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Interpretation of the 4C fine structure in the decay of ?*Ra
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Assuming that the wave function of the 3/gjround state of?®Ra is quadrupole-octupole deformed with
B2, Ba, Bs, B3z, andBs having the optimum values of 0.129, 0.075, 0.004, 0.10, and 0.01, respectively, its
amplitude in the wave functions of tt#y,, i11/2, j1572. ds2. S1/2, andgs, shell model states of®®Pb has
been calculated. The systematics of the amplitudes as a function of the octupole defor@atiprovides
physical insight into the failure to obsern¥C radioactive decay to thgs, state and the very different
hindrance factors populating thg,, andiy, states in?*Ph.[S0556-28187)04002-4

PACS numbes): 23.70:+j, 21.60.Cs, 21.60.Ev, 27.86w

Since the discoverjl] of the exotic *“C radioactivity of ~ deformed??*Ra ground state with low-lying states fA°Pb
22%Ra previously predicite@i2], a large number of C, O, F, indicated that theg 5, State at 1423 keV should be weakly
Ne, Mg, and Si exotic radioactivities have been observed. Apopulated with a high HF. Very recently an elegant experi-
excellent summary of both the theoretical work and the eximent[7] maximizing the resolution of thé*C ions[90 keV
perimental results has been given by Pfigg full width at half maximum(FWHM)] has proved conclu-

These exotic activities with masses from 14 to 32 may besively that the population of the 1423 keV state has a HF
considered as intermediate between alpha decay and fission89. Thus only on€?®Ra excited state is shown in Fig. 1.
In that connection it is clear that an oddsucleus like The 4C radioactivity of 2Ra affords a unique opportu-
22%Ra may have a detectabléC fine structure like that ob- nity of studying the overlapgand therefore the relatedngss
served in alpha decay. It is obvious that the fine structure imf the octupole deformed?Ra ground state and various
odd-A nuclei should be much easier to observe, in both alphahell model states iR°Pb. We have already showW8] that,
and exotic radioactivities, than in even-even nuclei. although the??®Ra ground state configuration can be thought

An important step forward in these studies was the experi-
mental detectiofi4] of fine structure in the energy spectrum
of ¥C ions emitted by?>>Ra. This experiment revealed the
possibilities of a detailed spectroscopic interpretation of
4C decay as has been so useful in alpha decay. e,

In analogy with alpha decay it is possible to make a - ARa - 19C+A14pp
Geiger-Nuttal-type plot of the *C radioactivity of -
222Ra, ?*Ra, and?*Ra. This plot of the IpyT, vs Q12 2ol
(T4, being the half-life and) being the energy in MeV for L
the 4C decays leads to a straight line as shown in Fig. 1. - 2235,
When the points foP?*Ra are added, they lie above the line
(Fig. 1 as indicated and correspond to hindrance factors
(HF’s) just like the corresponding situation in alpha decay.

There has, however, been some experimental and theo- L
retical ambiguity in connection with fine structure in the -
¥C radioactivity of ?2Ra. The lowest-lying states in the i
daughter nucleug®pPb are theygy, ground state, the 779 keV o
i11» State, and the 1423 ke}s), state. The initial experi- 0.17 0.18 0.19
mental work[4] indicated that all three of these states were -1/2 (MeV'”z)
populated in the*“C radioactive decay of*3Ra, the ground l4c
state with high HF and the 779 and 1423 keV states with low
HF's. Theoretical interpretatiofd] of the experimental work FIG. 1. Geiger-Nuttal diagram of th¥'C radioactive decay of
[4] suggested a good agreement between experiment ang isotopes. The logarithm of the experimental half-lives in seconds
theory for the population of these three states in #1€ s plotted agains@ 2 with Q being energy of the decay in MeV.
radioactivity of 2Ra. However, subsequent theoretical work The distance thé%Ra points are above the straight line through the
[6] involving the calculation of the overlap of the octupole even-even Ra isotopes is used to determine the hindrance factors.
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FIG. 2. Calculated energies of the quadrupole-octupole de- FIG. 3. Calculated values of the amplitude of tHéRa
formed neutron orbitals with8,, B,, and B¢ having the optimum  “3/2[631]” neutron orbital (Fig. 2) in various *Pb neutron shell
values 0.129, 0.075, and 0.004, respectively, as a functigf;of model states with increasing octupole deformatiyn
The orbitals are labeled for convenience with the Nilsson quantum
numbers which are actually appropriate only whey=0. There-
fore when discussing these orbitals wh@gis not equal to zero,
the Nilsson labels are put in quotes. Neutron numbers are enc"de%ether, they will mix strongly and give large amplitudes with
both thei,, andj 15, Orbitals, while at larger values @5
the j 15, amplitude becomes much smaller as the 3/2 states
. move away from each other. This is clearly shown in Fig. 3
of as 3/2761] coupled to 3/p631] [8], and that these Nils- and gives physical meaning to the experimentally observed

son configurations arise from ttigs;; andisy, shell quel low amplitude with thej;g, orbital at the expected higher
states at zero quadrupole and octupole deformation, th\§

. . ; alues of ;.
fjl;gaitate cannot be strongly populated i radioactive In a similar way the amplitudes of the “3/831]" orbital

. . with the andi neutron shell model orbitals are similar
We now need to understand this fact and simultaneously Iarggegjét smgllizvalues &,. However, with increasing
3' il

see if we can under_stand_ the unique way in Wh'Ch, 61‘? octuy 3, these amplitudes diverge, becoming very large with the
pole deformed configuration can describe the HF's 1@ i orbital and very small with th bital. This i i
112 y €g)» Orbital. This is con

rad\}\?ﬁ\ﬁtlt\;]eisdegrayése in mind we have carried out similar sistent with the hindrance factors which can be extracted
purp from the experimental half-lives plotted in Fig. 1, 2.2 and

calculations as in Ref6], using a Woods-Saxon potential to 380 for the decay to the 11/2state at 779 keV and to the
study single-particle energies and corresponding wave func§/2+ ground state, respectively

tions of the Nilsson orbitals at different deformation. Ac- Finally, it should be noted that the observation of one

cording to Ref.[8], a good description of the properties 14 . I .
of 2Ra are obtained at the deformationg,=0.129, C ion at the position of the 1/4s,/,) state at 2032 keV in

85=0.10, 8,=0.075, Bs=0.01, andB=0.004. Here we the experimen{7] cannot be explained with these calcula-

. 22 .
will refer to these parameters, which were also used in Reft'ons' The 3/2 **Ra ground state orbitdin our mode] can

[6], as optimal. In order to study the importance of octupolehave no amplitude in the,, orbital and is forbidden. At

; L . +
deformation we have kept the, , 3,, and 3, deformations at higher order it is possible that small amounts of a™1(2-

inese optml values and vared g parameter betveen 0. 11 U0 B fe 3 ool However o mosan
and its optimal value 0.10. Her@s is given the value 99 gnly

14, it
0.185. The single-particle orbitals along this path are given C transition to the 1/2 2032 keV state, whereas the one

in Fig. 2. It should be noted that the labeling of the orbitals isobse_rved count may suggest a HF as low as 4. The_:refore
) _ . additional experimental work would be of considerable inter-
approximately correct only g8;=0, but is used for conve- st to see if this singlé’C event corresponds to degradation
nience. Elsewhere the orbitals have mixed parity. In Fig. Bgf its enerav alon t%e ath in the s egtrometer orgin fact. to
the amplitudes of the “3f&631]” neutron orbital in various 9y 9 b P ' '

i in20
neutron shell model states along the path of increagipgre the 1/2" excited state ir***Pb.
given. One of us(R.K.S) would like to thank the National Sci-
Several insights into*“C decay probabilities to various ence Foundation for support under Contract No. PHY92-
209h shell model orbitals are immediately obvious in Fig. 3.07336 with Florida State University, while I.R. acknowl-
One notes, for example, that at sm@l values there are two edges the Swedish Natural Science Research Council for
close-lying 3/2 states in Fig. 2. Because they are close tdinancial support.
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