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The multimodal approach to fission and the macroscopic-microscopic method for the calculations of
charge distribution parameters for isobaric chains have been used to analyze fission product yields. In order
to describe the peculiarities of fragment mass curve at very asymmetric mass split, the two narrow fission
modes related to the magic numbers Z = 28 and N = 50 were introduced. The reliability of the model’s
predicting power was demonstrated by the agreement between calculated and experimental data on the
thermal-neutron-induced fission of actinides. It was found that weight of the fission modes related to the
spherical doubly-magic clusters ("**Sn or "®Ni) depends on the neutron-to-proton ratio of a compound
system.

After the first publications [1 - 3] where V. Strutinsky had proposed and formulated his
famous shell-correction method, it becomes clear that this shell-correction approach was a powerful
method for study of a large-scale collective motion in nuclei, and in particular, in the nuclear fission
process. Quantitative description of the mass asymmetry in nuclear fission and yields of fission
fragments is still a challenging problem for the nuclear theory. Application of the shell-correction
method for calculations of the potential-energy surface (PES) near the fission barrier leads to the
prominent result, namely, the second barrier is unstable against the mass-asymmetry collective
coordinate for all actinides [4, 5]. However, the calculations of PES near the scission point within
Strutinsky’s shell-correction method gave explanations of the nuclear fission characteristics in
terms of the nuclear shells in fragments [6, 7]. Indeed, the main features of the nuclear fission of
actinides can be explained by influence of the spherical nuclear shells with Z = 50 and N = 82
(13ZSn nuclear cluster). Other important combinations of the shells, for instance, with Z = 82 and
N =126 (*®Pb nuclear cluster), may also play a significant role in fission and quasi-fission of
superheavy nuclei. The combination of the Z=50 and N=50 nuclear shells (**Sn nuclear cluster)
does not influence the fission of nuclei, because of too exotic N/Z ratio. The manifestation of the
double-magic "®Ni nucleus (Z = 28 and N = 50) in the nuclear fission process was not proved until'
now. PES of a fissioning nucleus in the collective-coordinate space consists of the saddle and the -
bifurcation points defined by shells in the compound nucleus, with valleys and ridges depending on
the fission-fragment properties. The dynamical calculations even in the minimal collective-
coordinate space are still an open problem.

In this report, we suggest the theoretical approach for analysis of the recent experimental
data and with the purpose of searching a manifestation of the Z =28 and N = 50 nuclear shells ("*Ni
fission mode) in fission of actinides. The superasymmetric mass region (A < 80) is difficult to
access experimentally because the yield of very light fission products decreases rapidly and at about
A =~ 70, it becomes comparable with that of heavy particles from ternary fission. In the fission-
fragment mass interval corresponding to A~ 20 - 70 the data are rather scarce; this region is really
a “terra incognita”.

A great deal of interest in the investigation of very asymmetric fission is connected with a
search for the superasymmetric fission mode, the synthesis and the exploration of superheavy
elements and with clarifying the perspectives to produce exotic neutron-rich nuclides for future
Radioactive Nuclear Beam (RNB) facilities. Experimental studies on thermal-neutron-induced
fission performed at the Lohengrin mass separator in the Institut Laue-Langevin (ILL) of Grenoble
[8] during recent years, for a number of fissile nuclei, have extended the experimental knowledge of
isotopic and fragment-mass behavior down to approximately A =70. This brought to light a
discontinuity in the fission-product mass-yield curve around mass A = 70, which was explained by
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the influence of the Ni shell in this mass region [9]. The systematic experimental and the theoretical
studies of extreme asymmetric fission at the intermediate energy are being carried out at the
Accelerator Laboratory of the University of Jyviskyld, Finland. Enhancement of the fission product
yields at A < 80 in the proton-induced fission of **U at the energy E, =25 MeV, as compared to the
low-energy fission, was established using IGISOL measurements [10, 11]. This enhancement in a
far asymmetric mass region was also supported by the time-of-flight measurements with HENDES
setup, from the proton- and the neutron-induced fission of **U with using the 28U, ) [12],
28U(d, pf) [13] and ***Pu(p, f) [14] reactions. Below we will follow our recent publications [15, 16]
and will demonstrate of the superasymmetric fission mode (7*Ni mode) for the case of the thermal-
neutron-induced fission of actinides.

The independent yield of fission fragments Y, is defined as the yield of the specific fission

product after a prompt neutron emission from the excited primary fragments emerging in fission of
a compound nucleus with mass 4,, charge Z,, and excitation energy £, :
(Z,4+n,4,,Z ,E )Y, (A+n 4,2, ,E,), (1)

re 3e5e?

Yod(4,Z,4,,Z,,E,) = Y P,(A+n,Z,4,,Z,,E,)P,
n

where P,(A+n,Z) is the probability of a prompt neutron emission from the fragment with mass
A+n and charge Z, and P, (Z,A+n)a charge distribution of the (4 +n) isobaric chain, and
Y,.(4+n) aprimary fission-fragment mass distribution. We omit here and below some arguments
for simplicity.
At low excitation energies, the primary fission-fragment mass and the charge distributions
show an odd-even staggering. The primary distributions can be presented in the factorized form
P(2)= B, (DF(2), Y, =T, (DF,4), )

p

where P_(Z)and Y e (A4) are smoothed distributions, F, (Z) and F, (A4) are functions which

pre
describe the odd-even staggering. The method for modeling the smoothed mass distribution is based
on the multimodal nature of nuclear fission [17], depicting the influence of the nuclear-shell
structure on PES of fissioning nucleus. The fission process is the most probably guided by valleys
and bifurcation points of the PES from the equilibrium shape to the scission point. For heavy
actiniles (from Th to Cf), the so-called standard fission modes (symmetric, spherical 1328n, and
deformed N =86 —90 shells) have been used. In the case of spontaneous and thermal-neutron-
induced fission, these standard modes have to be supplemented with the two additional modes, in
order to evaluate better the smoothed primary-mass distribution in the superasymmetric mass
region:

?pre (A) = CSY YSY (A) + CS] YSI (A) + CSI] YSII (A) + CSAIYSAI (A) + CSAZYSAZ (A) * (3)

Here Yy, Yy, Yy, Yy, and Yg,,, are the symmetric and the asymmetric components,

respectively. Tley stand for the contributions from different fission modes. Each asymmetric
component nornalized to unity consists of the two peaks representing the heavy- and the light-
fragment-mass greips. The component Y, is related to the magic numbers Z =50 and N =82 in

heavy fragments, ani the superasymmetric components Y, and Y, are influenced by the N =50
and Z =28nuclear siells in light fragments. The asymmetric mode Y, is supposed to be

associated with a “deformed” nuclear shell at N = 86 —90 . The competition between fission modes
is determined by the fiision dynamics and the nuclear shells in fission fragments. The coefficients
C, in (3) were obtained by comparison with experimental data for the thermal-neutron-induced
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fission of heavy nuclei, and for higher excitation energies the phenomenological approaches were
proposed in Ref. [16]. In the previous analysis of the fission-product yields at intermediate energies
[16, 18], both light and heavy peaks were approximated by Gaussian distributions. However, our
analysis of Lohengrin data [9, 15], which are very precise, shows that such an approximation fails at
a large deviation from the peak center. The Gaussian distribution corresponds to the harmonic
approximation of the free energy near the bottom of the valley. In order to take into account the
anharmonicity correction, the mass dependence of the variation o, was introduced for two

asymmetric fission modes (SI and SII, see Ref. [15]). This method enables to suppress the
contributions of the standard asymmetric modes in symmetric and superasymmetric mass regions.

The smoothed charge distribution of a primary isobaric chain is approximated by a Gaussian
function

~ 1 _(Z-Z))

P, (Z)= ‘
pre(Z) aZ(A)Ji;exP{ 202 (4) }s Q)

where Z(A) is the averaged charge of the primary isobaric chain. This value deviates a little from
an estimation which can be obtained from the hypothesis of a unchanged charge density distribution
during the fission process

Z(A,AC,ZC,Ec)zA%+67(A,AC,ZC,EC) ) : 5)

(4

The deviation 6Z is determined by global liquid-drop properties of potential-energy surface near
the scission point and also by nuclear shell effects. In order to calculate o, (4,) we shall consider
the isobaric charge width as a result of a frozen quantal fluctuation at the scission point. [19].
Fissioning nucleus at this point is described by two slightly overlapping fragments. The radius of
the aperture (neck radius) through which the two fragments may exchange nucleons is equal to
Teot - 1he proton-to-neutron degrees of freedom are assumed to be much faster than the deformation

and mass ones. Therefore it is possible to fix the fragment masses and study only the variation of
the fragment charge.

Potential energy at the scission point, relative to energy of two fragments in the ground
states at the infinite separation, consists of the interaction energy betwek;n them and their
deformation energies v
Ver =Veous + Vs + Eiy + Ediy (6)

scp nucl

e are the Coulomb and the nuclear interaction energies, E jef and E Z, are the

deformation energies of the light (L) and the heavy (H) fragments, respectively. The deformation
energy was calculated by making use the Strutinsky macroscopic-microscopic method [1 - 3]. The
single-particle spectra were obtained for the axially deformed Woods-Saxon potential with
“universal” nuclear-potential parameters proposed in Ref. [20]. For a given compound nucleus,
after minimization of the potential relative with respect to the deformation parameters of both

fragments, its two-dimensional function VS’C';,"‘ (4,Z) at the minimum was computed. For a fixed

fragment mass, the last function was approximated by the parabolic dependence

where V,,, and V,

V(Z)=V(Z)++C,(Z-Z) _ (7)
_ OV (4 Z) _
and parameters Z and C,, = ——6—2—2—’ ;.7 were determined.
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Fig. 1. Potential energy dependence on the
light fragment charge for the isobaric chain
A=170 calculated for **U, **Am, and *Cf.
Their approximations are shown by continuous
lines.

An example of a potential energy
calculated relative to ground state of the
compound nucleus, as function of the fragment
charge at 4 = 70 for U, Am, and %’Cf is
shown in Fig. 1. In Fig. 1, the points represent
computed values and the continuous lines are
approximating functions. As seen from Fig. 1, for
a wide range of compound nuclei, the minimum
of potential energy falls on the nuclear shell
Z =128. For the inertia parameter M,, we used

an expression derived in Ref. [21]

16 5 A L+2r
M,, =—rim-—==< neck (8
ZZ 9 0 Zch r2Ck ( )

ne.

where r, is the nuclear radius parameter

(r,=1,16 fm), m the nucleon mass, and L the
neck length (L = 2 - 4 fm). Estimation for the
radius neck is ek =2 fm or
Toeck = 0,5(A(4, — A)""® fm.

The energy of these charge oscillations or
the giant dipole resonance energy along the

symmetry axes for the expanding configuration at the scission point defines the standard deviation
of charge distribution of the isobaric chain in the low energy fission
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Fig. 2. Calculated values of the giant dipole
resonance energy dong the symmetry axes

E! . and charge diplacement at the scission

point for ***Cm as a function of the primary
fragment mass.
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The calculated El,, and o,(4) for

#6Cm are presented in Fig. 2. As shown in Fig. 2,
the odd-even staggering and the nuclear shell
effect manifest themselves in the dependence of
Z(4) in contrast to the values predicted by the
liquid drop model.

Since the smoothed pre-neutron emission
isobaric-charge distribution is approximated by a
Gaussian function, the odd-even structure can be
described by a parameter defined as a third
difference of the natural logarithms of the
fractional yields. If we consider the proton and
the neutron odd-even effect separately, one can
write

F,(Z) = exp((T17 +117)8;(4,, 2., 4,)), (10)

where IT; and IT, are parities of the proton
number in heavy and light primary fragments;
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7" =1 if Z is even and I1;* =1 if Z is odd. The proton odd-even difference parameter
6,(4,,Z,, E,) is parameterized in accordance with experimental data [22]. Odd-even staggering in

the primary-mass distribution is described by a combination of proton and neutron odd-even effects.

There are still some difficulties with the precise calculations of the prompt neutron
multiplicity and additional studies are needed to improve the theory. Therefore a simplified
statistical description with parameters fitted to experimental neutron-multiplicity data for the
thermal-neutron-induced fission of **U and spontaneous fission of 2°Cf was used in our
calculations [15]. The averaged prompt-neutron multiplicity is proportional to the excitation energy
of the fragment, which was calculated by using a scission-point model. A linear approximation of
the dependence of the standard variation on the mean neutron multiplicity was applied too.

This theoretical model was applied for

10'

analysis of the thermal-neutron-fission characte- T R,
ristics to search the superasymmetric fission mode. ol | Q
i - u \

As example, the comparison between the 10,,? 8
experimental and the theoretical fission-product 8 2p %%

; 239 245 - - 107 5’ Y
yields for the ““Pu and ““Cm nuclei is shown in 10 %v@
Fig. 3. As seen from Fig. 3, there is a pronounced 10* ; f 8
structure on the mass curves at A=70 and a 4o¢f ¢ Pu, *Cmin,, 0 0
hange of th 1 A=80, which can S5 107 o b
change of the curve slope near A =80, which can -::“10"! [+ LonencaiN
be explained by the stabilization due to the @ 4g*
influence of the nuclear shells with Z=28 and ™ 10°f
N = 50. It was also observed [23] that at A < 80 the 10"
mass yields (in per cents) from various fissioning 10°f
systems are practically the same. The mass-curve 10'[
proximity at A <80 takes place over a broad 10
fragment-mass interval and persists over a large 10°F
range of mass yields (approximately three orders of '°: [ i
the magnitude). Unlike the double-magic '**Sn W ?

case, the two shells Z=28 and N=50 do not e
belong to the same fragment but are displaced from
each other by approximately 12 masses, due to the
extreme neutron richness of the ™Ni cluster
(N/Z = 1,786) as compared to the actinides studied
at present (N/Z=1,54-1,57). This displacement
can be a reason for such a prolonged overlap in
mass yields observed so far for all compound
nuclei at Lohengrin. The proximity of the yield means that the formation probability of very light
fragments is not sensitive to the difference in excitation energy, which appears from difference in
the neutron-binding energy for compound nuclei under consideration. This implies that, most likely,
such fragments are formed in a cold state and have nearly spherical shapes at the scission point. A
physical quantity related to the fragments excitation and the deformation is the corresponding
prompt-neutron multiplicity. Unfortunately no reliable experimental data on prompt-neutron
emission in the superasymmetric mass region are available to make a definitive conclusion on this
subject. The independence of the mass yield from the fissioning system, established in the
superasymmetric mass region for thermal-neutron-induced fission, as well as the anomalous
behavior of the fission-yield curve around A = 70, strongly supports the necessity of involving
additional modes in the multimodal approach as introduced earlier in equation (3). The fission-
mode parameters have been obtained for ***Cm and 2%6Cm compound nuclei [15] and the work is in
progress for other actinides. Though the mode at A = 70 is narrow and its contribution to the total
yield is small, the structure at A =70 is important for understanding the superasymmetric fission

dynamics.

Fission product mass, amu

Fig. 3. Comparison between experimental
Lohengrin data (solid points) and calculated
(open circles) mass yields for the ***Pu and
#5Cm targets.
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We emphasize, see Ref. [15], that the fraction of the "®Ni mode (SA1 and SA2) increases
from **Cm to ***Cm. The most surprising finding is, however, the disappearance of the standard-I
(SI) mode in **Cm. Certainly this mode is too neutron excessive to be competitive in the fission of
*3Cm. A good description of the experimental yields of independent fission products was obtained,
and hence, the validity of the model of a frozen quantal fluctuation in the calculations of the mean
charge and charge dispersion of the isobaric chain was shown.

The prediction of the yields of extremely-
neutron-rich fission products, such as 78Ni, is a
challenging task. The systematic trends in the
dependence of the mean charge in the
A=77-80 isobaric chains with using the
Lohengrin experimental data have been
investigated. In Fig. 4, the experimental mean-
charge values for the A =77 - 80 isobaric chains
o] as function of the neutron-to-proton ratio of

E .

L compound nuclei for the thermal-neutron-
induced fission of targets from U to Cf are
presented as solid symbols. As seen from Fig. 4,

the dependence Z for a certain isobaric chain
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Fig. 4. Experimental (solid points) and

153 1,54 1,65

calculated (open symbols) mean isobaric

charge Z for masses A =77 - 80, obtained
from the thermal-neutron-induced fission of
different nuclei, as function of the neutron-
to-proton ratio of the corresponding
compound systems (from Ref. [15]).

can be approximated by a straight line. The
calculated  Z values for the 2*462%cpy
compound nuclei (open symbols) follow the
experimental trend.

On basis of the overall good agreement
between the theoretical evaluations and the

experimental data (see Figs. 3 and 4) we could
predict the yields of neutron-rich Ni isotopes.
Independent yields of the neutron-rich Ni
isotopes have been calculated from the fission of
the *?*2Cm targets induced by thermal
neutrons [15]. It was shown that the 2*'Cm(ng, f)
reaction is the most suitable for the production of
nuclei with extreme neutron excess.

The data for A=78 in Fig. 4 were
1 approximated with the linear function

Z =61.8-19.5 N/Z . From extrapolation of this

40

T T T T

| '/'
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L,

Viep MeV

Z dependence to the extremely neutron-rich U

Fig. 5. Cdculated potential energy at the isotopes one finds that the '®Ni fission mode

scission poit for pairs with the A=78 (Z =28) will play an important role at A= 250.

fragment for U, U and *"U. This result is supported by.calculations of the

potential energy at the scission point for % ?°U

compound nuclei presented in Fig. 5. Nowadays these extremely neutron-rich nuclei are

inaccessible for study in laboratories, but the fission of that type of nuclei can be expected in
neutron stars.

In conclusion, the stabilization of the left wing of the light-mass peak in the
superasymmetric mass region has been discovered in thermal-neutron-induced fission reactions at
the Lohengrin mass setarator. This feature of the mass curve, along with discontinuity in the yield
disclosed at the mass A =70 (Fig. 3), strongly supports the hypothesis on an important role of
nuclear shells with Z=28 and Z =50 in the superasymmetric fission [24]. Contrary to the '*’Sn
mode with Z =50 and Z= 82, the influence of the Z =28 and Z = 50 shells spans a wide range of
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masses, since any coherent action of the doubly magic "*Ni mode is prohibited by a large deviation
of its neutron excess from that of the compound nuclei close to the valley of stability. The
multimodal fission approach and the model of frozen quantal fluctuations due to the charge
asymmetry at the scission point were used for fission-product yield calculations. In order to
describe the lightest slope of the mass peak, the two superasymmetric fission modes (at A ~ 82 and
A =70) were introduced to the calculation. The parameters of fission modes were extracted from
the fit of the experimental mass yields in the thermal-neutron-fission measured at ILL, with
Lohengrin mass separator. It was found that the weight of the standard-I mode (**’Sn mode) for the
*Cm compound nucleus is very small in comparison with that for the ***Cm compound system. It
is believed to be a common trend that the weight of the '*?Sn mode increases with the increasing
neutron-to-proton ratio of a compound system N/Z.. This feature was used for prediction of the
"8Ni yields in the reaction *’Cm(ng, f), which was shown as very promising for production of
nuclei with the extreme neutron excess. The systematics obtained for the mean-product charge of
the isobaric chains A =77 - 80 for compound nuclei from 2*°U to **°Cf measured at Lohengrin

demonstrates a clear decrease of Z as the ratio No/Z, increases. This systematics is very useful for
testing theoretical models and predicting the formation of very neutron-rich nuclides in the fission
of nuclei far away from stability line (up to neutron drip line), which are supposed to be formed in
different astrophysical processes. In the case of fission and quasi-fission of superheavy systems, the
superasymmetric Ni fission mode is enhanced by influence of the Z = 82 and N = 126 nuclear shells
in a heavy fragment. These results are important for the prediction of fission-product-formation
cross sections in connection with different RNB projects.
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* POJb SIEPHHX OBOJIOHOK VY CYHNEPACHUMETPHUYHOMY NOoALII
B. O. PyGuens, I IlexanoBuy

Jlns aHuli3y BUXOMY MPOMYKTIB MOZiMY BHKOPUCTAHO GAaraToMOXanbHe HAGIMWKEHHS IS onucy
MACOBHX PO3IOZITIB i MeTO 0GOJIOHKOBHX TIONPABOK /IS PO3PAXYHKIB apameTpiB 3apAf0BOr0 PO3MOJLTY
i306apHHX TAaHUDXKKIB PO3May MEPBUHHHUX YIaMKiB roziny. J[Bi I0aTKOBI BY3bKi MOZM MOAINY, OB’ 13aHi
3 BIUIMBOM ANEMHHX OGO/IOHOK 3 MariuHuMu unciamu Z = 28 ta N = 50, Oynu BBeNEHi IS OmHCy
OCOONMBOCTEH Y HaCOBHX PO3MOJINIAX NPH CHIILHO aCHMETPHYHOMY pO3ZieHHi Mac. Yerix 3anpOIOHOBAHOT
MoJIeni MiATBEp/PEYETbCA J0GPHM ONHCOM EKCTIEPUMEHTATBHIX JaHHX, OTPUMAHHUX I MOAITY aKTHHIIHUX
SAEPp TETUIOBUMH KeHTpoHamH. ITpi MOPiBHSHHI 3 BiOMHMH eKCiepUMEHTATBHIMH Pe3y/bTaTaMHu 3pobieHo
BHCHOBOK, IO B{ECKH MOALIOBHUX MOJ, AKi BH3HAYAIOTHCA [Bi4i MAriYHUMH KJIacTepaMH (]328n gy 78Ni),
3aJIeXKaTh Bill BilHOLICHHS YHC/Ia HEHTPOHIB 0 YHC/IA POTOHIB CKIANEHOT0 Anpa noiny.

POJIk ATEPHBIX OBOJIOYEK B CYIEPACUMMETPHYHOM AEJTEHUA
B. A. Py6uens, W. IlexanoBuy

JUnst aHZM3a BBIXOIOB MPOAYKTOB JIENEHHS HMCIIONB30BAHO MHOrOMONATHHOE npubaKeHUe s
ONMHUCAHUA MACCBBIX pacrpe/ieNleRki i METO 06OMIOYeHHBIX NONPAaBOK /Ul pacteTa NapaMeTpoB 3apsjo-
BOr0 pacrnipelie/tHus M300apHBIX LENoueK NMEPBHUHBIX OCKOIKOB AeNeHus. [IBe JOMONHUTENbHBIE y3KHe
MOJIBL NIETICHHUA, SBS3aHHBIC C BIMAHHEM AAEPHBIX 00004ek ¢ Maruyeckumu uucnamu Z =28 u N = 50,
Oblii BBEJICHBI NS ONMCaHHs OCOGEHHOCTel B MACCOBBIX pacnpeesieHuax TpH CHJIBHO aCHMMETPHYHOM
Pas/ICTIeHHH Mast. VCreX MPeNIOKEHHOH MOJENH TONTBEPXKIACTCS XOPOWMM OMHCAHHEM JKCIIEpUMEH-
TaJIbHBIX JAHHBL, NMOTYYEHHBIX JUIS IENICHHA aKTHHHIHBIX /€D TEIUIOBBIMH HelTpoHamu. U3 cpaBHeHUs ¢
MMEIOIMMHCS  XCTIEPUMEHTA/IbHBIMH  Pe3Y/IbTATAMH C/IeIaH BBIBOL, YTO BKMabl JETHTENBHBIX MOJ,
KOTOpBIE OTPE/IEA0TCA NBKIBI Markueckumu kiactepamu (2Sn wim "*Ni), 3aBUCAT 0T OTHOMIEHHUS YHC/Ia
HEHTPOHOB K YHtIy IPOTOHOB COCTABHOTO AENAIIET0Cs S/pa.
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