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We investigate the recently discoveraddecays of heavy and superheavy nuclei with160—294 by the
cluster model ofa decay. This covers the short-lifetimedecays of the nuclei near the proton-drip line, the
decays of superheavy elements wiflx106—118, and the long-lifetime decay of the naturally occurring
nuclide 184 [Danevichet al, Phys. Rev. C67, 014310(2003)]. It is found that the cluster model can well
reproduce the new data of half-lives of these nuclei. For superheavy nuclei the cluster model, without intro-
ducing any additional adjustments, can reasonably reproduce the half-lives of many nuclei although substantial
deviations between experimental half-lives and theoretical ones exist in a few cases in which there may be
large errors in the experimental data for a single event. Somexemwitters in naturally occurring nuclides are
predicted. Experiments to search theadioactivity of 176174Hf and of 14%Sm are strongly recommended.
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l. INTRODUCTION extension of our previous paper to new mass ranges where

. . . we calculated the half-lives of the hinderadlecay of some
a decay is one of the most important decay modes in

X 0 o,
nuclei. The study orx decay dates back to the early days of Omdodd’gl Frf]lel near®Pb within the framework of the cluster

nuclear physics. It was first observed as an unknown radia- This paper is organized in the following way. Section Ii

tion by Becquerel in 1896 and further studied by Curie, Cu-_. .
fie ar):d Ru(tqherforc[l]. Studies one decay also }Iled to the 9ves the formalism of ther cluster model. We present the

numerical results of the: decay of heavy nuclei in Sec. Ill.

discoveries of many new elements in the periodic table. Thl%ection IV gives a systematic comparison between theoreti-

romoted the development of both nuclear physics an . :
ghemistry[Z] For a Ion% time the research @ndelga))// con- al half-llves_ anq exp_enmental ones of superheavy elements.
: A summary is given in Sec. V.

centrated on the heavy nuclei near the stable line and the
model of the decay was built based on the data of nuclei in

the B-stable valley{3—14. Recently the experimental devel-  !l. THE CLUSTER MODEL OF =« DECAY OF NUCLEI

opment of radioactive beams and of new detector technology g4 se ther decay of nuclei is a rich source of nuclear
uhnderdlow temperature have n':/lade It post|bIe tfo r'l;;\a’esugatgtructure information, there are many studies on the phenom-
the a decay In extrﬁme ct?ses. any ne\éllv "’_‘Fﬁ ol %"’.‘y enon ofa decay. Theoretical physicists used various models
N exgrerr;e cz'af.seds' aveh eerll_reps?r[mﬁ— Q. h ese studies [1,5,6,11-14,42—-48&0 study the favored decays occurring
can be ciassine mtot' ree ",Kt ) to search newr emit-  popyeen the ground states of nuclei. Very old calculations
ters in naturally occurring nuclide) to detect ther decay .oy e found in some textbookd,4]. Manget al. [5] devel-

of nuclei near the proton-drip ling3) to synthesize new ,n04 the microscopic theory of decay. Rasmussen made a
supe(heayy element_s by |den_t|fy|ng theirdecay Cha”,‘s- systematic study on the decays of nuclei near the stable line
The first kind of studies o emitters in naturally occurring [6]. A review paper onx decays is given in Ref7]. Buck
nuclides involves the nuclei with an exceptional long half- 4 co-workerg12—14 proposed a cluster model of de-

lite. The second one on the nuclei near_the drip I'ne need; teay. By using a few parameters they successfully reproduced
detect the decay with very short half-life. The third one isy, o experimental data of many nucfd2—14. The theoreti-
very q|ﬁ|cult because it Fequires 10 measure thelecay cal half-lives from the cluster model agree with the data of
chain in an unknown mass region. Often there are only on e favored decays within a factor 023 [12—14. This

or two events of the decay during the some-week run op,,q agreement between the model and the data is very im-

a;]ccelirator for (tjhe pI’OdUCtI(()jn of rzuperh(;avy EUdeL AI'pressive because experimental half-lives vary in a very wide
though more and more new data ardecay have been ac- o060 from 109 sec to 16°yr. In this paper we use the

cumula_ted In recent years, a systemati_c cpmparison betweedlster model to calculate the new data of half-lives. These
theoretical results and new data is missing due to the fasf, | de the half-life of the newly observed emitter 80

gro(\j/vth of t::is field. Indthis Eape(rj we Cﬁrry IOUt a systggat;cthe half-lives of the nuclei near the proton-drip line, and
study on these new data based on the cluster model o fhose of recently discovered superheavy nuclei.

_decay. This is an interesting test on the v_alidity of the mod_e The parent nucleus is assumed to bevgrarticle orbiting
in « decay of extreme cases. This paper is also an interesting daughter nucleus in the cluster mofi2—14. The orbit
of the a particle is denoted by a large value of the global
quantum numbeG=2n+L, wheren is the node number of
*Electronic address: zren@nju.edu.cn; zren99@yahoo.com.  radial motion and_ is the angular momentufii2—14. The
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Bohr-Sommerfeld quantization is used to describe the mo-
tion of the « particle in a given potential. It is assumed that
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2
K=/ 5zIQ= V(D).

8

the « particle is preformed in the parent nucleus and there-

fore a preformed factor of the particle is introduced.
In the cluster model the--core potentia[12—-14 is

ﬁZ L 1)2
V() = Va(r) + V(1) + Z(:—ZZ)' @)

The a-decay half-life is then related to the width by

Typ=In 2. (9)

Buck and co-worker$12—14 obtained the values of the
parameters in the above potential by a systematic calculation
on favoreda decays of nuclei. They aM,=162.3 MeV and

where the nuclear potential is given by a “cosh” geometry ofa=0.40 fm[12-14. The preformation factor of the cluster

depthV,, diffusenessa, and radiusR,

1+ coshiR/a)
cosHr/a) + coshR/a)

Vn(r) == Vo 2

and the Coulomb potential is taken to be

ven=22% (=R,
_2,2¢ (L” _

whereZ, and Z, are the charges of the particle and the

core, respectively. A Langer modified centrifugal barrier is

used withL(L+1) replaced by(L+3%)? [12-14.

There are three classical turning points for above poten- i1,

tials and they are denoted gsr,, andr; in order of increas-

ing distance from the origin. Their values are obtained by

numerical solutions of the equatidf(r)=Q. The radius pa-
rameterR can be determined separately for each decay
applying the Bohr-Sommerfeld quantization condition:

()"
rZ

|"2 2
fr dr h—’z‘[Q—vN(r) ~Veln)]-
a a
—(2n+1)5—(G—L+1)E. (4)

In semiclassical approximation, tedecay widthl” [12—-14

is given by
hZ ra
I'=PF—exp| - ZJ drk(r) |.
4u ry

The normalization factoF is

21 L e T
Ffr drwco§<ﬁl dr'k(r") 4)—1, (6)

1

5

where the squared cosine term may be replace§i Wwithout
significant loss of accuracy, so that

JrZ dr
F| ——=1
ry 2K(r)

with the wave numbek(r) given by

)

by,

[12-14 is chosen to beP?,=1.0 for even-even nucle?,
=0.6 for oddA nuclei, P,=0.35 for odd-odd nuclei. The val-
ues of the global quantum numbers are

G=22 forN> 126, (10)
G=20 for 82<N< 126, (11)
G=18 forN<82. (12)

In our calculations for the decay of the naturally occurring
nuclide W and for other cases such as superheavy nuclei,
we keep the same inputs as Buck and co-work&?s-14 in
order to check the validity of the cluster model for extreme

ses.

a DECAY OF THE NATURALLY OCCURRING
NUCLIDE 189 AND OF THE NUCLEI NEAR
THE PROTON-DRIP LINE

Much effort has been made in order to search éhea-
dioactivity of the naturally occurring nuclide'®dw
[15,47,5Q. Macfarlane and Kohmaja7] tried to observe the

«a radioactivity of 18 in 1960 but they failed. Since then
efforts to measure the decay of'®W continued for many
years. The successful observation efdecay of 80 has
been reported very recentf{t5]. The half-life of 80 is as

long asT,,=1.1:3x 108 yr [47]. Here we use the cluster
model to calculate its half-life. The numerical results of half-
lives of QW and of other nuclei are listed in Table I. In
Table I, the first column marks the decay from parent nuclei
to daughter ones. The second column shows the experimen-
tal decay energies where many of them are taken from the
measured values or the values in the mass t§bie4Q.
Some values of decay energies are deduced from the mea-
sured a-particle kinetic energy according to the expression
of Buck et al. [12]. Experimental half-lives and theoretical
ones are given in columns 3 and 4. The experimental values
are taken from recent publications where the reference num-
ber of each paper is listed in the last column of Table I.

The parent nuclei given in Table | belong to recently ob-
serveda decays which have not been investigated by Buck
and co-workerg§12—14. It is seen from Table | that the the-
oretical half-lives are close to experimental ones, with the
agreement between the cluster mofi2-14 and the data
within a factor of 2—3. Here the perfect agreement between
the theoretical value and the data '8fW is reached. It is
stressed that no addition adjustment is introduced in calcula-
tions of half-lives. A favored transition is assumed and ex-
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TABLE I. Comparison of theoretical and experimental half-lives of medium nucleaddcay half-lives
of some naturally occurring nuclei is predicted.

Nuclei Q.(expt.) (MeV) T, (expt) T,(calc.) Ref.
180y —, 176f + o 2.516+0.005 1103x 1018 yr 1.1x 108 yr [15]
6lRe— 5 Ta+a 6.432+0.006 16+1 ms 13 ms [16]
162Re— PTa+a 6.267+0.005 107+£13 ms 92 ms [17]
162nRe . 158 Ta + 6.298+0.005 84.6+6.2 ms 70.4 ms [17]
166pt_, 16205+ 7.314+0.015 0.3£0.1ms 0.2ms [18]
167pt_, 16305+ 7.188+0.010 0.7£0.2 ms 0.7 ms [18]
1270y — 168+ o 7.071+0.009 6.3+1.5 ms 7.8 ms [19]
1749 — %Pt +o 7.265+0.011 218 ms 1.7 ms [20]
T = 17380+« 7.097+0.007 18+5 ms 25 ms [21]
7T - 173 Ay + o 7.690+0.013 230+4Qis 359us [21]
180T — 176AU+ o 6.537+0.010 1.5+0.3s 43s [22]
180pp— 170Hg +a 7.446+0.015 45+1.1ms 2.9 ms [23]
1858 — 181T| 4 o 8.290+0.030 50+8us 44 us [24]
188pq_, 184pph o 8.119+0.025 408 us 183us [25]
189pg— 185ph +¢ 7.735+0.020 5+1 ms 4 ms [25]
190pq_, 186pp +o 7.744+0.015 1.$5ms 2.3ms [26]
MNd— *Ce+a 1.578+0.002 3. K107 yr
19Sm— “Nd+a 1.870+0.001 1.X10% yr
156Dy — 152G d +ar 1.757+0.006 3.& 1074 yr
16%Er . 18Dy + o 1.646+0.003 2.& 107 yr
168yh — 164 r+ o 1.951+0.004 2.K10%yr
70Hf 172+ o 2.256+0.002 3.x 100 yr
L78Hf - 1% b+ o 2.083+0.002 4% 107 yr
AN — 178Hf+ o 1.774+0.003 4. 10%yr
18805 — 184 + o 2.143+0.002 1.X10% yr
19%pt_, 18805+ 2.418+0.002 1.K10 yr
196y — 19%Pt+q 2.027+0.004 3.&10%yr

perimental decay energy is used for calculations of halfdrance facto(HF) to see the difference between experimen-
lives. We have also calculated the new dataxaflecays of tal half-lives and theoretical ones. The hindrance factor is
other nuclei in Table | where a favored transition withO is ~ defined as the ratio of experimental half-lives and theoretical
assumed based on the available data of the spin and parity ohes[HF =T, ,(expt.)/Ty,,(theor)]. In Fig. 1 we also plot
the parent nuclei and daughter ones. For example, the grounifle variation of the HF with nucleon number fér 74—84.
states of'®'Re and'>'Ta are known to b&1/2)* [40]. The |t is seen clearly from Fig. 1 that the HF lies between two
ground states of°®Re and***Ta are 2 and their first excited  |ines with HF=2.0 and HF=0.5. These two lines form a nar-
states (denoted by the superscriph in Table ) are 9  row window within a factor of 2 between experimental half-
[17,40. For the transitions between the states'6fl and  |ives and theoretical ones. The reliability of the cluster model
173Au they also belonged to favored transition because theipf o decay is systematically tested for these extreme cases.
ground states ar¢l/2)* and their first excited states are  Because the search fardecay in naturally occurring nu-
(11/27 [21,4Q. Similar arguments hold true for the transi- clides is a hot point in recent years, we predict the half-lives
tions of other nuclei in Table (see the corresponding refer- of some newa emitters in the lower part of Table I. We
ences in Table | and the nuclear mass tg#@). The new consider that the decays from the nuclidé¢éSm, 15Dy,
data of experimental half-lives can be reproduced within a8yb, 176.174f 1880s, and'%Pt can be easily observed from
factor of 2. This is in good agreement with the conclusion ofthe point of view of both energy and half-life. So we recom-
Buck et al. on the old data of half-live§12]. It is demon- mend above seven nuclides as the candidates ofanemit-
strated that the cluster model is valid for the decays of nucleiers for future experiments in this mass range. In particular,
near the stable line and near the proton-drip line. The halftwo experiments are strongly recommended. One is an ex-
lives of the decays range from Fosec to 1&° yr. Thisis a  periment to search the decay of'*°Sm where thex decay
very wide region. This clearly shows that the cluster modebf 48Sm is used as a reference. This is a favored decay
works well for the decays in some extreme cases. between the ground states ¥PSm and*Nd. The half-life

For a-decay half-lives people usually introduce a hin- of this decay is appropriate for the observation but its decay

024614-3



CHANG XU AND ZHONGZHOU REN PHYSICAL REVIEW C69, 024614(2004

25 When we calculate the half-lives of superheavy nuclei, we

. use the same inputs of the cluster model as before. Of course,

20l we should realize that some parameters such as the value of
G will change if a wide shell gap appears. The experimental

= decay energies of superheavy nuclei are used for calculations

z=78 of theoretical half-lives. Favored transitions are assumed and

2a  this is similar to that by Buck and co-workef$2—14. The
e numerical results are listed in Table Il where quantities have
ze83 similar meaning to those in Table I. The variation of the HF
z=84 with nucleon number is drawn in Fig. 2.
Before discussing the numerical results given in Table I
and in Fig. 2, we have to stress something on the uncertainty
AP NP SR NP SR SR T T of the experimental data. The experiments on superheavy
160 164 168 172 176 180 184 188 192 nuclei are very difficult and therefore the experimental
Mass number (A) events of the decay are very few. This leads to the uncer-
tainty of experimental half-life and of the decay energy. In
some cases only a single event of the decay is observed and
the experimental error is not given. We denote the unknown
experimental error bar with a mark in Table II. For the
calculations of the half-lives we need to calculate Qe
energy is slightly low. Another experiment is to measure thevalue from the experimental decay energy where the correc-
a decays of "4176.17f4f and this is also very preferable. The tion of electron shielding is included in the same way as
half-life of 1"*Hf is (2.0£0.4 X 10" yr. It is known that done by Buck and co-workefé2—14. In our calculations of
there is disagreement between the old data-decay energy superheavy nuclei we assume that the decay is a favored
1744f (Q,=2.559 MeV 0rQ,=2.584 Me\j [12,47-49 and transition. This is right for even-even nucl@7]. For other
the data(Q,=2.495 Me\j from the nuclear mass tabl@7].  nuclei, Audi and Wapstrd27] have made a study of the
The difference of the decay energies is as high as 0.09 Me\&ystematic trends of the-decay energies calculated by as-
This difference of decay energies can lead to the change auming feeding of the ground statesee Ref[27], p. 21)).
the half-life of 17Hf by a factor of 10. This uncertainty of the They have also pointed out that for regions of nuclear defor-
decay energy should be eliminated for the test of the theomation the favoredr transition is known to feed, in daughter
retical model ofa decay. At first one can measure the decaynucleus, the level with the same Nilsson level assignments as
energy and the half-life of"“Hf to elucidate the difference of the parentsee Ref[27], p. 21]). Therefore we use the same
decay energies between the old data and that from the maagproximation in numerical calculations as used by Audi and
table. Then one can use same detectors to investigate thgapstra[27].
decay energy and the half-life df®Hf where the results of Let us classify the results of Table Il into two parts. The
1744f are used as a calibration standard. It seems to us thédwer part corresponds to the results of nuclei with
this experiment is available at some laboratories in Orsay261—-268(Z=106-109. The upper part corresponds to
and in Kiev[15,50,53. This will be a very interesting ex- those of nuclei withA=269-294(Z=110-118. Some of

-
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FIG. 1. The variation of the hindrance fact@iF) of « decays
with nucleon number for medium and heavy nuclei where HF
=Ty x(expt.)/Tyo(theor)

periment. nuclei in the upper part are neutron rich as compared with
the nuclei of the lower part.
IV. a DECAY OF SUPERHEAVY NUCLEI It is seen from the lower part of Table Il that the experi-
WITH Z=106—118 mental half-lives can be reproduced by the cluster model

within a factor of 2. The nucleon number varies from

There is a breakthrough in synthesizing new superheavy 261 (Z=106) to A=268(Z=109. This is a known range in
nuclides in recent years. The successful synthesis of the elene superheavy region and the data are widely accepted. The
ments withZ=110-116 is claimed at GSI in Darmstadt, at theoretical results agree with experimental ones within a fac-
JINR in Dubna, and at LBNL in Berkeley. Some of thesetor 2—3 where no additional adjustment for the superheavy
experiments have been also repeated. For example, the namgjion is introduced in the model. Therefore the cluster
of the elemenZ=110(Ds) is approved by IUPAP and IU- model holds well for these neutron-deficient nuclei. This also
PAC. Very recently it is reported that the elem@&t118 was  shows that the experimental data themselves are also consis-
produced at JINR in Dubnigb2]. Here we present a system- tent.
atic calculation on the half-lives of superheavy nuclei based When we focus on the upper part of Table (A
on the cluster model. There are two purposes for these cak269-292 andZ=110-118, we find that there is also rea-
culations. One is to see whether the cluster model works fosonable agreement between the theoretical values and the
the superheavy region. Another is to check whether the exdata. The agreement is acceptable for a new mass range
perimental data themselves are consistent. A significant davhere no adjustment on parameters is made, considering also
viation between the model and the data may also bring athe large experimental error bar due to the difficulty of mea-
unexpected phenomenon in physics. This is particularly imsurements. In few cases the experimental error bar is still
portant for superheavy nuclei which lie in a new mass re-unknown. Totally the theoretical values are close to the data.
gion. The ratio(i.e., HP between experimental half-lives and the-

024614-4



a DECAY OF NUCLEI IN EXTREME CASES

oretical ones is=2-0.5 for many superheavy nucleee
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TABLE Il. Comparison of theoretical and experimental half-lives of superheavy n(i¢tel06—-116.

Nuclei Q. (expt.) (MeV) T, (expt) T,(calc.) Ref.
2941829116 +a 11.810+0.150 183 ms 2.4 ms [52]
292116288114+« 10.757+0.150 332°ms 181 ms [28]
2901 16— 2891 14 +a 10.860+0.150 283%ms 99 ms (52]
289114285112+« 9.895+0.020 30.4X s 13.7 s [29]
28811428912 +a 10.028+0.050 183s 35s [30]
287114283112 +¢ 10.484+0.020 55°s 0.3s [29]
285112281110+« 8.841+0.020 15.4¥ min 79.3 min [29]
284112 ,2801 10 +¢ 9.349+0.050 98%s 68.2's [30]
211112527310 +a 11.666+0.020 2433 us 143us [31]
27121112681 09 +a 11.029+0.020 182ms 3.2ms [32]
281110— 27108+« 9.004+0.020 1.6X min 4.4 min [29]
2731 10— 269108+« 11.291+0.020 110% us 238us [31]
211110267108 +a 10.958+0.020 0.62% ms 1.33 ms [33]
2701 10— 2661 08 +ar 11.242+0.050 10G3° us 182us [34]
2691 10— 2651 08 +ar 11.345+0.020 27835° us 180us [35]
268\t — 264,07 +av 10.299+0.020 705°ms 43 ms [32]
2695, 2655 +¢y 9.354+0.020 7.1Xs 43s [31]
2674, 26350 +¢ 10.076+0.020 74X ms 44 ms [33]
2665 — 2625 +a 10.381+0.020 233ms 45 ms [34]
2695, 2615 +¢ 10.777+0.020 583X us 842us [35]
2645, 2605 +¢y 10.590+0.050 0.54+0.30 ms 1.39 ms [40]
2678h— 26Dh +« 9.009+0.030 174 s 21s [37]
2668h— 26D + o 9.477+0.020 ~1s 15s [37]
2648h — 26Db +a 9.671+0.020 4480 ms 425 ms [32]
2665, 262Rf+ o 8.836+0.020 25.7X s 189s [38]
26559 61Rf+ o 8.949+0.020 24.1X s 140 s [31]
26359 5Rf+a 9.447+0.020 117X ms 476 ms [33]
615G, 5TRf+ 9.773+0.020 72X ms 60 ms [35]

ratio of the experimental half-lives and theoretical ones will

Table 1l and Fig. 2 For a few cases the deviation is beyondlie in the range of§—3 after the uncertainty of the experi-
this range and this may be due to the uncertainty of thenental half-lives is eliminated in future measurements. In
measurement of a single decay event. It is expected that thghort, the agreement between the data of superheavy nuclei

2,5
o
20}
A% ® s A
°1.51 .
ta [ ]
e |
[ L <
LS 1.0
4
* 4
0.5 * ®eve ©
* ]
n
. A .
L i 1 i L i L i 1 i 1 i L 1

e LAt Oed pOomBE

00 .
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Mass number (A)

FIG. 2. The variation of the hindrance factgiF) of « decay
with nucleon number for superheavy nuclei wii=106—118,

where HF=T,5(expt.)/ Ty,5(theor).

292

296

Z=118
Z=116
Z=114
Z=112
Z=111
Z=110
Z=10%
Z=108
Z=107
Z=106

and the model is accepted. This shows again that the experi-
mental data themselves are consistent. It suggests that the
current experimental statements on the existence of new el-
ementsZ=110-118 are reliable.

The variation of HF with nucleon number is shown in Fig.
2. The agreement between theoretical half-lives and experi-
mental ones is impressive for the superheavy region although
substantial deviations exist for a few nuclei. In Fig. 2 the HF
of 287114 is not plotted because its value is beyond the upper
border of Fig. 2.

V. SUMMARY

In summary we have calculated the recently discovered
decays of nuclei in some new mass regions using the cluster
model of a« decay. This includes the newly discovered
emitter of the naturally occurring nuclidé®W, the o decays
near the proton drip line, and the decays in superheavy nu-
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clei. This is a systematic test on the validity of the clusterdeviations of a few superheavy nuclei between the data and
model for decays in extreme cases. In general the modehe model may be eliminated by further improvements on the
reproduces the half-lives of many decays of heavy nuclei precision of the measurements.

within a factor of 2—3. This shows that the model holds well
for thesea emitters. The half-lives of some new emitters
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