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Radioactive decay of radium and radon isotopes by ' C emission
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Estimates are given for half-lives of the radioactive decay of radium and radon isotopes by emis-

sion of '"C nuclei. The classical one-dimensional &KB approximation for penetration through a

pure Coulomb barrier is used in the calculations. Results indicate that naturally occurring radon

isotopes are ' C emitters like their parent radium isotopes, whose decay rates by emission of '"C nu-

clei have recently been measured. The predicted half-lives for decay of ' Rn, Rn, and ' 'Rn by

emission of ' C nuclei are in the range 10"—10' yr. For radium and radon isotopes the minimum

half-life is obtained when the double-magic ' 'Pb and the semimagic Hg, respectively, are the

daughter products of these new radioactive decay modes.

I. INTRODUCTION

The first communications reporting the existence of
new modes of nuclear decay in which heavy nuclei disin-
tegrate by emission of nuclear fragments heavier than al-

pha particles were presented in 1975—1977, with both ex-
perimental and calculated results given. ' In fact, it was
in 1974, during the course of an experiment aimed at
redetermining the spontaneous fission half-life of sU,
that this new type of radioactivity became evident. Al-
though the experimental method used (uranium-loaded
nuclear-track emulsion) did not allow for the unique iden-
tification of the charge, mass, and energy of the emitted
ions, observed as short-range nuclear tracks in the emul-

sion, it was concluded that these tracks originated by
spontaneous nuclear disintegrations of the U isotope, a
case of emission of large nucleon clusters of intermediate
mass in the region from neon to nickel. The half-life for
such a decay process was estimated as (2+1)X 10' yr. '

Calculations based on the classical WKB method for
penetration through a potential barrier, similar to the for-
malism of the alpha-decay process, were performed in or-
der to estimate the half-lives of the new decay modes.
Within the limits of the large uncertainties the method
imposes, these calculations indicated the possibility of a
few nuclear-fragment emission modes from U with
fragment mass numbers ranging from 20 to 70, and with
half-lives from about 10' to 10' yr, in agreement with
experimental observation. Shell effects were clearly mani-
fested, since the calculations indicated that the processes
resulting in magic numbers either for the emitted frag-
ment or for the daughter product are the most probable
emission modes. ' '

These surprising results were interpreted by Sandulescu
and Greiner as being a case of very large asymmetry in
the mass distribution of fragments of fissile nuclei gen-
erated by shell effects of one or both fragments. ' Later,
more refined and extensive calculations were performed
by Sandulescu et al. for heavy nuclear-cluster emissions
by penetration through nuclear plus Coulomb potential
barriers. It was concluded that conditions are most favor-

able for spontaneous emission of such clusters as Ne and

Mg from the Th isotopes, Si and Si from the U iso-
topes, Ar from the Pu and Cm isotopes, and Ca from
the Cf, Fm, and No isotopes. These early predictions
have been superseded by more recent calculations.
Heavy nuclei, therefore, may exhibit a new type of decay
which can be interpreted either as highly mass-
asymmetric fission or as emission of a heavy nuclear clus-
ter. The prediction of this new phenomenon, i.e., an in-
termediate type of decay between alpha emission and fis-
sion, was strongly supported by the successful description
of alpha decay as a process of superasymmetric fis-
sion. '

The first experimental identification of a case of ra-
dioactive decay of heavy nuclei by the emission of nuclear
fragments heavier than alpha particles was done by Rose
and Jones'5 from the University of Oxford, who reported
observation of the radioactive decay of Ra by

' C emis-
sion with a half-life of T»2 ——(3.7+1.1)X 10 yr. This re-
sult was confirmed independently by Aleksandrov et al. ,

'

and soon after by Gales et al. ' and Price et al. '

Kutschera et al. ' designed a detailed experiment to mea-
sure the energy and mass of carbon nuclei emitted in the
decay of Ra. The ' C nature of 24 particles of 29.8
MeV emitted from Ra was unambiguously established
and a branching ratio of (4.7+1.3) X 10 ' relative to al-
pha emission has been obtained for such a decay, thus
confirming previous results from other laboratories. '

The establishment of this new type of radioactive de-
cay has encouraged researchers to perform systematic
calculations in order to estimate half-lives for novel
modes of radioactive decay in which heavy nuclei disin-
tegrate by emission of intermediate-mass fragments.
Poenaru et al. and Greiner eI, al. ' have reported half-
lives for probable emission modes from a number of
heavy parent nuclei, some of the most likely candidates
being ' C from Ra (T»z ——2.5X10 yr), ' C from Ra
(T,&2

——2.5X10' yr), ' C from Ac (Ti&2 5 OX10'——.
yr), Ne from U (Ti 2

——6.3X10' yr), Ne from U
(T, r2

——2.5X 10" yr), 'Si from '"U (T,r, =1.6X10'
yr), and Ar from Cf (Tir2 ——4.0X10' yr). Shi and
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RADIOACTIVE DECAY OF RADIUM AND RADON ISOTOPES. . .

Swiatecki also have estimated lifetimes for radioactive
decay of nuclei by emission of fragments heavier than al-

pha particles by treating these processes as extreme cases
of asymmetric spontaneous fission. They give a closed
formula for the penetrability factor which accounts for
the recently observed branching ratios of alpha-particle to
' C emissions from radium isotopes, and it can be used to
estimate penetrability ratios for a number of new decay
modes involving heavier fragments such as 0, Ne, and
Mg.

The advance in theoretical treatment of exotic decays,
with good predictions for their half-lives, has motivated
several experimental groups to search for and identify new

types of radioactive decay. Table I summarizes all
experimental data where results are compared to estimates
obtained from the superasymmetric fission models by
Poenaru et al. ' and Shi and Swiatecki. In addition,
during the last two years a number of important papers
have been published. The reader is referred to pubhca-
tions by Poenaru et al. ' " ' which give a detailed
description of the new phenomenon. They report calcu-
lated half-lives which replace the previous half-life esti-
mates. ' '

In the present work we describe a very simple formal-
ism which we used to interpret the events, recorded on
emulsion plates, which we reported as a new type of ra-
dioactivity exhibited by the U nucleus. ' ' The as-
sumption was that the classical theory of alpha decay
developed in the framework of penetration through a pure
Coulomb barrier3' could also be extended to exotic decays.
With modifications introduced to take more realistic nu-

clear radii and Q values into account, the same method is
used in the present work to estimate half-lives for possible
new cases of radioactive decay of nuclei by

' C emission.
We will focus attention on radioactive decay of radon iso-
topes by emission of ' C nuclei, since calculations have in-

dicated that the naturally occurring radon isotopes are
good candidates, as are their parent radium isotopes, as
we shall see in the following sections.

II. DECAY OF NUCLEI BY EMISSION
OF PARTICLES HEAVIER

THAN ALPHA PARTICLES

Early in 1975 we developed simple systematic calcula-
tions in order to search for possible new modes of radioac-
tive dray from 238U other than alpha-pa~icle dray. 2 3 3

Recently, we have developed a new closed formula to cal-
culate half-lives for radioactive decay processes in the
framework of emission of heavy clusters. The following
are basic assumptions from which a simple formula for
the half-life has been derived. .

(i) A parent nucleus (Z, A) in its ground state disin-
tegrates by emitting fragment (Zi, A, ) with formation of
a daughter product nucleus (Z2, A2). Z and A refer to
the proton and mass numbers, respectively. The energy
available in the process is given by

Q = [M(Z, A) —Mi(Zi, A i }—M2(Z2, A2)]

&931.501 MeV,

where the M's represent the atomic masses (expressed in
u} whose values are taken, when available, from the 1983
Atomic Mass Evaluation by %apstra and Audi, or are
otherwise estimated from systematics.

(ii) The entire positive Q value is taken to be the total
kinetic energy available in the decay process, i.e.,
Q =E&+E2 is the effective total disintegration energy of
the system available for the relative-motion channel. This
means that the emitted cluster and the daughter product
are assumed to be produced in their ground states. Ac-
cordingly, the fragment kinetic energies are calculated as
Ei ——Q E2 —and E2 ——Q/(1+i'), where g=M2/Mi is
the mass asymmetry.

(iii) The decay constant A, , for emission of a heavy clus-
ter (Zi ~2, A»4), is calculated to be the product of a
frequency factor, Q, of the order of magnitude of collec-
tive oscillations (10 '—10 s '), times a penetrability fac-
tor, P, through a pure Coulomb-type potential barrier at
distances equal to, or greater than, the touching distance
of the fragments. Contributions to the potential barrier
caused by centrifugal effects and deformations from the
parent configuration to the configuration at contact are
not taken into account.

(iv) The frequency factor is calculated from the relative
two-body motion where the fragments are thought of as
moving back and forth with a frequency given by

ui+u2 (2Q/)t2)

2(Ci+C2) 2(Ci+C2)

where ui+u2 is the relative velocity, Ci and C2 are the
"central" radii of the fragments (see below), and

p, =MiM2/(Mi+M2) is the reduced mass of the system.
The frequency factor A,o represents the number of assaults
on the barrier per unit of time. Values calculated from
Eq. (2) are in close agreement with those obtained from
the currently used relationship A,o co/2m =2E„—/—h, where
co is the characteristic frequency of collective nuclear os-
cillations, E„ is the energy of zero-point vibrations, and h

is Planck's constant.
(v) Penetrabilities for heavy-particle emission modes

through the Coulomb potential barrier are calculated in
the same way as in alpha-particle emission. 3 As used in
the one-dimensional WKB approximation, the touching
distance and the distance between fragments at which the
energy available for relative motion equals the potential
Coulomb energy are the classical turning points. Accord-
ingly, we have

P=exp( —G)=exp ——f I2p[V(s) —Q]I' ds, (3)
fg c

where V(s) =Z, Z2e /s is the potential energy, which de-
pends on the distance s between the separating fragments,
e =Ci+C2 is the inner turning point, d =ZiZ2e /Q is
the outer turning point, A=h/2m, and e is the elementary
charge. The argument 6 in the exponential is often called
the Gamow factor for decay.

(vi) The interacting fragments are considered to be
spherical, and their extension (the location of the frag-
ment surface) is defined by the central radius C. For the
commonly used Fermi nuclear-charge density distribu-
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tions the central radius equals the half-density radius, i.e.,
the distance at which the nuclear charge density has
dropped to half its central value. The central radius C,
the "equivalent sharp radius" R, and the "root-mean-
square radius" (,r )'~ are related, to a good approxima-
tion, by"

b2
C=R 1—

R

—1.20M ') fm, (6)

following the "extended-liquid-drop" model by Myers and
Schmidt. ' These values are then combined with Eqs.
(4) and (5) to give the central charge radii.

From assumptions (i)—(vi) above, and by expressing
masses in u, energies in MeV, lengths in fm, and time in

yr, we have, for the half-life,

TI /2 =3.16cV &( 10

where

G =0.62994397ZiZz VFO,

V=(p/Q)'

Fo arccos(c/d)'——~~ [cld —(c/d—)~]'~~ . (10)

Equation (7) gives absolute values for the half-life in the
sense that it does not contain any adjustable parameters.

An important quantity to be discussed is the uncertain-
ty associated with the calculated half-life. This uncertain-
ty is caused mainly by uncertainties in both nuclear mass
and radius. The former affects the Q value for decay
directly, giving rise to an uncertainty lLQ, while the latter
causes the touching distance of the fragments to be affect-
ed by an amount hc. Taking the partial derivatives of the
decimal logarithm of the half-life as deduced in Eq. (7),
and neglecting the contribution due to fluctuations in the
reduced mass, we have

log T]/2 = —0. 137Z&Z2 VI arccos(c/d)'

where b =1 fm is the nuclear "surface width. " Root-
mean-square charge radii have been calculated by using
the expression

(r'}' '=( —')' '(1 15''"+1 80'

l(l + 1)A'V's =
22ps

(14)

where l is the mutual orbital angular momentum. The re-
sult consists of changing Eq. (10) to a general expression
of the form

F)—— 1n
x'" [x(x +2a —1)]'"+x+a
2a (x/a)[1+(1+x/a )' ] '+a

1/2
1 1 —1/a+arccos —1—

(1+x/a )'i~
' 2 1/2

x I
4a2

+ (15)

where

8 log T1/2 8 IogT~gp~ iogTin =
~ I ~Q I

+
Bc

gives, in order of magnitude, the maximum error of the
calculated half-life. As an example, consider the decay of

Ra by emission of ' C fragments with a Q value of 30.5
MeV. We have p=13.128 u, c =8.57 fm, and d =23.23
fm. Therefore, 8logT&qq/BQ = —2.03 and 8logT, ~2/
Bc= —4.97. By using data in the mass table by Wapstra
and Audi, bQ=7. 3 keV is derived. b,c results from a
combination of uncertainties in the central radii b C, and
b, C2 of the product nuclei. We may take as an overesti-
mate for b, C~ and lLC2 the difference between the central
radius as calculated from Eqs. (4)—(6) and the value ob-
tained by C =1.183'~3—0.48 fm, which is derived from
data provided by electron scattering experiments. In
this way, for ' C we have b, C& ——0.40 fm and, for ' Pb,
b, C2 ——0.08 fm. Hence, b,c=0.41 fm. Another estimate
for bC& and BC' may be obtained by taking the differ-
ence (r ),' —(r~),'~ between the ex erimental and cal-
culated root-mean-square charge radii as an uncertainty
of (r )'~ In .this case, from Eqs. (4)—(6) we obtain
bC& ——0.27 fm, AC2 ——0.02 fm, and thus bc=0.27 fm.
Therefore, the maximum uncertainty in the calculated
half-life amounts to 1.4—2.0 orders of magnitude. In
general, Eq. (7) gives calculated half-lives within 1—2 or-
ders of magnitude of experimental results. This corre-
sponds to an accuracy of some 3—5 %%uo in the G factor.

Finally, to complete the analogy to alpha decay, let us
include in the derivation of the half-life formula the cen-
trifugal barrier associated with the rotation of the product
nuclei around their common center of mass. This
enhances the potential barrier an amount V'(s) given by

+[c/d (e/d) ]'~
I /Q, — 20.901l(l + 1)x=, EI —— MeV,

Q pc' (16)

~ log ~I /2

C
= —0.19QV(d /c —1)' (12)

These results indicate that the half-life decreases with an
increase in either the Q value or the touching distance c,
as consequence of a reduction ln the barrier width in
both cases. The quantity

Z)Z2e

e = 1.439 978 4 MeV fm .

1 d
Q

2 C
(17)

The physical effect of the centrifugal barrier is to hinder
the decay rate so as to cause an increase in the half-life by
a factor f which is given by
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TABLE II. ' C decay of radium isotopes ( Z =88).

Mass
number

A
g value

(MeV)

Experimental
half-life

Tl/2 (yr) Ref. 9
Calculated half-life Tl/2 (yr)

Ref. 10 Ref. 23 This mork

220

221
222

223

224
225
226
228

31.0
32.4
33.1

31.9

30.5
29.5
28.2
26.1

& 2.0X 10'
(3.2+0.5) X 10'
(3.9+1.3)X 10'
{3.7+1.1)X 10'
(4.1+1.6) X 10
(5.6+2.0) X 10'
{5.1+0.8) X 10'
(6.6+1.8) X 10'
(2.3+0.6) X 108

(5.0a2. 5) X 10"

18

15
16
17
18
19
18

7.3X 10'

1.1X 10
2.4X 10'

2.5 X 10'

4.5X 10'

2.5X 10'4

1.3 X 10'

2.0X 10'
1.3 X10'

3.2X10'

8.0X10'
1.3 X 10"
8.0X10"

1.1X 10'
7.1X10

4.5 X 10'

1.6X10'

5.2 X 10"

6.0X 10'

1.4X10'
8.1X10'

1.1X 10'

3.9 X 10'
6.1 X 10"
3.3 X10'4
4.4X10"

'The values listed in this column have been calculated by T~~2 ——T~q2/B, where TI/2 is the experimental alpha-decay half-life and B
is the branching ratio relative to alpha decay whose values mere set equal to the penetrability ratios (6 /G~) as given in Ref. 23.

T(~2(1)f= =exp[0.629 94397Z]Z2V(FI FO)]
Tin(0)

(18)

This corresponds to a variation of b,G/G=FI/Fo 1 in-
the G factor. Such results will be useful in the discussion
of decays of odd-A emitters.

III. DECAY OF RADIUM ISOTOPES
BY EMISSION OF ' C

Before entering into discussion of the radioactive decay
of radon isotopes by emission of ' C nuclei, we applied
the calculation method described above to obtain esti-
mates of the half-lives of radium isotopes by emission of
' C nuclei. The calculated half-lives are then compared
with the measured values, as well as the values estimated
by other authors. These data are presented in Table II
and Fig. 1. As is seen, the present estimates are in quite
good agreement with those of Poenaru et al. ,

9'0 and, in
general, they differ only by about 1 order of magnitude
from the estimates of Shi and Swiatecki (the only excep-
tion is in the case of Ra, for which the half-life value
given by Shi and Swiatecki is about 2 orders of magnitude
lower than ours, but the former agrees quite well with the
experimental value, as shown in Fig. 1). Quite good
agreement is also noted in comparing the estimates of Shi
and Swiatecki with experimental results for Ra and

Ra isotopes, while for Ra a difference of about 1 or-
der of magnitude is noted. The small deviations between
the calculated and experimental half-lives, as well as from
each other, however, are of little importance since both
the experimental and calculated values are affected by
large uncertainties.

Let us discuss in some detail the case of the Ra iso-
tope. According to nuclear spin and parity conservation
laws, in the transition from the ground state of Ra
(J"=—, ) to the ground state of Pb (J"=—, ) through
the emission of a ' C nucleus (J"=0+), there are four

units of mutual angular momentum ( l =4). Therefore, as
may be calculated using Eqs. (15)—(18), the predicted
half-life under the assumption that there are no centrifu-
gal effects ( I =0) should in increased by a factor f=1.66
when such effects are to be taken into account. This
correction in the calculated half-life, although not insigni-
ficant, falls, nonetheless, within the range of the measured
half-life (see Table II). Besides, the G factor for decay has
increased only by 0.6% and is, therefore, within the large
uncertainties of the G factor itself. The reason for the

I I 1 1

C from Radium Isotopesf4

16—

o
2i9

I

221 223 225
MASS NUMBER A

I

227 229

FIG. 1. ' C-decay half-life plotted against mass number of
radium isotopes. Experimental points: , mean value from
Refs. 15—19; 0, Ref. 18; ~, mean value from Refs. 18 and 24;
D, Ref. 24. Estimated values are joined by lines:
Poenaru et al. (Ref. 10); —.—- —-, Shi and Swiatecki (Ref. 23)
(see note on Table II);,present work.
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Mass
number

Alpha-decay
half-life

T&g2 ~yr)

TABLE III. ' C decay of radon isotopes (Z =86).

Calculated '~C-decay
half-life, T~),2 (yr)

Ref. 11 This work

Branching ratio relative
to alpha decay, 8

Ref. 11 This work

217
218
219
220
221
222
223

1.7 y 10-"
1.l & 10
1.3 y10-'
1.8 ~10-'
2.2& 10
1.0g10-'

25.9
26.9
28.1

28.5
27.7
27.6
25.9

1.0~ 10"
2.5 ~10"
2.5 X10"
2.5 ~ 10'2

2.SX 10"
3.2y 10"

2.8x 10"
8.3~ 10"
9.3g 10"
9.7y10"
9.0g10"
&.2x 10'4

1.4 g 10'8

2.0y10-"
5.0y 10-"
6.3 g 10-"
7.9y 10
1.3x 10-"
3.2 y 10-"

6.1 && 10
1.3 g 10-"
1.4~10-"
1.8 ~10-"
2.4X10-"
8.7g 10-"

centrifugal barrier causing such a small effect on the
half-life in the case of Ra isotope is that the centrifugal
energy at fragment contact (Ei=0.44 MeV) represents
only 1.4% of the Q value for the decay and 0.5% of the
Coulomb energy at fragment contact. This is caused by
the simultaneous combination of the small value of the
angular momentum and a large reduced mass of the sys-
tem (@=13u). Thus, for all practical purposes, centrifu-
gal effects in decays by

' C emission can be considered
completely negligible. On the other hand, under the as-
sumption that I =0, we may have a situation in which

Pb is produced in the 2.032-MeV excited state (the first
state of Pb). In this case, the available energy for

the relative-ln. otion channel would be decreased by about 2
MeV and, therefore, the half-life for such transitions
would be increased by almost 4 orders of magnitude, as
can be deduced by applying Eq. (11). It would, of course,
be very difficult to observe such transitions. In fact, ex-
periments' ' have shown that the kinetic energy of the
' C nuclei produced from 2 3Ra (29.8 MeV) is compatible
with the full Q value for decay (31.9 MeV).

Figure 1 clearly shows the shell effect exhibited in the
decay of 2 Ra to the double magic Pb, produced in the
disintegration by emission of ' C, and giving, therefore,
the lowest half-life value among radium isotopes. Thus
we have seen that the emission of ' C fragments from ra-
dium isotopes can be treated as a case of cluster emission
with half-lives successfully predicted by a simple alpha-
decay-like model.

uct Hg, since the masses of these nuclides have been
evaluated by systematics, and therefore the half-life pre-
dictions may be uncertain up to about 2 orders of magni-
tude. Even so, the data displayed in Table III are suffi-
cient to conclude that radon isotopes belonging to the
naturally occurring radioactive series are the most active
regarding emission of ' C with half-lives in the range
10"—10' yr. Similarly, as was done in the case of 2iiRa,
the ' Rn isotope had its decay studied for some possible
centrifugal effect. In this case 1=3, El=0.26 MeV,
f=1.38, and AG/6=0. 3%, and the conclusions remain
the same as for Ra. Again, shell effects are clearly
manifested, since Rn, whose daughter product is the
semimagic Hg in the decay by emission of ' C, has the
lowest half-life (see Fig. 2). From the experimental point
of view, however, the quantity of interest is the branching
ratio relative to alpha emission. The data in Table III
show that any attempt to detect such rare modes of decay
from radon isotopes would meet serious experimental dif-
ficulties, even in the case of Rn, which exhibits, among
radon isotopes, the most favorable branching ratio
( —10 '

) of ' C emission relative to alpha emission.

20

IV. DECAY OF RADON ISOTOPES
BY EMISSION OF ' C

In a similar way we have applied the formalism
developed in Sec. II to estimate the half-lives of radon iso-
topes by emission of ' C nuclei. Results are presented in
Table III and Fig. 2. In the case of ' Rn and Rn iso-
topes, it is possible to make a comparison with previous
half-life predictions by Poenaru et al. , obtained on the
basis of a superasymmetric fission model. Again, good
agreement is observed in the results from the two extreme
models. In the case of Rn a 0.5-MeV uncertainty may
result in the mass evaluation of the daughter product
OsHg. The same occurs for Rn and its daughter prod-

14
C frOm RCIden laatOPee

5 i

Bs 2'le 220
MASS NUMBER A

l I

222 224

FIG. 2. ' C-decay half-life plotted against mass number of
radon isotopes. Estimates of the present work are joined by
solid lines, previous results by Poenaru et al. (Ref. 9) by a
dashed-dotted line, and the more recent estimates by Poenaru
et al. (Ref. 11) by a dashed line.
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V. CONCLUSIONS

In the course of the present work, the radioactive decay
of radium isotopes by emission of ' C nuclei has been re-
viewed. A closed formula for half-life predictions of such
decays has been deduced within the framework of cluster
emission from heavy nuclei, in a manner similar to the
classical theory of alpha-particle emission. The one-
dimensional WKB approximation for penetration through
a pure Coulomb barrier has been assumed in the calcula-
tion. The model has proved to be adequate in reproduc-
ing, within the uncertainties the method imposes, the
measured half-lives of the radioactive decay of radium
isotopes by emission of ' C nuclei. It has been shown that
radon isotopes of the naturally occurring radioactive
series are also ' C emitters with predicted half-lives in the
range 10"—10'" yr, and that z Rn is the most active
emitter of ' C among radon isotopes. These new modes
of radioactive decay can be recognized as a clear manifes-
tation of the shell effects of the product nuclei, since the

minimum half-life is obtained when the double-magic
Pb (in the case of radium isotopes) and the semimagic
Hg (in the case of radon isotopes) are the daughter

product nuclei in the disintegration processes. The extent
of the calculation method used in the present work to esti-
mate half-lives of spontaneous emission of more complex
nuclear fragments such as 0, Ne, Mg, Si, Ar, and Ca
from heavy nuclei (also including alpha decay and spon-
taneous fission as extreme modes of decay) will be dis-
cussed in a future communication. Among these cases of
radioactive decay the Ne emission from a number of
heavy parent nuclei has been recently discovered, as men-
tioned in the Introduction.

ACKNO%'LEDGMENTS

The authors would like to thank L. T. Auler and A. G.
da Silva for many valuable discussions. The partial sup-
port by the Brazilian Comissao Nacional de Energia Nu-
clear (CNEN), Rio de Janeiro, is gratefully acknowledged.

'Permanent address: Comissao Nacional de Energia Nuclear,
Rio de Janeiro, Brazil.

'H. G. de Carvalho„J. B. Martins, I. O. de Souza, and O. A. P.
Tavares, An. Acad. brasil. Cienc. 47, 567 {1975).

~I. O. de Souza, M.S. thesis, Centro Brasileiro de Pesquisas
Fisicas, 1975.

H. G. de Carvalho, J. B. Martins, I. O. de Souza, and O. A. P.
Tavares, An. Acad. brasil. Cienc. 48, 205 {1976}(also avail-

able as Report No. A0013/76, Centro Brasileiro de Pesquisas
Fisicas, May, 1976).

4H. G. de Carvalho, J. B. Martins, and O. A. P. Tavares, Centro
Brasileiro de Pesquisas Fjsicas, Report No. A0025/77, June
1977 (unpublished) ~

50. A. P. Tavares, doctoral thesis, Centro Brasileiro de Pesqui-

sas Fisicas, 1978.
A. Sandulescu and W. Greiner, J. Phys. G 3, L189 (1977).
A. Sandulescu and %'. Greiner, private communication; A.

Sandulescu, H. J. Lustig, J. Hahn, and %. Greiner, J. Phys. G
4, L279 (1978}.

A. Sandulescu, D. N. Poenaru, and %. Greiner, Fiz. Elem.
Chastits At. Yadra ll, 1334 (1980) [Sov. J. Part. Nucl. 11,
(6),528 (1980)],and references therein.

D. N. Poenaru, M. Ivascu, A. Sindulescu, and %'. Greiner, J.
Phys. G 10, L183 (1984).

' D. N. Poenaru, M. Ivascu, A. Sindulescu, and %. Greiner,
Phys. Rev. C 32, S72 (1985); Joint Institute for Nuclear
Research, Dubna, Report No. Er-84-811, 1984.

"D. N. Poenaru, W. Greiner, K. Depta, M. Ivascu, D. Mazilu,
and A. Sandulescu, At. Data Nucl. Data Tables 34, 423
(1986).
D. N. Poenaru, M. Ivascu, and A. Sindulescu, J. Phys. G 5,
L169 (1979).
D. N. Poenaru, M. Ivascu, and A. Sandulescu, J. Phys. (Paris)
Lett. 40, L465 (1979}.

~4D. N. Poenaru and M. Ivascu, J. Phys. (Paris) 44, 791 (1983).
'5H. J. Rose and G. A. Jones, Nature (London) 307, 245 (1984).
~6D. V. Aleksandrov, A. F. Belyatskii, Yu. A. Glukhov, E. Yu.

Nikolskii, B. G. Novatskii, A. A. Ogloblin, and D. N.

Stepanov, Pis'ma Zh. Eksp. Teor. Fix. 40, 152 (1984) [JETP
Lett. 40, 909 (1984)].

' S. Gales, E. Hourani, M. Hussonnois, J. P. Schapira, L. Stab,
and M. Vergnes, Phys. Rev. Lett. 53, 759 (1984).

'SP. B. Price, J. D. Stevenson, S. W. Barwick, and H. L. Ravn,
Phys. Rev. Lett. 54, 297 (1985).

'9W. Kutschera, I. Ahmad, S. G. Armato III, A. M. Friedman,
J. E. Gindler, W. Henning, T. Ishii, M. Paul, and K. E.
Rehm, Phys. Rev. C 32, 2036 (1985).
A. Sandulescu, D. N. Poenaru, W. Greiner, and J. H. Hamil-

ton„Phys. Rev. Lett. 54, 490 (1985).
W. Greiner, M. Ivascu, D. N. Poenaru, and A. Sandulescu, Z.
Phys. A 320, 347 {1985).

Yi-Jin Shi and W. J. Swiatecki, Phys. Rev. Lett. 54, 300
(1985).

3Yi-Jin Shi and W. J. Smiatecki, Nucl. Phys. A438, 450 (1985).
E. Hourani, M. Hussonnois, L. Stab, L. Brillard, S. Gales, and
J. P. Schapira, Phys. Lett. 160$, 375 (1985).

~5S. P. Tretyakova, A. Sandulescu, V. L. Micheev, D. Hasegan,
I. A. Lebedev, Yu. S. Zamyatnin, Yu. S. Korotkin, and B. F.
Myasoedov, Joint Institute for Nuclear Research, Report No.
13-85, 1985.

A. Sindulescu, Yu. S. Zamyatnin, I. A. Lebedev, B. F.
Myasoedov, S. P. Tretyakova, and D. Hasegan, Joint Institute
for Nuclear Research Report No. 5-84, 1984.

~7S. W. Barwick, P. B. Price, and J. D. Stevenson, Phys. Rev. C
3), 1984 (1985).

S. P. Tetryakova, A. Sindulescu, Yu. S. Zamyatnin, Yu. S.
Korotkin, and U. L. Miheev, Joint Institute for Nuclear
Research Report No. 7-8S, 1985 (unpublished).

~9D. N. Poenaru, M. Ivascu, A. Sandulescu, and W. Greiner,
Central Institute of Physics (Bucharest) Report No. NP-41,
1985 (unpublished).

D. N. Poenaru, M. Ivascu, A. Sandulescu, and %'. Greiner,
Central Institute of Physics (Bucharest) Report No. NP-46,
1985 (unpublished).

'D. N. Poenaru, W. Greiner, M. Ivascu, and A. Sindulescu,
Phys. Rev. C 32, 2198 (1985).



H.G. de CARVAI. HO, J.B.MARTINS, AND O.A.P. TAVARES 34

32D. N. Poenaru, M. Ivascu, A. Sindulescu, and %'. Greiner,
Joint Institute for Nuclear Research, Dubna, Report No. E4-
84-446, 1984.

33See, for instance, P. Marmier and E. Sheldon, Physics of Xu
c/ei and Particles (Academic, Neve York„1969), Vol. I, p. 298.

34A. H. Wapstra and G. Audi, Nucl. Phys. A432, 1 (1985).
35M. D. Myers, Nucl. Phys. A204, 465 {1973).
36G. Sussmann, Z. Phys. A 274, 145 (1975).

7%'. D. Myers and K. Schmidt, Nucl. Phys. A410, 61 (1983}.
388. A. Brown, C. R. Bronk, and P. E. Hodgson, J. Phys. G 10,

1683 (1984).
9R. Hofstadter and H. R. Collard, Nuclear Radii, in I.ando/r-

Bornstein Xumerica/ Data and Funetiona/ Relationships in
Science and Technology, edited by H. Schopper (Springer-
Verlag, Berlin, 1967), Vol. 2.


