld-
drop-modol dynamical path for fissllity parametor x = 1.0. The
microscoplic contributions to tho barrlors are calculated wlth the
singlo-particle lovols for *?%114,

Contour plot of tho calculatod flsslton-burrlior holght as a functlon
of noutron numbor N and proton number Z for even nuclel.

Contour plot of the calculated noutron soparation onorgy as a {unc-
tion ol noutron numbor N and proton numbor 7 for oven nucloel,

“ontour plot of the difforonce betwonen the flssion barrlor holght
and the neatron separation onorgy for evon nuclel,  Whon this dif-
ferenco is loss than about 1 MoV, tho capture of a noutron leads to
immodinte fIssion,
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