acta physica slovaca vol. 49 No. 1, 117 Ű 124 February 1999

YIELDS OF TERNARY PARTICLES FROM THE REACTIONS^{229}Th(n_{th},f),^{233}U(n_{th},f) AND^{239}Pu(n_{th},f)�

M. Wĺostheinrich^{a1}, R. P^ster^a, F. Gĺonnenwein^a, H.O. Denschlag^b, H. Faust^c, S. Oberstedt^c aPhysikalisches Institut, Universitĺat Tĺubingen, D-72076 Tĺubingen^2 bInstitut fĺur Kernchemie, Universitĺat Mainz, D-55099 Mainz cInstitut Laue-Langevin, F-38042 Grenoble

Ternary particles (TP’s) from the thermal neutron induced ^ssion of^{229}Th,^{233}U and^{239}Pu have been studied. Their energy distributions and yields have been determined using the mass separator Lohengrin at the high ~ux reactor of the Institut Laue-Langevin (ILL). Special emphasis was put on the search of the heaviest ternary particles. As a new result it has been found that the mass and/or charge spectra of the heaviest TP’s at the limit of detectability of present techniques are strongly correlated with the mass and/or charge of the ^ssioning compound nucleus. The actual limit of detection reached is about 1 TP in 10^{10} ^ssion reactions. At this limit, in Th-^ssion the heaviest TP’s are Ne-isotopes, while for^{239}Pu-^ssion the observable TP’s are shifted to Si-isotopes. The energy distributions and yields of several TP’s having so far not been reported from the reactions^{229}Th(n_{th},f),^{233}U(n_{th},f) and^{239}Pu(n_{th},f) are given. The dependence of the yields of the TP’s on the ^ssility of the ^ssioning compound nucleus for actinides ranging from Th to Cf is shown. Experimental yields are compared to predictions in the framework of the Halpern model.

PACS: 25.85.Ec

1 Introduction

Ternary ^ssion is a process where at scission of the disintegrating nucleus three particles are formed. First evidence for such a process was found more than ^fty years ago [1, 2]. In thermal neutron induced ^ssion ternary particles are produced in about two out of thousand ^ssions. In these processes one obtains two ^ssion fragments and one light particle, the ternary particle (TP). The TP is in about 92% of these cases an α-particle. Particles with a nuclear charge of more than two are very rare. They can be observed in only about 1% of all cases of ternary ^ssion. An overview of ternary ^ssion is given in [3, 4]. For the^{229}Th(n_{th},f) reaction only α- and tritonparticles have been determined in the past [5]. For the^{233}U(n_{th},f) reaction TP’s up to^{10}Be [6] and for the^{239}Pu(n_{th},f) reaction TP’s up to^{20}O [7] are known from literature.

�Presented at 4^{th} International Conference on Dynamical Aspects of Nuclear Fission, “Castťa-Papierni“cka, Slovakia, 19Ű23 October 1998 1E-mail address: marcus.woestheinrich@uni-tuebingen.de 2Supported by the BMBF, Bonn, under contract number 06Tĺu669

0323-0465/99 cfl Institute of Physics, SAS, Bratislava, Slovakia 117

Fig. 1. Experimental setup: mass separator Lohengrin with RED-magnet and ΔE-E ionisation chamber.

The aims of the present experiments were the search for heavy ternary particles as well as the determination of their energy distributions and yields. Of special interest was the comparative study of the heaviest TP’s as a function of the ^ssioning compound nucleus, which are detectable with the present techniques. Since in the meantime also ternary ^ssion of^{242}Pu�, 243Am�,^{246}Cm� and^{250}Cf� [8Ű10] has been investigated, a broad range of actinides is now available for comparison.

2 Experimental Setup

For the determination of the energy distributions and yields of the TP’s the mass separator Lohengrin [11] at the Institut Laue-Langevin (ILL) was used (see Fig. 1). Fission in targets with speci^c thickness of about 300ţg/cm^2 is induced by thermal neutrons from the reactor core. The ~ux at the target position is 5,3·10^{14} n/(cm^2·s). Fission products emerging from the target reach the mass separator Lohengrin. In this spectrometer they are separated according to their mass over ionic charge A=q as well as their kinetic energy over ionic charge E_{kin}=q ratio by a magnet and an electrostatic condenser. An additional RED-magnet (reverse energy disperson-magnet) focuses all particles leaving the exit slit of the mass spectrometer on the entrance window of an ionisation chamber. In this ΔE − E ionisation chamber the ^ssion products are identi^ed as to mass and energy and their nuclear charge is measured.

Determination of Yields

For the determination of the yields it is necessary to know the ionic charge distribution F(v;q) and the energy distribution Y (E_{kin}) of the ternary particles. The separation of the particles depends on their ionic charge q. Due to limited beam time it is not possible to perform a measurement for every ionic charge and energy. For a TP with the velocity v the ionic charge distribution F(v;q) represents the relative contribution of the ionic charge q to all possible ionic charges. With the knowledge of F(v;q) it is suf^cient to perform only one measurement at one ionic charge for each energy. In Fig. 2 the F(v;q) distributions of^{10}Be are shown. Each marker represents one measurement, the curves are calculated. The ionic charge distribution is parameterized by a

Fig. 2. Ionic charge distribution of^{10}Be. The curves are calculated, each marker represents one measurement. Z_{eff} is a ^t parameter.

Fig. 3. Energy distributions of the ternary^{14}C and^{20}O from the reactions^{233}U(n_{th},f) and^{239}Pu(n_{th},f).

modi^ed reduced χ^2 function. Z_{eff} is a parameter which is used to ^t the modi^ed reduced χ^2 function to the experimental data. For further details see [12].

Since the functions F(v;q) ^x the relative probability of the ionic charges the global yield of a TP as a function of its energy can be found. In Fig. 3 some energy distributions are shown. Global yields (summed over all ionic charges) are indicated by full points, thick lines represents the global energy distributions. These distributions are found from Gaussian ^ts to the data. With the help of F(v;q) the global energy distributions are decomposed into the energy distributions at given ionic charges. These energy distributions for individual ionic charges are indicated in Fig. 3 by thin lines.

Table I.^{229}Th(n_{th},f) Mean energy E, FWHM and yield of the TP’s of the reaction^{229}Th(n_{th},f). The yield is given relative to the yield of the ternary α-particle which is set to 10^4.

This Measurement Wagemans [5] TP ŕE / FWHM / Yield / ŕE / FWHM / Yield / MeV MeV Y (α) · 10�^4 MeV MeV Y (α) · 10�^4 3H Ů Ů 392±71 4He Ů 9.4±0.4 10^4 7Li Ů Ů 10.4±1.7 9Be Ů Ů 3.8±2.3 10Be 18.4±0.5 17.5±1.2 75.7±7.1 12Be Ů Ů 1.1±0.5 14C Ů Ů 20.9±2.4 15C 23.8±0.9 15.9±1.8 4.3±0.4 18N Ů Ů (1.2±0.9)·10�^1 20O 22.9±2.8 21.5±3.8 1.8±0.5 21O 24.8±3.8 12.9±12.1 (1.4±0.6)·10�^1 21F Ů Ů (2.5±2.0)·10�^2 24Ne Ů Ů (2.9±2.4)·10�^2

The yields of the TP’s are ^nally determined by an integration over the global energy distributions.

3 Results

3.1^{229}Th(n_{th},f)

For the^{229}Th(n_{th},f) reaction 17 different TP’s were observed, of which the heaviest particle was^{24}Ne. The count rate for this ternary particle in the different settings of the mass separator Lohengrin was about 1 event/day. In practice this count rate sets a limit to the detectability of rare isotopes from ternary ^ssion. Due to poor statistics the yields of the TP’s^6He,^9Li,^{12}B, 15B,^{18}C and^{20}N could not be evaluated. In Table I mean energies E and FWHM of kinetic energy distributions, and yields of the ternary particles from the reaction^{229}Th(n_{th},f) are shown. In case no energy data are indicated in Table I this means that not suf^cient measurements were available to establish the energy distributions from experiment. For the determination of yields, E and FWHM had to be guessed by extrapolation from neighboring TP’s and /or other compound nuclei. The yield is given relative to the yield of the ternary α-particle which is set to 10^4.

3.2^{233}U(n_{th},f)

For the^{233}U(n_{th},f) reaction 25 different TP’s were observed. It was possible to determine the yields of 17 ternary particles [12]. The heaviest TP searched for was^{27}Na. However, only an upper limit was obtained with no positive detection.

Fig. 4. Comparison between the experimental yields of TP’s from this measurement [12] and Vorobiev [6] with the calculated yields of the extended Halpern model. In the case of^{24}Ne the calculated and experimental yield is Ťby chanceŤ equal. The^{27}Na data point represents an upper limit.

The dependence of the ternary yield on mass or charge of the particles was analyzed in the framework of the extended Halpern model. In this model [13] the energy costs which are necessary to switch from binary to ternary ^ssion are calculated. By weighting the energy costs with the binary fragment distribution it is taken into account that for a given TP many different mass and charge splits of the fragments may contribute. The distance between the tips of the fragments directly after scission is called the tip-distance. The tip-distance can be estimated from the total kinetic energy of the fragments. The fragments with the smallest kinetic energy originate from scission con^gurations with the largest deformations or equivalently with the largest tip distance between undeformed fragments. From such con^gurations ternary particles are thought to be emitted. High energy costs are expected to be unfavourable for ternary ^ssion. The ternary yield is hence parameterized by an exponential function Y ∼ exp(−E_{cost} · P1) with only one ^t parameter P1.

In Fig. 4 experimental yields from this and Vorobiev’s [6] measurement are compared with the calculated yields from the extended Halpern model. As seen from Fig. 4 the general trend as a function of mass is quite well reproduced while the odd-even effect appears to be grossly underestimated.

3.3^{239}Pu(n_{th},f)

For the^{239}Pu(n_{th},f) reaction 36 different TP’s were found, with 23 of them having never been reported before from this reaction. The new TP’s range from the light^6He up to the heavy^{33}Si. For this reaction the data are still under evaluation. In Table II the mean energies E, FWHM and

122 M. Wĺostheinrich et al.

Table II.^{239}Pu(n_{th},f) Mean energy E, FWHM and yield of TP’s from the reaction^{239}Pu(n_{th},f). The yield is given relative to the yield of the ternary α-particle which is set to 10^4. For^{34}Si an upper limit is given, it was not observed. This Measurement TP E / FWHM / Yield / MeV MeV Y (α) · 10�^4 10Be 16.4±0.1 19.2±0.6 49±1 17N 24.2±0.9 17.6±0.9 (1.9±0.1)·10�^1 20O 24.6±0.2 16.7±0.5 (6.8±0.3)·10�^1 21F Ů Ů (2.5±0.4)·10�^2 24Ne 28.8±1.3 20.1±1.7 (2.5±0.3)·10�^2 27Na Ů Ů (2.0±0.5)·10�^3 30Mg Ů Ů (2.8±1.5)·10�^3 32Al Ů Ů (1.6±1.6)·10�^4 34Si Ů Ů ≤ 3.5·10�^4

Fig. 5. Comparison between the experimental yields of TP’s from this measurement and Vorobiev [7] with the calculated yields of the Halpern model. In the case of^{20}O the calculated and experimental yield is Ťby chanceŤ equal.

yields of the TP’s which were evaluated until now are shown.

Figure 5 shows a comparison of experimentally obtained data and calculated yields for the reaction^{239}Pu(n_{th},f). Experimental data are from this measurement and from Vorobiev [7]. The yields are calculated with the Halpern model. In contrast to the yields calculated for the 233U(n_{th},f) reaction only one mass and charge split of the fragments is taken into account. The heavy fragment is set to be the doubly magic^{132}Sn and it is assumed that the ternary particle is emitted by the complementary light fragment. Without weighting of the energy costs with the

Fig. 6. Yields of ternary particles as a function of their mass number A for several actinides. The yields are given relative to the α-particle, whereby this yield is given as 10^4. Arrows indicate upper limits.

binary fragment distribution a better agreement is obtained between experimental and calculated yields, at least for ternary particles up to ~uorine. For still heavier TP’s, however, there is a violent disagreement.

4 Discussion

In Fig. 6 the yields of ternary particles for several thermal neutron induced ^ssion reactions are compared. For this survey only the yields of the most abundant isotopes for each element have been retained. The yields are given relative to α-particles, with the α-particle yield being arbitrarily set to 10^4. The yields are shown as a function of the mass number A of the isotopes in question. For A = 0 the binary ^ssion yield normalized to the above α-ternary yield is included. One can observe a dramatic decrease of the TP yields with their mass. Furthermore, systematically a higher yield for even charge numbers of TP’s is seen. This odd-even effect is smoothed for the heavier elements. The yields of the lighter TP’s from the different reactions lie close together (e.g. t,^7Li,^{10}Be). For higher masses of the particles, however, a widening spread in the yields for the different reactions is observed. As a rule, the heavier the compound nucleus the larger the ternary yields, especially for the heavy TP’s. The mass or charge number of the heaviest TP’s at the limit of detectability of present techniques is strongly correlated with the mass and/or charge of the ^ssioning compound nucleus. In Th- and U-^ssion the heaviest TP’s are Ne-isotopes, in Pu-^ssion Al-isotopes and in Am- and Cf-^ssion the heaviest TP’s are shifted to Si-isotopes. At a comparable level of sensitivity the lightest fragment from binary Am-^ssion has a mass of

124 M. Wĺostheinrich et al.

A = 68 [14]. This means that in the mass spectrum of particles emitted in the ^ssion process induced by thermal neutrons, there is at a 10�^9 level in yield still a gap in observation between the heaviest ternary TP’s and the lightest fragments from binary reactions.

The systematics in the limits of the heaviest TP’s as a function of the compound system might be explained by recent evidence in an experimental study of spontaneous ^ssion of^{252}Cf [15]. In this experiment it was discovered that the total average excitation energy TXE still left in the ternary ^ssioning system actually decreases rapidly with increasing mass and/or charge of the TP. Also a remarkably clear correlation between the TP yield and TXE emerges. Extrapolating this correlation down to the yield levels measured for Si-isotopes e.g. in^{243}Am-^ssion, one is led to the conclusion that in these limiting cases the system runs out of energy. Stated otherwise, for the heaviest observed TP’s, ternary ^ssion is a cold process. Having identi^ed the limit of TP emission as the cold frontier of phase space, it is ^nally seen why the limit of TP emission is shifting with the mass and/or charge of the compound nucleus undergoing ^ssion. Since the mean neutron number in ^ssion increases with the mass of the ^ssile nuclei and since this number is a measure of TXE, it is concluded that more energy TXE is available in the heavy ^ssioning systems. Hence the limit of TP emission with ever increasing energy costs shifts to heavier ^ssioning systems providing more energy.

References

[1] T. San-Tsiang, H. Zah-Wei, R. Chastel, L. Vigneron: Phys. Rev. 71 (1947) 382 [2] G. Farwell, E. Segrffie, C. Wiegand: Phys. Rev. 71 (1947) 327 [3] C. Wagemans: in The Nuclear Fission Process (Ed. C. Wagemans), CRC Press, Boca Raton 1991, p. 545 [4] M. Mutterer, J.P. Theobald: in Nuclear Decay Modes (Ed. D.N. Poenaru), IOP Publ., Bristol 1996, p. 487 [5] C. Wagemans: in Proc. Int. Workshop on Dynamical Aspects on Nuclear Fission, Smolenice (Slovakia) 1991 (Eds. J. Kristiak and B.I. Pustylnik), Dubna 1992, p. 139 [6] A.A. Vorobiev et al. : Phys. Lett. 30 B (1969) 332 [7] A.A. Vorobiev et al. : Sov. J. Nucl. Phys. 20 (1975) 248 [8] U. Kĺoster et al. : in Proc. of the 2^{nd} Int. Workshop on Nuclear Fission and Fission-Product Spectroscopy, Seyssins (France) 1998 (Eds. G. Fioni, H. Faust, S. Oberstedt and F.-J. Hambsch), AIP Conference Proceedings 447, Woodbury (USA) 1998, p. 315 [9] M. Hesse: PhD thesis, Univ. Tĺubingen (1997) [10] M. Davi: PhD thesis, Univ. Mainz (1997) [11] E. Moll et al. :Kerntechnik 19 (1977) 374 [12] M. Wĺostheinrich et al. : in Proc. of the 2^{nd} Int. Workshop on Nuclear Fission and Fission-Product Spectroscopy, Seyssins (France) 1998 (Eds. G. Fioni, H. Faust, S. Oberstedt and F.-J. Hambsch), AIP Conference Proceedings 447, Woodbury (USA) 1998, p. 330 [13] M. Wĺostheinrich et al. : in Proc. of 3^{rd} Int. Workshop of Dynamical Aspects of Nuclear Fission, “Castťa-Papierni“cka (Slovakia) 1996 (Eds. J. Kliman and B.I. Pustylnik), Dubna 1996, p. 231 [14] M. Davi et al. : in Proc. of the 2^{nd} Int. Workshop on Nuclear Fission and Fission-Product Spectroscopy, Seyssins (France) 1998 (Eds. G. Fioni, H. Faust, S. Oberstedt and F.-J. Hambsch), to be published by AIP [15] M. Mutterer et al. : in Proc. of 3^{rd} Int. Workshop of Dynamical Aspects of Nuclear Fission, “Castťa- Papierni“cka (Slovakia) 1996 (Eds. J. Kliman and B.I. Pustylnik), Dubna 1996, p. 250