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Probing mean field of neutron rich nuclei by cold fission
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We propose the coldneutronless fission process as a tool for probing mean field properties of exotic
neutron rich nuclei. The fissioning state is described as a resonance in the potential well between the emitted
fragments. Coupled channels analysis shows that the double fine structure of the binary cold fission is very
sensitive to the density distribution. In this way cold fission can be used to investigate the density profile of
neutron rich fragments.
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One of the most active fields in today’s nuclear physics is In two recent papergl8,19 we analyzed the double fine
the study of nuclei far frong-stability line using radioactive structure of emitted fragments within the stationary scatter-
beams. A very powerful tool to investigate proton rich nucleiing formalism. The fissioning state was identified with a
is proton emission, because the unbound particle is kept fdiesonance in the interfragment potential, calculated using the
enough time inside the Coulomb barrier. On the other exdouble folding procedure. In order to simplify the description
treme the probing of density profiles in neutron rich nucleiwe used a planar harmonic oscillator basis in the overlapping
still remains a dream. The only experimental informationf€gton. . _ _
coming from radioactive beams ig spectroscopy but the ~ 1he aim of this paper is to analyze the influence of neu-
information based on electromagnetic transitions is not verjron densities on relative low-lying rotational yields of emit-
sensitive to the nuclear density tail. Therefore until now it'€d fragments. To this purpose we generalized our previous

was possible to make only some theoretical predictions contersion of_the c_oupled channels proc_edure by using a rota-

cerning the mean field of nuclei close to the neutron dript'?:nzllrbgjiség:'foglilgr\:\; gsg?getsalé? f'rr:g dgﬁfount not only

line. .In_ the Ia§t decadg many papers were d_evoted_ to thé The fission process is described by pure outgoing solu-

prediction of single particle leveld—3] and density profiles tions of the stationary Schrodinger equation

of such nuclei4]. For a review of such calculations see, for

instance, Ref[5]. 52
On the other hand, in the last years an intense experimer{-_ —V2+H;(Q) + Hy(Qy) + V(R, O, Q) | W(R, Oy, )

tal activity was performed in order to investigate coieku- 2p

tronless binary and ternary fission process?fCf [6-14. It =EV¥(R, Oy, Q,), (1)

involved modern facilities, as the Gammasphere and Euro-

gam, which were able to identify this process using the tripl§ynere 4 is the reduced mass of the dinuclear system and

y-rays coincidence technique. The emitted fragments argy are the Hamiltonians describing the rotation of frag-

neutron rich but until now the opportunity to analyze their ments. HereR=(R,Q) denotes the distance between the

structure was hindered by the fact that only total relativecenters of two deformed nuclei. The orientation of their

yields were available. major axes in the laboratory system is given by Euler
Recently the relative yields of rotational states were eXanglesQ,=(¢y, 6,0),k=1,2.

tracted from intensities of rays emitted in coincidence, for We estimate the fission barrier in terms of the double

19%Mo-43Ba and'%Mo-*Ba [7]. It was shown that the cold  folding between the nuclear densitigg] by using the M3Y

fission population is centered around the low-lyirigg®d 4 npycleon-nucleori21] plus Coulomb force

states and the states higher thdraée practically not popu-

lated. This proves the assumption concerning the cold rear-

rangement of nucleons during the cold fissj@b,1§. A very V(R, Q,, Qz):fdrlf dro,pP(r )p@(r)v(R+r,-r1,).

convincing theoretical evidence that it has a sub-barrier char-

acter was the WKB penetration calculation, using a double (2

folding potential with M3Y plus Coulomb nucleon-nucleon . .

forces. This simple estimate was able to reproduce the gross We suppose that the emitted fragments are axially de-

features of the binary cold fragmentation isotopic yields o_rm_ed. Their nuclear d_ensmes are parametrlzed_ |n_th_e In-
from 252Cf [17]. trinsic system of coordinates by deformed Fermi distribu-

tions as follows:

(k)
* i . 21- . i . Po
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_ Ak Kk TABLE |. The rotational basi¢l,l4,l,).
cW=cPl1+ S gRY, Q) |, ¢l.11,12)
A=2

z
°
i
o

where the nuclear radius is given by

1 0 0 0
2 0 2 2

® — (KyAL/3
cy’ = (ro+wr)AYS, (4) 3 0 4 4
4 2 2 0
ro=(d-1/d)A™3  d=1.2801"2+0.8A"3-0.76. 5 2 0 2
6 2 2 2
Here we dropped the isospin index. Fet=0 one ob- 7 2 4 4
tains the standard liquid drop expression. The energy of g 2 4 2
the system is adjusted by using an internal repulsive core, g 2 2 4
depending on some strength parameter as in [Réf. We 10 4 4 0
expand the interaction and the wave function in the labo-  ;; 4 0 4
ratory system 12 4 5 2
13 4 4 4
VR, 01, Q)= 2 Vi p,(RVpn,(Q 021, Q). (5) 14 4 4 2
AohiAp 15 4 2 4

1
W(R, Qg, Q) = ﬁ% f||1|2(R)y“1|2(Q, 0y, Q). f(R) =R(Ry)C= H(+)(R1)S. (8)

By using a similar condition for derivatives one obtains
the following secular equation

D (s Q1. Q) ={Y), (Q) @ [y (2) @ Y (Q2)]\ Jo- R(Ry) HO(Ry) ~
(6) L dRRYIAR dHHIRYIAR |~

Thus, we suppose that rotational states of fragments beFhe roots of systent9) correspond to the poles of tHe
long to the ground band. The above expression does ndpatrix and do not depend upon the matching radys
depend on the whole orientation of the system in space, The two vectors of coefficient€ and S are fully deter-
given by Q. mined from the normalization of the wave function in the
By using the orthonormality of angular functions one ob-internal region. By using the continuity equation one obtains
tains in a standard way the coupled system of differentiathe total decay width as a sum over partial channel widths,

Here the angular part has the following ansatz

9)

equations for radial components as follows: i.e.,
d2f||1|2(R) _JI+1) 2w r=> Ly, = > ﬁvlllzém“IIlIz(R)F: > ﬁv|1|2|3|1|2|2,
T = + 7z TP TP 4l

(10)

, wherev, | is the center of mass velocity at infinity in the
25 2

X[Vo(R) - (E-E - E|2)]}@|'5|1|15|

channelll’14,1,), i.e.,
2p
t—5 2 D VR fiR). 2(E-E -E,)
I,1,15#0,0,0 Vi1, = . (11)
7
@ We investigated the following splitting:
Here Vy(R) is the spherical part of the interaction and 25205 _, 10410 + 14834 (12)

E,,.E, are the ground band energies of emitted fragments.
In order to find resonant states we compute the matrix ofvhere only 2 and 4 states of the rotational ground band

internal fundamental solutionR(R) by a forward integra- were detected?7]. Therefore in both expansion$) we

tion, starting with the unity matrix inside the repulsive core.used the same rotational baglsly,l,) given in Table I,

We also find by a backward integration the matrix of externalcontaining angular moment, 2, 4.

outgoing fundamental solutiorig™(R), starting at large dis- We analyzed the cold fissigneutronlesgprocess, i.e., by

tances with Hankel-Coulomb functio®™(R) on the diag- supposing ground-state deformations of final fragments. The

onal. The radial vector functiof(R) is built as a linear com- fragments are neutron rich unstable nuclei. Their deforma-

bination of these fundamental solutions for the internal andions can be determined from electromagnetic transitions, but

external regions separately. We match them at some radidbese values are not available at this moment. Therefore we

R, inside the barrier, i.e., choose ground-state deformations from the systematics given
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in Ref. [22]. The corresponding values ag§’=0.34948) .
=0.030 for'®Mo and 8?'=0.236 8?'=0.131 for'*®Ba. We

mention that in Ref[17] the important role played by hexa- g
decapole deformations on the penetration process was clearly ©° ?‘ L

18 19 20

evidenced. 12
The most favorable fissioning configuration, where the R (fm)
Coulomb barrier has the lowest possible value, is the pole-__ ;
to-pole one, with);=Q,=Q, i.e., 05 F (0)
Vo o(R =V(R Q,Q,0). (13) °F

. . 05 0, =q,” =0.53 fm
As we pointed out the above expression does not depend T e S AN I

upon Q. Before the scission point this potential rapidly BB e B - 20
increases around this configuration in the direction of an-
gular variableg23]. By approaching the scission point the = ©

05 ¢

potential becomes gradually flatter, and for large dis- i

tances, where the fragments are separated, the interaction o |

is given only by the Coulomb term. In this region the two . , WD — 0,01 fm

nuclei are left in excited rotational states. Therefore in our S N O A N VPRI AR
. . . 12 13 14 15 16 17 18 19 20

calculation we considered as a spherical component the R (fm)

pole-to-pole interactioV,, (R) until the intersection with

the true spherical pa¥o(R), as in Fig. 1 of Ref[19]. FIG. 1. The radial wave function componeritR) for neutron

Beyond this point, which is close to the touching configu-density parameters in Eq(3) a,=0.50 fmw,=0 (a), a,

ration, Vo(R) becomes energetically more favorable and=0.53 fmw,=0 (b), and w,=0.01 fma,=0.5 fm (c). The basis

the two fragments start to rotate separately. The energy aftates are given in Table I. The fission procesg>€f— 1Mo

the resonant state is given by th@ value, i.e., E  +¥%Ba.

=214.67 MeV. Weadjust it by using the strength of a

repulsive core, such as in Rdf19]. This is a standard y¥=10qT®+ TP +TOUT, k=1,2, (14)

procedure used to descrilacor heavy cluster decays. It is

important to point out that'/Q< 104, and therefore the

(k) — () (k)
roots of the system, given by E(), are practically real y2 =10q05" + T )T,
numbers.
For proton densities we considered a standard diffusivity y¥=100T¥r,

a'=0.5 fm and radial parametev’=0. The only free pa-
rameters, according to E(B) remaina’ andw®. First of all
we studied the influence of the neutron diffusivity on the
decay widths by consideringﬁf):o. Our calculation showed rv=Sr re=Sr (15)
that partial decay widths remain practically unchanged for a ! e S

constant value of the sum”+a®. We will present our re-
9+ P Here the upper indegl) denotest®Mo, while (2) *®Ba.

sults for a common valua,=a'"=a?. \ e
It turns out that a small increase of this parameter from! € summed yieldg14) can be measured by using triple

a,=0.50 fm up toa,=0.53 fm changes the behavior of radial ¥-rays coincidence, excepﬁo measured by charge de_tectors.

components beyond the external turning point. The radial Fig- 2@ the summed yields/fragme(it4) as a function of

probabilities in this region, according to Ed.0), are propor- & are given. By solid lines we give the values'8fvio and

tional to the partial decay widths. As a criterium selecting thePy dashes ot**Ba for different angular momenta.

resonant state we used the angular distribution of fragments At this moment only the following relative yields are

around the pole-to-pole configuration. The first resonance in@vailable:

side the pocketlike potential has a much narrower distribu- ®

tion tha_n h|gher_ states and therefore it is t_he best candidate VZk) - 100yi’ k=1,2. (16)

describing the fission process. The 15 radial components of g‘)

the wave functionf,(R),|—(l,I;,1,) are plotted in Fig. (a) ) )

for a,=0.50 fm and in Fig. (b) for a,=0.53 fm. They are _The_depgnde_nce of relative hexadecapole yields veagus

mainly concentrated in the internal part of the potential andS 9iven in Fig. 2b). From comparable values their ratio

have zero nodes in this region. One can see an increasing Bfcreases by three times over the investigated interval. It

the oscillatory tail in the cas@o) with respect to(a). is important to point out that by changlng neutron diffu-
Therefore we expect an important dependence of partiadiVity the relative hexadecapole yields approach the ex-

rotational widths upon the neutron diffusivity. To this pur- perimental values, namely”=80%20 5 <15 [7].

pose we investigated partial yields for each fragment, defined Then we investigated the influence of the radial parameter

as follows w,=w’=w? by keeping a constant diffusivitg,=0.5 fm.

where the decay widths for each fragment are, respec-
tively, given by

n' n'
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g 100 [ g 100 [ respectively. For the considered deformations the resonant
: w0 E (o) : w0 E (© state vanishes at these values, but by a small decrease of
i w.=0 i 0,=0.5m quadrupole deformations it is possible to obtain these values
60 | 60 [ oo of the neutron diffusivity and radial parameter. Therefore in
T order to measure the density profile it is necessary to have a

40 & 40 careful analysis of not only the absolute yieldsh) of the

cold fission, but also of electromagnetic transitions in each
NN rotational band, giving a realistic information about the de-
00.5‘ - ‘O.‘Si‘l - ‘0‘.5‘2‘ ‘ 0.53 0 ‘O‘(‘)(‘)Z‘ ‘O.‘O‘Oé‘l ‘0.8-06 0.008 0.01 form_atlon parameters' . . . N

o, (fm) w (frn) It is known that proton emission to excited states is very
sensitive to the mean field details of exotic proton rich nu-
clei. This is the “lightest” member of the cluster decay fam-
ily. We analyzed here the mean field of neutron rich nuclei
by using the “heaviest” extreme of the same family, namely,
cold fission. The effects in this case are very much enhanced,
due to the following three factor$l) the double fine struc-
ture of the measured width&) large fragment charges, and

20 E 20

-

-~
L

O

—~
(=}
=

L P L o
/
/
1
/

F - S (3) a relative low Coulomb barrier, about 3 MeV.
N N I S N T R In conclusion in this paper we proposed to use the double
0.5 051 082 . >°-53 0 0.002 0.004 0.006 °-‘(’f8)°-01 fine structure of the cold fission process as a tool to investi-
a, (fm w, (fm

gate the mean field of neutron rich nuclei. We showed that
relative yields of rotational states are very sensitive to the
neutron density.

We generalized our previous coupled channels formalism
to estimate decay probabilities to rotational states from a
fissioning nucleus. We estimated the fission barrier by using
: ' o the double folding procedure with M3Y two-body plus Cou-
The radial parameters arg,’=w,, =0. The solid line corresponds |omp forces. The energy was fixed by an internal repulsive
to 1%8Mo (k=1) and dashed line t&*Ba (k=2). (c) The same as in core.
(3 vs the radial PafamethEWLk) for a,=0.5 fm. (d) The same as It turns out that the results remain unchanged for a con-
in (b) vs the radial parametaw, for 8,=0.5 fm. stant sum of neutron diffusivities. We showed that the rela-

tive hexadecapole yields are very sensitive to this parameter.

The results remain again qualitatively unchanged for a conThey increase three times if one changes the diffusivity by
stant sum. We changed this parameter from 0 up to 0.01 fn0.03 fm.
This corresponds to an increase of the neutron radius by We also investigated the influence of the neutron radius
0.05 fm~0.01AY3. In Fig. 1(c) we give the radial compo- and found out a significant change over an interval of
nents forw,,=0.01 fm. The oscillatory tails are even larger in 0.05 fm.

FIG. 2. (a) The yields/fragmenyl(k) defined by Eq(14) vs the
neutron diffusivity parameteanza,(1k>. The radial parameters are
vvék):wgk)zo. By solid lines are given the yields of tH8%Mo (k
=1) and by dashes those 8¥Ba (k=2). (b) The relative hexadeca-

pole yie|dS‘yik) defined by Eq(16) vs the diffusivity parametea,,.

this case. In Fig. @) the yields(14) as functions ofw, are Thus, the cold fission process involving transitions to
given. From Fig. 2d) one can see a strong dependence of théow-lying rotational states is a useful tool to investigate
relative yield$16). nuclear mean field of neutron rich nuclei. This is a very

In Ref. [4] relativistic Hartree-Bogoliubov calculations important feature because the radius and diffusivity cannot
are performed for Sn isotopes, i.e., between the emitted fragse directly measured by other experiments for such unstable
ments. By using these values we found for a similar protonnuclei. We hope that the conclusions of this paper will en-
neutron asymmetry larger diffusivity and radial parameter ofcourage experimentalists to perform an extensive analysis
the neutron density, namelg,~0.55 fm andw,~0.04 fm,  concerning the double fine structure of neutron rich products.
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