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Introduction


Recent measurements of the ternary particle yields in 249Cf (nth,f), carried out at the high flux reactor of the Institut Laue-Langevin by I.Tsekhanovich et al.1 using the Lohengrin recoil mass separator, have furnished information concerning 44 ternary particles, the heaviest of them being 37Si and 37S. This study concerns exclusively the low-energy “orthogonal” emission mode of the light charged particles (LCP). It constitutes an important progress but raises new questions, to which the present paper aims to give an answer. Among these questions, let us quote:” Is it possible to explain the observed exponential decrease of the ternary heavy particle yields with particle mass number ? Is it possible to explain why the yield of even-Z particles is systematically higher than that of odd-Z particles ? Is it possible to explain the presence of some fine structure in the particle yields ? etc. “

Another mode of ternary LCP emission has been observed by D.E. Fields et al. 2, in 1992, in fusion- fission reactions; it is characterized by a higher particle energy and an isotropic distribution. A similar study by S.L. Chen et al.3 compares the orthogonal and the  isotropic LCP emission modes occurring   in the fusion-fission reaction 4He + 232Th at ELab. = 200 MeV. The presence of a threshold in the kinetic energy (K.E.) distribution of the high-energy particles is put into evidence in this work, but the explanation by the Coulomb barrier calculated “for a composite system made of ternary particle and fragments of Z =90, A =232 ” does not seem satisfactory. Manifestly the question of the origin of the threshold deserves to be raised. To this question, the present paper aims to find an answer. Recently, an extended work has been devoted by C.-M. Herbach et al.4 to the investigation of the heaviest ternary particles emitted in the fusion-fission reactions of 14N with 197Au- and 232Th- targets, at 53 A MeV. Particles with a Z-value as high as 25 were observed. Very interesting observations are reported. Among them, let us quote that the low-energy mode is distinguished from the isotropic mode " by an enhanced fraction of very heavy ternary particles”. The present paper aims to propose an explanation of this important observation.

The present  reflections are not based on the liquid drop model of fission, and the authors will try to avoid the language of this model, but they shall prioritize thermochemical calculations using experimental mass data, and privilege the search for proofs of the tendency of nuclear matter to clusterize.

2. Considerations on the low-energy orthogonal emission mode

2-1 The work of Tsekhanovich et al.1

This  work is a continuation of the important work devoted to the investigation of the heavy charged particles formed in the ternary fission of compound nuclei such as 234U* and 240U*, and 236U. Precise kinetic energies and yields have been measured up to Z = 8 for 242Pu*, by U. Köster et al., and up to Z = 9 for 243Am*, by Baum et al. and by M. Hesse  , and for 246Cm* by M. Hesse and by U. Köster, as reported by ref.1.


The compound nucleus 250Cf studied by Tsekhanovich et al. is the  heaviest up to now studied at Lohengrin.


According to G. Mouze5, the low-energy emission mode to which the work of ref.1 is devoted results from the stimulation, by the double giant dipole resonance (DGDR), of the “latent” LCP-radioactivity of the binary fragments. The word “latent” recalls  that the energy released by the formation of a light particle with Z in the range 2-5 is negative, and that the “missing” energy must be  compensated by the DGDR energy, equal to 26.32 MeV for 250Cf 
, in order to make the LCP-emission possible: for example, the energy Q  released by the formation of an -particle in  a 82Zn fragment is negative and equal to -10.75 MeV; however, for LCP’s with Z (6, one observes that the QLCP’s become positive if they are formed in the  valence shells of the 132Sn core of heavy fragments and  can become very great, e.g. equal to 42.18 MeV for a 34Si formed in a 166Gd fragment.


The role played by the atomic number Z of the LCP’s in the probability of their emission by DGDR -stimulation is important, as shown by the considerable probability of alpha particles, about 90% per fission event, and of tritons, about 7% per fission event—i.e. a smaller yield, due to  the odd-even effect--; however, the discussion of this role is beyond the scope of the present paper.


In the low-energy LCP emission model5, confirmed by Monte- Carlo simulations6 , each preformed fragment is the seat of a giant dipole resonance, resulting from the  out-of- phase oscillation of protons and neutrons. The existence of these oscillating dipoles within the two fragments explains, by the distribution of  their electric lines of force, the well-known focusing of the LCP’s in a direction almost perpendicular to the fission axis7.


In their work, Tsekhanovich et al. have studied the low-energy emission of  LCP’s with Z in the range 3-16 by 250Cf*. According to the foregoing, the greatest energy-releases are expected in the valence shells of  the 132Sn-core of the heavy fragments of 250Cf, or in the valence shells of somewhat heavier cores than the Sn core. For this reason, we have calculated the  mass-data-based8 kinetic energies of a great number  of such LCP’s, if they are emitted by DGDR –stimulation with Z in the range 3-14.

But for the sake of simplicity, Table I reports – together with the experimental kinetic energies  and yields of ref.1 – only the K.E.’s calculated for core-LCP systems involving the 132Sn core, and only for the ternary carbon particles. 
(It could be shown that the greatest K.E.’s correspond to cores having a magic neutron number, N=82, and that the K.E.’s decrease if the core contains a neutron number greater than 82; and further it could be  shown how they vary if the core contains a proton number greater than 50).

Table I : A Determination of the kinetic energies of the carbon LCP’s with A = 14-18 emitted by 250Cf*, according to the DGDR-stimulation model and to the hypothesis that they are formed from the valence nucleons of the 132Sn core of heavy fragments. B & C Experimental value of K.E., and yield, of the same LCP’s according to I. Tsekhanovich et al.1.
	Carbon-LCP’s of 250Cf* 

clusterization mode                 (
	14C

146Ba(
132Sn + 14C
	15C

147Ba(
132Sn + 15C
	16C

148Ba(
132Sn + 16C
	17C

149Ba(
132Sn + 17C
	18C

150Ba(
132Sn + 18C

	A

Determination of the mass-data-based kinetic energies     (
	
	
	
	
	

	EB(fragment)

 (keV)
	1199 710 (80)
	1204 160

(90)
	1208 790

(140)
	1212 410

(400)
	1217 540

(500)

	EB (core)

(keV)
	1102917

(26)
	1102917

(26)
	1102917

(26)
	1102917

(26)
	1102917

(26)

	EB (valence shells)
	96 793

(106)
	101 243

(116)
	105 873

(166)
	109 493

(426)
	114 623

(526)

	EB (LCP)

(keV)
	105 284.5

< 0.1
	106 502.6

(0.8)
	110 753

(4)
	111 482

(17)
	115 670

(30)

	QLCP
(MeV)
	8.491

(0.106)
	5.259

(0.117)
	4.880

(0.170)
	1.989

(0.443)
	1.047

(0.556)

	EDGDR
(MeV)
	26.32
	26.32
	26.32
	26.32
	26.32

	Qtot.
(MeV)
	34.811 (0.106)
	31.580

(0.117)
	31.20

(0.17)
	28.31

(0.44)
	27.37

(0.57)

	K.E.theor =

Qtot.(Acore/Afragment)

(MeV)
	31.478

(0.096)
	28.36

(0.10)
	27.83

(0.15)
	25.08

(0.39)
	24.08

(0.50)

	B

Experimental value of the LCP- K.E.’s

(Mev)
	27.0

(0.3)
	25.1

(0.5)
	24.4

(1.1)
	21.3

(1.7)
	20.4

(2.8)

	C

Experimental value of the LCP-  yields and

log10 (yield)


	1.3 10-5
- 4.886
	5.3 10-6
- 5.275
	4.8 10-6

- 5.318
	7.5 10-7
- 6.125
	2.4 10-7
-6.619





The data of Table I for the kinetic energies and yields of carbon LCP’s are represented in fig.1; one sees that the variation, as a function of A, of the calculated kinetic energies of these carbon LCP’s are in good agreement with the variation of the corresponding experimental K.E.’s reported by Tsekhanovich et al.1: even the details of the experimental curve are accurately reproduced. However, the fact that the theoretical K.E.-values are systematically 3 MeV above the experimental ones remains to be explained
.


Fig.1 further shows that the details of the variation, as a function of A, of the LCP- yields measured by Tsekhanovich et al. are in good agreement , too,  with the details of the kinetic-energy curves.


Still assuming that the clusterization occurs in the valence shells of the 132Sn core of heavy fragments, we have  represented in fig.2 the mass- data- based kinetic energies of LCP’s with Z in the range 3-14.


Again, it is interesting to compare this fig. 2, firstly,  with the representation at the same scale of the experimental kinetic energies reported by Tsekhanovich et al. for Z in the  range 3-7 (fig.3), but also, secondly, with our fig.4, taken from ref.1 , a figure in which the experimental yields are represented as a function of A and Z. This new comparison reveals that, quite generally, a striking similarity exists between these variations, even if a strong even-odd effect shows itself in fig.4.


Let us now show that all these similarities between theoretical and experimental K.E.’s and yields, not only for the carbon LCP’s, but also for all LCP’s with Z in the range 3-14, can be easily understood.


To this end, we first remark that the reported yields, being those of the formation of ternary LCP’s, are essentially determined by the yields of clusterization reactions occurring, according to Mouze’s model5, in a number of binary fragments.


But the affinity of a reaction is given by the following expression of the “reaction-free enthalpy “, with a minus sign :

(1) – Greaction = - Hreaction + TSreaction 

In this expression, the reaction- entropy is still unknown; but if it can be neglected equation (1) can be written :

(2)     – Greaction = + Qreaction ,
where Q is the energy released in the clusterization process, an energy which is nothing else  than the QLCP belonging to a given LCP, such as the QLCP ‘s calculated in Table I for carbon ternary particles.


We  further remark that the mass-data-based kinetic energies of Table I have almost the same values as the corresponding Qtot. ‘s , since each value differs from the appropriate Qtot. (equal to QLCP + EDGDR) only by a factor equal to the ratio Acore/Afragment, as a consequence of the recoil effect occurring in the emission process, and this ratio F varies slowly as a function of ALCP
.


Thus the similarity of the variations, as a function of ALCP, of K.E theor. and K.Eexp. results from the fact that the clusterization processes playing the major role in the LCP formation are the most-energy-yielding clusterization processes, namely those occurring in the valence shells of binary fragments having a doubly magic  
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-core or a similar core; and the similarities between the theoretical or experimental K.E's and the yield result from the narrow relation existing between kinetic energy and QLCP.


It remains to explain why odd-even effects are so important in the experimental yield curves of fig.4.


To this end, let us  remark that 1°) the parity of a given LCP is the same as that of the clusterizing binary fragment, because the core released in its formation is most  probably the even-even core 132Sn, and 2°) the LCP-yields depend on the fission yield of the involved binary fragment, but the yields of odd-Z fission fragments are known to be smaller than those of even-Z fragments, and the yields of odd-odd fragments are expected to be even smaller than those of even-even fragments. 


The strong odd-even effect in fig.4, where the yields of 14C and 16N are in the ratio 0.0086, results cumulatively from these properties.


The same remarks explain the "exponential" decrease of the yields as a function of A, since the QLCP's already strongly decrease as a function of A.


2-2 The work of Herbach et al.


These authors have observed an  enhanced relative probability of formation of heavy LCP's by this low-energy mode, as compared to the high-energy mode. This observation can be easily understood  on the basis of the following assumptions and facts:

1°) The energy furnished by the DGDR is probably almost the same for the various fragments of a given fissioning nucleus.

2°) The K.E.theor. of orthogonally emitted LCP's, narrowly related to the QLCP , steadily increases as their atomic number Z increases (see fig.2). 

3°) We will show in Sect.3 that the Coulomb barrier height of the core-cluster systems becomes greater than the maximum kinetic energy of the high-energy LCP's as soon as their atomic   number becomes greater than Z=15, whereas, surprisingly, no such limitation seems to exist for the DGDR-stimulated emission of low-energy LCP's; but we show below (Sect.4) that the Coulomb barrier heights are probably strongly lowered in the DGDR-stimulated mode.

3. Considerations on the high-energy isotropic emission mode

3-1 The work of Chen et al. 


Fig.5 shows the laboratory energy spectra of LCP's of lithium, beryllium, boron and carbon, measured by S.L. Chen et al.3 in the fusion-fission reaction 4He + 232Th at 200 MeV. Let us compare for each element the energy distribution measured either at 90 degrees from the fission axis (solid symbols, orthogonal emission) or at ~50 degrees from the fission axis (open symbols, isotropic emission). The Coulomb barrier heights calculated by the authors  " for a composite system of Z =90, A = 232, made of ternary particle and fragments" 3,9 are indicated  by an arrow. However, the thresholds of the high energy distributions are easily observable, and do not coincide with the arrows. This situation needs an explanation.


We suggest that the Coulomb barrier playing a role  in this high-energy, isotropic emission mode is in fact the  Coulomb barrier of the system core-cluster created by  the clusterization of the fission fragments. The effective threshold energies appearing in fig.5 are equal to ~21 MeV, ~27 MeV, ~32.5 MeV and ~ 38 MeV for Li, Be, B and C  LCP's, in perfect agreement with the value of the calculated Bc-values, assuming the clusterization of the appropriate iodine, xenon, caesium and barium fragments. For example, the Coulomb barriers of the systems 132Sn-14C (146Ba) and 132Sn-18C (150Ba) are equal to 38.91 and 37.85 MeV.

The high-energy spectra of fig.5 extend from this threshold to a limit lying higher than 60 MeV for Be, B, C , N and O LCP's. According to our high-energy isotropic emission model10, these LCP's are formed from energy-rich clusterized binary fragments, and released in a collision between fragments before scission. In order to compare this  process with those involved in the low-energy orthogonal emission mode, let us imagine that the energy-rich binary fragments are formed in 250Cf* rather than in the fusion-fission reaction studied by Chen et al.. For example, a 14C could be formed from a 146Ba, belonging to the mass split 146Ba-104Mo, and clusterized according to 132Sn + 14C (Q14C= 8.491 MeV). The fission energy of 146Ba, 90.108 (0.059) MeV, becomes 98.599 (0.165) MeV after clusterization, and the K.E. of 14C can be as great as 89.144 (0.149) MeV.

The high-energy spectra of fig.5 further reveal the existence of a slowing- down  of the clusterized fragments, since the intensity of the spectra increases as the energy decreases, and is maximum at about 7 MeV above the threshold. This slowing- down is not a property of clusterized fragments involved in fusion-fission reactions, since energy spectra of high-energy -particles have been measured by Heeg11 in the spontaneous fission of 252Cf, and these spectra show a similar threshold (at about 17 MeV) and a similar maximum of intensity (at about 25 MeV). Interestingly, Heeg has observed the coincidence of these -particles not only with fragments of mass ~132, but also with a number of fragments of mass ~14112,and the threshold at ~17MeV is in agreement with core-cluster systems such as 140Ce82 + 4He. Thus, the slowing-down of the clusterized fragments is a general phenomenon. And high-energy LCP's are preferentially emitted from  slowed-down fragments.

3-2 The work of Herbach et al.4

C.-M. Herbach et al. have reported an important observation: The formation of isotropically emitted LCP's with Z greater than 19 seems to be impossible, whereas that of orthogonally emitted LCP's with Z between 20 and 24, or even greater than 24, is still possible.This observation can be easily explained.

In order to compare this experiment with that of Tsekanovich et al., let us imagine the emission of a 34Si LCP and that of a 37S LCP by 250Cf*, rather than by the system 14N (53 A MeV) + 232Th. The first LCP is then formed principally in the clusterization of the binary fragment 166Gd of the 166Gd-84Se mass split of 250Cf*, according to 166Gd (  132Sn + 34Si + 42.176 MeV. The  maximum energy of the clusterized 166Gd* fragment is 109.885 (0.847) MeV, and the maximum energy of the high-energy 34Si particle is 87.378 (0.673) MeV.
But the Coulomb barrier of the 132Sn-34Si system is only 81.75 MeV, i.e. smaller than this K.E.. Its emission is still possible.


On the contrary, the 37S LCP is formed principally in the clusterization of a binary fragment 169Dy of the 169Dy- 81Ge mass split of 250Cf, according to 

169Dy  ( 132Sn + 37S + 47.904 (0.330) MeV. The maximum energy of the clusterized 169Dy* fragment is 110.460 (0.466) MeV, and the maximum energy of the 37S  particle is 86.276 (0.363) MeV. But the Coulomb barrier of the 132Sn - 37S system is as great as 92.41 MeV, i.e. greater than the maximum K.E. of 37S. Its emission becomes impossible.


This discussion reveals that for some LCP's emitted isotropically  the Coulomb barrier of the core-cluster system forbids the isotropic LCP emission already for Z = 16.

4. The orthogonal emission of high-Z  particles.


The most surprising result of our analysis of the work of C.-M. Herbach et al. is the following: at first sight, it seems difficult to explain that these authors have observed orthogonally emitted particles of Z greater than 19, and up to 25, whereas isotropically emitted particles with Z greater than 19 are not observed; indeed, it is difficult to explain that the isotropic  emission becomes hindered by the increasing Coulomb barrier, whereas the orthogonal , lower-energy emission seems to be "not hindered".


There exists a very simple explanation: the DGDR stimulation of the clusterization process leads to an increase of the core-cluster distance within the involved  fragment, and consequently to a lowering  of the Coulomb barrier height corresponding  to this core-cluster system. Such a lowering of a Coulomb barrier by an elongation of the nucleus is a situation already  encountered in the phenomenon of fission isomerism13.

5. Conclusion


Thanks to the hypothesis of the clusterization of the fission fragments and to our two LCP emission models5,10 we have now new lights on the  mechanisms of ternary fission. 


However, much work  remains to be done for going deeply into the theory of fission. It is the case, in particular, for the role of the giant dipole resonance in a given fission fragment, and for the nature of the slowing-down of a clusterized fragment. Meanwhile, some advantage can be taken of a simple extension to the nucleus of the picture of a vibrating diatomic molecule, and of an  application, to nucleon jumps, of the principle of  Franck and Condon13. This point of view has led to a deep understanding of the reaction mechanisms of cluster- fission14 and of asymmetric binary fission15, even of superheavy nuclei.

References

1.  I. Tsekhanovich et al., Phys. Rev.C 67 (2003) 034610.

2.  D.E. Fields et al., Phys. Rev. Lett.69 (1992) 3713.

3.  S.L. Chen  et al., Proc. 3rd Int. Conf. On Dynamical Aspects of Nuclear Fission, Casta Papiernicka, Slovakia, Aug.30- Sept 4, 1996, J. Kliman and B. I. Pustylnick ed., Dubna 1996,p.166.

4.  C. –M. Herbach et al., Nucl. Phys. A 712 (2002) 207.

5. G. Mouze, Proc. 3rd Int. Conf. On Dynamical Aspects of Nuclear Fission, Casta Papiernicka, Slovakia, Aug.30- Sept 4, 1996, J. Kliman and B. I. Pustylnick ed., Dubna 1996,p. 338

6.  H.-Y. Han et al., Chin. Phys. Lett. 18 (2001) 1454.

7.  G. Mouze and R. A. Ricci, Eur. Phys. J. A , submitted.

8.  G. Audi and A.H. Wapstra, Nucl. Phys. A  595 (1995) 409.

9.  S.L. Chen et al. , Phys. Rev. C 54 (1996) 2114.

10. G. Mouze, Nuovo Cimento A 111 (1998) 467.

11. P. Heeg, Thesis, Darmstadt 1990.

12. G. Mouze and R.A. Ricci, Proc. 8th. International Conf. on Nuclear Reaction Mechanisms, Varenna, Italy,(1997), E. Gadioli ed., Ricerca Scient.Suppl. N.111, Università degli Studi, Milano, p.547.

13. G. Mouze, Proc. 33 Intern. Winter Meeting on Nuclear Physics, Bormio, Italy, (1995), I. Iori ed., Ricerca Scient.Suppl. N.101, Università degli Studi, Milano, p.101

14.  G. Mouze, Europhys. Lett. 58 (2002) 362.

15. G. Mouze and R.A. Ricci, Proc. 41 Bormio Meeting on Nuclear Physics, in press.

[image: image2.png]Yield (log)
&

K. E‘mecr.

| 2o ol
30 F——t——l

32

30

28

26

24

22

20 T T T T T

mog

KBy, (MeV)

60

50

KEgyp (MoV) ———>
L

30 -

20 4

Fig2 :

mass-data-based kinetic energy of ternary particles emitte

in the process 282G f{ng. D)}

Fig.1: K.E.exps K.E.tpeor, and yield of *°Cf*-

carbon LCP's, versus Ajcp.

20 25

Mass (u)

20
—

35

Variation, as a function of Arcp , of the

40 5 10

Fig3

the process 29C(ng, f).

20 25 30 35 40

Mass () —————=

Variation, as a function of Arce, of the
d . experimental kinetic energy of ternary particles emitted in




[image: image3.png]wE e e
B ; ! : 5
10° \: : : e
o WE : : : e
2 E o Mg & =
@ 0 i Al P
3 : : o
S le ke : s
e o 5
< F | Be i ! d 5|
e o I 23
0k iz & L
E i ! 23
E g H "
F i ! ‘»c
10° f | I
[Er TR e iy S (S s gt o i 5 N S|
89 10 1212 14 14 16 1816 18 20 2022 2420 222424 26 28 28 3030 32 3430 32 31 35 3840

Mass (u)
Fig.4: Yield, versus Arcp, of ternary LCP's of 250 e (reproduced from ref.1) .
Full symbols are used for even-Z LCP's, open symbols for odd-Z LCP's.

80
e
60@ o L E Be
E i,
— A= ° = e l
n 000, T bo o %
= el 0 ET e
=} 0 ¢ [ oty
5 gheltelidodoed bttt e
o 20F B = ‘ C
CIRElS =
= c 3 b
<8 10; GO b
1) £ ‘Q
e T i iy
g 0 Froc e titeg, | ¢
2 = N 0
25 B= e e
Lot L }é i
4 i‘}*‘**é l % ++ *'; l
2= ¢ =
E LN ¢
i +ﬁ¢ RISy A RN m!'t‘m.
0

1020 30 4050 0 10 2030 40 50 60
Energy(MeV)

Fig.5: Energy distributions of orthogonally (closed circles) and isotropically (open circles)
emitted ternary LCP's of the reaction “He + **2Th at 200MeV, reproduced from ref.3.




� EDGDR is given by 2EGDR = 2[31.2 A-1/3 + 20.6 A –1/6] with A =250.


� Other cores than 132Sn can play a role; see Sect.3-2, sub fine.


� for instance F = 132/142 for 10Be, instead of F = 132/144 for 12Be
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