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« decay through a deformed potential barrier produces significant mixing of angular momenta when
mapped from the nuclear interior to the outside. Using experimental branching ratios and either
semiclassical or coupled-channels transmission matrices, we have found that there is a set of internal
amplitudes which is essentially constant for all even-even actinide nuclei. These same amplitudes also
give good results for the known anisotropieparticle emission of the favored decays of odd nuclei in
the same mass region. [S0031-9007(96)00550-9]

PACS numbers: 23.60.+e, 24.10.Eq, 27.90.+b

The phenomenon of “tunneling in the presence of an envicinity of the Fermi surface and taken the overlap of the
vironment” is of considerable interest in many branches otorrelated neutron and proton BCS wave functions with an
physics and chemistry [1], for example, in the tunneling ofa particle at the nuclear surface.

Cooper pairs through a Josephson junction [2]. In the do- Whatever the formation mechanism, the decay proceeds
main of nuclear physics, the study of the subbarrier fusiotby penetration through the Coulomb barrier. If this barrier
of heavy nuclei has made significant contributions to thiss assumed to be spherical, there will be no mixing of
problem over recent years in that the experimental distriorbital angular momentum states during the tunneling
bution of fusion barriers has been shown to be intimatelyand, for an even-even nucleus, the observed branching
related to the environment consisting of the target and proratios to different rotational states of the daughter(
jectile excited states [3]. In this problem the incident wave0™,2%,4%,...) will be determined by thel. admixture

is known and all the transmitted flux ends up in the singlen the nuclear interior, modified by the transmission
fusion channel. The phenomenornwtiecay is potentially factors for the different centrifugal barriers evaluated at
more difficult, since the incident wavex{particle wave slightly different«-particle energies due to the excitation
function in the nuclear interior) is unknown but potentially energiese; of the daughter. If one takes account of
much more rewarding since (a) for even-even nuclei thehe deformation of the barrier, there will be additional
transmitted flux may end up in different daughter statesnixing during the tunneling [6,9]. Such effects have
for which the individual fluxes, i.e., branching ratios, canbeen considered in the fusion of heavy nuclei [10] and
be measured and (b) since for odd nuclei, the presence afore recently confirmed experimentally [11,12]. In this
different angular momenta in each daughter state may ledcetter, we take known branching ratios and calculate the
to a measurable anisotropy in theemission. mixing in the barrier to obtain the internal amplitudes

Thea decay of deformed nuclei may be divided into two near the nuclear surface. No model of internal dynamics
distinct parts: the formation of am particle in the nuclear (a preformation or distribution) is required, and indeed
interior, followed by its penetration through thedaughter  one does not know what preformation factors have to be
deformed Coulomb barrier. There are various approachétted unless the barrier penetration problem is first solved.
to the formation problem. One of these assumes a préA/e then systematically survey the internal amplitudes for
formed « particle (or at least a spatially correlated four- the even-even actinide emitters for various choices of
nucleon cluster with the appropriate quantum numbersyelative phases. A surprising result that emerges from
which moves in the deformed field of the daughter nucleusur analysis is that the relative internal amplitudes may
[4,5]. Frobman [6] assumes a constanparticle probabil-  possibly be constant over a wide range of actinide nuclei
ity on the deformed nuclear surface. Magigal. [7] and, and this in itself gives a very strong indication of the type
more recently, Delion, Insolia, and Liotta [8] have con- of nuclear model for the preformation factor which might
sidered the deformed single-particle (Nilsson) states in thbe the most appropriate.
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The fine structure of thex particle energy spectrum 30 —————r —————
determines the branching ratios to states of known spin:
I in the daughter. Since, for an even-even nucleus, the
orbital angular momentum of theparticle mustbd = I,
we shall set up our problem in terms of these outgoing
L waves. In the intrinsic frame of the axially symmetric
deformed daughter, one may write an asymptotic outgoing
wave in the form

lpoutside _ Z Cy Ofumide (kz,r) 10 L Jinside
L

outside

= > CL[Gulky,r) + iFy(ke, I)]Y20(®) xz0,
L
(1)

where F;, and G, are the regular and irregular Coulomb
wave functions. The® "' represent outgoing: par- r, I,
ticles with orbital angular momenturh coupled to total 0
angular momentum zero with a staggg, of the daughter
of spinf = L. The wave numberg; differ due to the dif- -10 - .
ferente;. With such an outgoing wave, one can perform
a coupled-channels calculation to obtain the wave functior
on the other side of the barrier. This must have both in-
coming and outgoing components 20 A N
st s st 1 10 100
lﬂlmlde — % [AL @inslde(kL’r) + B, ]inblde(kL,r)] ) r (fm)
) FIG. 1. Schematic diagram of the potentidland the incom-
The corresponding currents are shown schematically img and outgoing currents. The classical turning pointsind
Fig. 1. r2, and the energy of the: particle E, are used in the semi-
The above problem may be solved numerically toclassmal calculation of the transmission matrix; see Eq. (5).
obtain the outside coefficient, in terms of those inside,

—
G—

V (MeV)

A;. One may thus define a transmission madx The above approach is essentially an exact calculation
of the semiclassical transmission coefficients introduced
CL= ;MLL’ Ap. 3) by Fréman [6] and used, for example, in Ref. [8]. Indeed

] ] ] the earlier expressions of Froman may be obtained from
Since we wish to undertake a systematic studyaof gq (4) by ignoring the hexadecapole deformation, taking
emitters in the actinide region, we shall first obtainy,e nyclear potential to betdependent sharp cutoff, and
the transmission matrix using the semiclassical methogy making a first-order expansion 8. Approximations

outlined below. We thus express the outer amplitudegjnijar 1o these have also been employed in a coupled-
cr. (lower case indicates WKB solutions) in terms of the .pannels formalism [14,15].

amplitudesa,. in the nuclear interior by The magnitudes of the coefficients are proportional
cr = Z K pap to the square roots of the branching ratios for the angular
% momentaL. They may be taken to be real and can,
_ Y0l exd — I, (co®)]|Yioday, . 4 in principle, be e|ther_p05|t|ve or negative. 'Thelr reality
;< rol X =11 Yo @ follows from the requirement that the imaginary part of

the wave function at the nuclear surface should be small
2u ! [4]. In this Letter, we restrict our calculations {a} =
[F [Vi(r, co®) — Ea]} dr {0,2,4} since few nuclei have measured branches to the
6" state. (We have, however, considered the inclusion
(5)  of 6* and8* states and have found that our conclusions
(see Fig. 1). The potentiaV,(r, co®) comprises the are essentially unaffected.) We consider four possibilities
Coulomb field due to the deformed charge distributionfor the relative signs of thi; }, i.e.,{+ + +}, {+ + =},
of the daughter, a deformed Woods-Saxon potential anfh- — +}, and{+ — —}. For all the decays we consider,
a centrifugal term. We consider boj, and B8, terms the Sommerfeld parameters are large and the Coulomb
in the deformation. The angular integrals were evaluategphases then ensure that for the caset+ +} the spherical
using the technique of Kermode and Rowley [13]. Theharmonics in Eqg. (1) are in phase along the symmetry
matrix K;p is the analog ofM;;. in the coupled- axis. Thus if one considered the amplitudes in Eq. (1)
channels formalism. to add coherently, the outgoing flux would be axial. In
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the even-even system, of course, the currents are nthe same solution prevailed for odd-even nuclei, then
added coherently and the outgoing flux is always isotropiemission takes place mainly in the equatorial plane—
for eachL, after integrating over all orientations of the a result which would not be consistent with measured
daughter. However, we shall see below that the abovanisotropies. Consider, however, the favotedecay of
consideration is important for odd-even systems whichan aligned nucleus witkk = M = J, = J;, whereK is
may be polarized to yield anisotropic decay. For each the spin projection of the nucleus along the symmetry
of the above phase combinations, we have determined traxis, M the projection of the parent spuy, along the
amplitudesa;, from Eq. (4) using deformation parameters space-fixed axis, and/, the daughter spin. For this case
from Moller et al. [16]. Figure 2 shows the four sets of the angular distribution of the emitted particles may be
a; (normalized to unity) for actinide nuclei with daughter written (see, for example, [6,13])
mass (atomic numbe2R0 = A, = 248 (88 = Z; = 96).

To test the accuracy of the WKB approximation, we W) = % %UdLM - mmlJ, M) ,
have performed exact coupled-channels calculations for
three of the above nuclei. The results were in good X Ty LEOVaK) e Yim(9,0) |, (6)

agr%%men_t with those shown in this figure. For exampleyhere the Clebsch-Gordan coefficients arise out of the
for 2*U with the phase choicg } = {+ — —}, the cou-  ransformation from the body-fixed to the laboratory
pled channels givéa,} = {0.84, —0.54,0.08} compared  fame . we define the anisotropy B(0)/W (1 7). Equa-
with the semiclassical vaIue{szL} = {0.83, —0.55,0.10}. tion (6) describes the favored dec&y, — K, — K an-
The mportance of theL mixing under t'he bar- gular distribution only. A contribution from the decay
rier is demonstrated by the corresponding results, _ , _, K, = —K is suppressed (see, for example
{ar} = {0.70, —0.68, —0.19} for the sphericalcase. p.”50 of [6] or pp. 272 and 273 of [9]).

Since the deformation of the daughter varies smoothly 5 simple model for the odd-even nucleus would be to

with A4, one might expect that just one set of the SolUtion, g me that it consists of an even-even core plus a specta-
shown in Fig. 2 corresponds to the physical amplitudesy, - n,cjeon, Indeed, Froman [6] employed the above for-
One particularly interesting solution is that obtained withp, |, usingcy, extracted from the neighboring even-even
the combinatiorj+ — —} [Fig. 2(d)] since the coefficients ,anching ratios, which implicitly uses the same transfor-
ar.are practically nucleus independent even thoyih  1ion (4) as for the even-even case. Delion, Insolia, and
varies from around 0.10t0 0.24 and thgarticle energies | o [g] have also used Eq. (4) but derive their ampli-
vary from around 4 to 7 MeV over this mass region. It 'Studesa; from a BCS calculation. The expression (4) may
also the only one to yield amplitudes witho| > laz| > not, however, be appropriate for odd-even systems, where
|as| for all nuclei (see the discussion below). : the a-particle energy is determined by the daughter spin
_We note, however, that for the constant solutien ; raher than by the orbital angular momentdm We

is always negative. At first sight, this implies that if 5,6 applied Eq. (4) to the four odd-even actinide nuclei

10 for which anisotropies have been measured (see Table I),

08g008608° cTee Lg8°° °° using the amplitudes; from Fig. 2. We find that Eq. (4)
N $8a808§8 1 cannot predict anisotropies both greater than and less than
b f%0o0B8g, "By . one for these nuclei, for any of the four setsagf This
ool .o Be L P is because the sign @h/c, is either positive [anisotropy
. s% 00 . >1, i.e., Figs. 2(a) and 2(b)] or negative [anisotrogy,
05 hgaataat? 1 Laass i.e., Figs. 2(c) and 2(d)].
fansshi If the energies of the excited states of the daughter were
& or @ (re+) ® (++) high, then barrier penetration would filter out the compo-
o ‘ ‘ ‘ ‘ nents of the wave function corresponding to configurations
e R ©8080880000000 other than its ground state. In that case we obtain
°8
°5t es. ﬁ 1 1 e = Y Kppdd, L'KOlJg K)ap . @)
Rapsanbds s Nabasa L
L Fagag et Attt We note that Bohr and Mottelson [9] suggest a similar
decoupled equation for the leading order transition rates.
08 | osgeossascooac |’ A ELLEEEEEEER Equation (7) has also been applied to the four nuclei in
o ‘ © ) ‘ @) Table I, using the internal amplitudes of Fig. 2(d).
220 230 240 220 230 240 250 The values of the predicted anisotropies agree well with
Ay the experimental data. In particular, we emphasize the

FIG. 2. The amplitudes, for even-even actinide nuclei with prediction of anisotropies both less than and greater than

the four choices of external phase indicated. The circlesl; e, itis possib!e to have mor,e_particles e'mitted along
squares, and triangles represeit= 0, L = 2, and L = 4, the symmetry axis than equatorially, despite the fact that

respectively. a; < 0. The reason is that the external amplitudenay
38
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TABLE I. Anisotropies B/V(O)/W(%w)], for the favored decay of four odd-even
nuclei. Deformation parameters correspond to the daughter nucleus.

Parent J, Ba B4 Theory{+ — —} Experiment Ref.
21Fy g 0.039*°  0.028 0.77 0.37(2) [17]
27pa % 0.147¢  0.110 2.66 3.55(28) [17]
2IAm % 0.215  0.102 4.26 >2.7 [18]
WIESD g 0.235  0.040 3.70 >3.8 [19]

aMoller et al. give a nonzero value foBs.
bIncludesL = 6.
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