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Abstract: In this paper new predictions for the sportaneous pion emisson acompanied by
fisdon are presented for al nuclei with 100<Z < 108. The bimodal fisson as an indired experimenta
evidence for the pionic radioactivity is demonstrated. The experimental tests of this important
connedion are suggested.
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INTRODUCTION

The nuclea pionic radioadivity of a parent nucleus (A,Z), introduced in 1985 by lon, lvascu

and R. lon-Mihai [1-4], can be mnsidered as an inclusive reaction o form:
AZ) - T+ X (2)

where X denates any configuration d fina particles (fragments, light neutral and charged particles,
etc.) which accompany emission process The inclusive NPIR isin fad a sum of al exclusive nuclear
readions all owed by the mnservation lawsin which apioncan be amitted by a nucleus from its ground
state. The most important exclusive readions which give the essential contribution to the inclusive
NPIR (1) are the sportaneous pion emisson acammpanied by two body fission::

DX o T+ PX+ 7X )
where A=A +A, and Z=Z,+Z, +Z .
contribution to the inclusive NPIR (1) are the sportaneous pion emisson accompanied by two body
fisdon::

OX o T+ BX+ EX €)
where A=A +A, and Z=Z,+Z, +Z .

Hence, the NPIR is an extremely complex coherent readion in which we ae deding with a
spontaneous pion emisson accompanied by a rearangement of the parent nucleusin two or many fina
nuclei. Charged pons as well as neutral pions can be emitted during two body or many body fisson of
parent nucleus.

The energy liberated in an exclusive nuclear reaction (1) is given by

QnF = Qn - mn (4)
where Q, isthe energy liberated in n-body sportaneous fisson
Q, =m(Z,A)-m(Z;, A) ~mM(Z;, A)) —..-m(Z, A)) (5)
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Fig. 1: - Q,-energy liberated in n-body sportaneous fisson o some heavy nuclei.
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Fig. 2
Fig. 2:- Q, -energy liberated in n-body sportaneous fisson o some heavy nuclei.

In the last decades the studies of the sportaneous fisson (SF) properties of heary nuclidesin
the region of Fermium contributed essntidly to a rea progress in the understanding [5-9] of the
sudden transition from the asymmetric massdivision observed in the SF of al the lighter adinides to
the very symmetric massdivision accompanied by anomalous high total kinetic energy (TKE) found in
SF of heavier Fm isotopes. This transition was first found [9] to occur in Fm between *°Fm and #*%Fm,
%’Fm being a transition nucleus with much enhanced yields and high TKE's for the symmetric mass
division.

Therefore, the investigations (see quatations and the results in refs.[5-9]) of the sportaneous
fisson (S properties of heavy nuclides: % m, ®°Md, **Md, **No, and *’Ha etc., shown that all
these nuclides are fisgoning with a symmetricd divison d mass. The transitions from asymmetric to
symmetric massdivision for the Fm isotopes as well as for No nuclides are shown schematicaly in Fig.
3. The most striking feature is narrowness of the full width a half maximum AM of these mass
distributions. Moreover, the tota kinetic energy (TKE) distributions drondy deviates from the
Gaussan shape dharacteristically found in the fisson of other actinides. When the TKE-distributions
areresolved in two Gaussans, one of the mnstituent pe&ks lie in the low-energy region rea 200 MeV
whil e the second pedk lie & the high-energy near 233 MeV. This property of the SF TKE-distributions
is cdled bimodal fission. Hence, the low-energy-SF-mode is charaderized by broad symmetrical mass
distribution and fragment energy in accord with liquid-drop systematics, whereas the high-energy-SF-
mode produces sarply symmetrical massdistributions with the TKE of fragments approaching the Qs-
values for the fisson readion. Even though boh SF modes are possble in the same parent nuclel, but
one generally predominates. The theoretical explanation dfered by Hulet et a. (seeref. [7]) for the
bimodal fisson is based on the cdculations of static deformations. Each mode is derived from the shell
structure effeds; one in the parent fissoning nucleus and the other from singe-particle cougingsin the
fragments. Theorists have found (seeRefs.[11]) new appropriate valleys which can explain the bimodal
fisson. However, how each mode can coexist and occur with nea equa probability present a
challenging poblem. In the the authors of the paper [12] staring the observation that this kind o
symmetric fisgon occur for nuclel in which the initial formation of a duster within the valence shells
of the fissoning nucleus yields an energy Q, higher than the threshald for the aeation of a pion on
mass shell, sugested that this mode of fission could be related to a new phase of nuclear matter. So,
these remarks suggest that something new happens in the symmetric sportaneous fisson o the heavy
adinides. But this sosmething new happens only for those parent nuclei which are spontaneously
fissoning in two steps and for which a NPIR reaction (1) with a pion on mass shell is energetically
possible even in the first intermediate step, e.g. (see the first diagram in the right hand of Fig.

4a):®°Fm - Ar +*®Pb, Q,=2m_, followed by the second

step: P Ar +2® Ph 2 N+ n+Q leading to the symmetric find state. Hence, this
something new could be the appeaance of the pion on mass dhell as a third constituent of the nucleus
in which the distinction between proton and reutron dsappear- due the transition p = N (at
equili brium)- and for which the magic numbers remain the same & for the usua constituents n or p.
These two steps can be represented asin the first (right hand) unitarity diagram in Fig.4a.
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Fig. 3: Mass distributions of nuclear fragments for superheavy (see Ref. [5] ).

Fig. 4: Description of spontaneous fission (SF) of *®Fmaswell as of spontaneous pionic fission ( 71 )
of ®®Fmin terms of two types of unitarity diagrams (see the text).

So, acordingto the unitarity diagram from Fig. 4a, the spontaneousfission (SF) can be described as
abimodal two step processas follows
Asymmetric fission mode (A)

first step: “°Fm — P Ar +?®Pb, 3

second step: P Ar +28pp 31268n-n|-1328n 4)
Symmeetric fission mode (S):
first step: “°Fm -, + CAr +*®Pb (5)
second step: ,, + P Ar +28pp 31268n-”i-1328n (6)
In simil ar way, for the pionic radioactivity (Fig. 1b) we have
NPIR-Asymetric mode

first step: “°Fm — *Ar +*®Pb ©
second step : CPAr +°%Pb .+ o+ ¥ (8)
NPIR-Symmetric mode
first step: °Fm — .+ Ar +*®Pb ©9)
secondstep : ,, + CAr +°%Pb - +;+ ¥ (10)

Then, the scenario described in Figs. 4, which include in a more general and exact form the
idea of transition to a new phase of nuclear matter, is leading us to pant out a possible mnnection
between the observed himodal symmetric SFat the nuclides >>Fm, 2% m, 2*Md, %°Md, ®®No, with a
significant high NPIR-yields for these nuclei. In order to illustrate this idea we give in Table 1 the T+
NPIR yields, predicted by by the fisson-like model [see Ref. [13]]:

r oo™

—— = 3 (11)

s O«O
where

A
n (AZ)=—2= (12)
~ R _5

and
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= A6

a

o TS =107 (yr) for even-even parent nuclei, and
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m, a-(1-a)E.°/ES’

YW’ 1-(1-a)m, /ES
= E2=0.705Z°A°(Mev)and E2=17.80A%°%(Mev)

T gF =107%% (yr) for A-odd parent nuclei.

Table 1: Theoreticd predictionsof the I . IT & vieldsfor heavy parent nuclei

with Z between Z=100 and Z=108, obtained by using Egs. (11)-(12).
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A

Tsr (yr)

Te /TS

r ITe

Folle

riTe

Fm

100

242

2,535E- 11

2, 259E+00

3, 55E-02

3, 30E-02

2,43E-02

100

244

1, 046E- 10

9, 320E+00

8, 59E- 04

7, 35E-04

3, 85E-04

100

245

1, 255E- 04

3, 080E+04

1, 77E- 13

9, 32E- 14

6, 33E- 15

100

246

4, 753E- 07

4, 236E+04

1,17E-12

6, 39E- 13

5, 16E- 14

100

248

1, 141E- 03

1, 017E+08

3,59E-18

1, 48E- 18

3, 74E- 20

100

250

8, 000E-01

7, 130E+10

3, 28E-21

1, 16E-21

1, 54E- 23

100

252

1, 250E+02

1, 114E+13

1, 84E- 22

6, 12E- 23

6, 26E- 25

100

254

6, 242E-01

5, 563E+10

9, 36E- 17

4, 15E- 17

1,41E-18

100

256

3, 308E-04

2, 948E+07

8, 08E- 11

4, 84E-11

5, 77E-12

100

257

1, 310E+02

3, 216E+10

2, 75E- 14

1, 38E- 14

7,93E-16

100

258

1,172E- 11

1, 045E+00

9,47E-01

9, 46E-01

9,41E-01

100

259

4, 753E-08

1, 167E+01

5, 44E- 02

5, 10E- 02

3, 91E-02

100

260

1, 268E- 10

1, 130E+01

6, 33E-02

5, 95E-02

4, 62E-02

Md

101

245

2, 852E- 11

7, 001E- 03

8, 66E+11

1, 58E+12

1, 96E+13

101

247

6, 338E-09

1, 556E+00

1, 73E-01

1,67E-01

1,42E-01

101

255

3,422E-02

8, 401E+06

1, 20E- 13

6, 27E- 14

4, 12E-15

101

257

6, 297E- 02

1, 546E+07

1, 37E-12

7,52E-13

6, 16E- 14

101

259

1, 848E- 04

4, 536E+04

1, 28E- 07

9, 04E-08

2,11E-08

No

102

250

7,922E-12

7, 061E-01

6, 41E+00

6, 67E+00

7, 91E+00

102

251

3, 169E- 07

7, T79E+01

3, 33E-09

2,17E-09

3, 63E-10

102

252

2, 852E- 07

2, 542E+04

9, 39E- 18

3, 96E- 18

1, 09E- 19

102

254

9, 126E-04

8, 134E+07

1, 02E- 24

3, 02E- 25

1, 92E- 27

102

256

1, 711E- 05

1, 525E+06

3, 58E-16

1, 64E- 16

6, 32E- 18

102

257

5, 324E- 05

1, 307E+04

3, 53E-10

2,19E-10

2,98E-11

102

258

3, 803E-11

3, 389E+00

7,47E-02

7, 06E- 02

5, 56E- 02

102

259

1, 141E- 03

2, 800E+05

1, 68E-11

9, 75E-12

1, 00E- 12

102

260

3, 359E-09

2, 994E+02

2, 62E-05

2, 08E- 05

7,91E- 06

102

262

1, 584E- 10

1, 412E+01

1, 30E-02

1, 18E- 02

7, 96E- 03

Lr

103

253

4, 183E- 06

1, 027E+03

1, 39E- 25

3, 97E- 26

2, 10E- 28

103

255

6, 845E- 04

1, 680E+05

7, O0E- 28

1, 77E- 28

5, 77E-31

103

257

6, 274E- 05

1, 540E+04

1, 25E- 16

5, 59E- 17

1, 95E- 18

103

259

9, 823E-07

2,411E+02

7, 32E- 08

5, 09E-08

1, 13E- 08

103

261

7, 415E- 05

1, 820E+04

2,85E-11

1, 67E-11

1, 81E-12

Rf

104

258

4, 436E- 10

3, 954E+01

1, 67E-13

8, 74E- 14

5, 91E-15

104

259

1, 331E- 06

3, 267E+02

2,13E-16

9, 65E- 17

3, 54E- 18

104

260

6, 338E- 10

5, 648E+01

1, 12E- 09

7, 16E- 10

1, 08E-10

104

261

2, 091E- 05

5, 134E+03

8, 73E- 17

3, 87E- 17

1, 31E-18

104

262

6, 654E- 08

5, 931E+03

6, 72E- 15

3, 27E- 15

1, 65E-16
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Db | 105

255

2, 535E- 07

6, 223E+01

2, 29E+11

4, 08E+11

4, 48E+12

105

257

2, 535E- 07

6, 223E+01

6, 87E+20

1, 97E+21

1, 59E+23

105

261

3, 169E- 07

7, T79E+01

3, 00E- 34

5, 48E- 35

4, 67E-38

105

263

1, 521E- 06

3, 734E+02

5, 81E-21

2, 08E-21

2, 92E- 23

Sg | 106

258

9, 190E-11

8, 190E+00

1, 04E+04

1, 27E+04

2, 97E+04

106

259

7, 605E- 08

1, 867E+01

4, 36E+06

6, 10E+06

2, 4TE+07

106

260

2,218E-10

1, 977E+01

2, 12E+08

3, 24E+08

1, 87E+09

106

261

8, 239E-08

2, 022E+01

7, 7T6E+10

1, 34E+11

1, 33E+12

106

263

8, 556E-08

2, 100E+01

1, 31E+27

5, 17E+27

1, 57E+30

Bh | 107

261

3, 803E-09

9, 334E-01

7, 93E-01

7, 89E-01

7, 72E-01

Hs

108

264

6, 338E- 11

5, 648E+00

1, 08E+02

1, 20E+02

1, 84E+02

Here, asin Ref. [13] we aso adopt the nations of SF-nuclide

LY

r

F -nuclide, and T-transition nuclide,

H . . 0,x 0,+ i
as being those parent nuclei charaderized by : —— <1 ,——>1andyidd [ ,. =4,

& &
respectively, with their characteristic feaures presented in Table 2.
Table 2 : Definitions and charadheristic features of (SF, ,,F , T)-nuclides.
Type of Pionic Yield Mass Half Lives Half Lives Dominant
nuclide Distribution Z’IA<425 Z’/A<425 | Unitarity
(MD) Diagram
r,
SF-nuclide —ru— <1l Asymmetric TeT <S:F Tg<T <S:F D
oS MD
. r 0, .
T-nuclide —r“— - 1 Bimodal MD TSF:T CS:: TSF=T CS:: D MF + DSF
&
r,. anew phase
,.F —nuclid A_F >1 Symmetric Te<TS, Te>TS D F
S MD nenp

Therefore, the results presented in Table 1 can nov be summarized as follows [in paranthesis we give

the predicted pionic yield for ,, 0] :

*  The nuclides ***Fm (3.3 103

this Fm region are nedeed in order to clarify these predictions.
* Thenuclides *Fm with 244< A< 256 are dl “SF’ nuclides snceall are have asymmetric mass
distribution of fisgon fragments (see Fig. 3).
»  The problem of the nucleus ®'Fm (1.4 10™) as transition niclide can aso be supported not only

by “bimodal” experimental observation but aso by some experimenta high pionic yields infered

in Refs[15,16] from the experimenta data of Wild et a.,[17].
» Thebest Teemitter with symmetric mode of fisson in this regionis expected to be 2°%Fm (0.95). If

our interpretation of the bimodal fisson viathe saturation of the unitarity limits siownin Fig. 4a,b

are expeded to be TF-nuclides, if our predictions with ,, =1
subestimated the pionic yield determined with Egs. (11)-(12). Then, anew transition nucleus can
be predicted to bein the region of Fm with A=240-242. The experiments with parent nuclei in

is corred we expect that pionic yield of ®8Fm to be higher than 1 The nuclei ®*°Fm (5.1 10) and
*%m (5.6 10?) are dso interesting from experimental point of view since bath can be “F -

nuclides

=  The nuclides No with A=242-250 are expected to be dl 1—-nuclides (infered from Fig. 4 in Ref.

[3]), while the No-isotopes with A= 252 are dl SF-nuclides (see Table 1). High pionic yields
are obtained for 2o (6.67) aswell asfor

= ThenuclidesLr and Rf areal predicted to be SF-nuclides (seeTable 1).
*  The nuclides ®°Sg (1.3 10), ®°Sg (6.1 10°), #°Sg (1.2 10°%), !Sg (1.3 10M),
well as®**Hs (1.2 10?) all are predicted to be T=-nucli des.
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%80 (7.1 10%) and ®?No (1.2 10?).

%359 (5.2 107) as
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We note of course that dl these etimations must be taken as orientating for the future
experimental investigations where the Ti--methods are expeded to play an important role. Therefore,
dedicated Ti--experiments using nuclei with theoreticaly predicted (see Table 1) high pionic yields are
desired.

For sake of completeness we recal here the results [3,14] regarding the mmpetition between the
pionic radioactivity and the spontaneous fisson of the SHE-nuclides. Indeed, using the same fission-
like model, it was sown that most of the SHE-nuclel lie in the region where the pionic fisslity

parameters atain their limiting values X - =1. Hence, the SHE-region is characterized by the

absence of aclasscal barrier toward sportaneous pion emisson. Consequently, both decay modes T
fisson and the sportaneous fisson d SHE nuclides esentialy will be determined only by shell effects.
Then, it was seen that the usual SHE-island of stability around the double magic nucleus %¥[114] can
be destroyed due to the dominant pionic radioactivity of the SHE-nuclei from this region. Therefore,
we believe that in future searches for transfermium as well as for SHE-nuclei, the refission as detection
method[18] can play an essntia role in the discovery of this new phase of nuclear matter produced by
the presence of pions on mass shell in the nuclear medium.
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