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1. INTRODUCTION

Recently, it has been recognized that complete fusion between heavy ions and
heavy targets may be strongly inhibited by dynamical limitations. The strong
digsipative forces encountered by the system on the way to the compact shapes
necessary for compound nucleus formation reinforce the disruptive coulomb and
centrifugal forces leading to an early reseparation into two main reaction
products. Depending on the degree of compactness achieved in the intermediate
system, varying degrees of mass transfer between the interacting nuclei may have
taken place during the reaction. The reaction strength of such binary processes
appear to divide intc two reasonably well separated channels, namely deeply
inelastic scattering and quasi-fission. The former process is characterized by
large energy losses approaching the complete damping limit, without any significant
net mass transfer, whereas the products of quasi-fission emerges with completely
damped kinetic energies and a large net mass flow toward mass symmetry, The general
characteristics of these processes are rather well described by recent macroscopic

modelsll'zl.

The separation of the three main strongly damped processes, complete fugion,
quasi-fission and deeply inelastic scattering (see Fig. 1) represents an important
experimental challenge. For lighter projectiles, A < 35 , the energy, mass and
angular distributions of fimal fragments from the complete fusion (followed by

subsequent fission decay) and quasi-fission reactions are strongly intertwined.
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Fig. 1. Schematic illustration of the three different binary reaction channels in
strongly damped heavy ion interactions. The present work focusses on the distinc-
tlon between the compound nucleus fission reaction and the quagi-fission process.
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Experimentally based estimates on the relative contribution of the two processes
must rely on quantitative analyses of angular distributions/3'4/ or (if available)
/5/

angle-mass correlations

For heavier projectiles, the quasifission component becomes more dominant while
the complete fusion component subsides., The special characteristics of the complete
fusion-fission process in terms of mass independent forward-backward symmetries
allows for a quite reliable estimate of this component, even in the presense of much
larger quasi-fission contributions. Such methods have recently been applied to

238U + 480& reaction to obtain upper limit estimates of the

/5/_

Ca + 25l'Es using the well

measurements of the
cross sections for complete fusion near or below the interaction barrier

48 2480 and 48

Extrapolating to the systems "~ Ca +
established scaling properties of the extra push model we estimate the cross
sections relevant to the efforts of synthesizing super-heavy elements in the region
Z ~ 116 and N ~ 184 via heavy-ion fusion reactions. A simple evaporation
calculation using properties of the super-heavy elements predicted by Randrup et
al./6/ shows that the failure to observe guper-heavy elements, with the 48Ca+248(‘.m

reaction is consistent with these estimates of the complete fusion cross sections.

2. FRAGMENT ANGULAR DISTRIBUTIONS

The estimates of the complete fusion cross sections from the angular
distributions of fission-like fragments relies on the assumption of validity of the
saddle point model of fission. 1In this model it is assumed that the angular
distribution of fission fragment- 1is given by the nuclear orientation at the saddle
poiut/7/. This assumption requires that the axial component, K, of the total spin,
I, 1s unchanged during the descent from saddle to sclssion. The angular
distribution may therefore be written

o I
WO o ) GmT Y e | g (1)
I=0 =-T
where T; is the probability for complete fusion and subsequent fission of the I'th
partial wave, p(K) is the distribution of K-values at the Saddle point and DIOK is
the symmetric top rotational wave functions. The problem is now reduced to

estimating the K-distribution at the saddle point. 1In the statistical model this is

a gaussian with a variance/S/

2 T 1 1 1
K = —— J H = - (2)
o hZ eff Jeff Ju Jl

where T is the nuclear temperature at the saddle point and Jy and J, are the rigid
moments of inertia parallel and perpenducular to the symmetry axis, respectively.
The shape of the nucleus at the saddle point and the assoclated moments of inertia

may be estimated from e.g. the rotating liquid drop model/9/ ,. ihe Finite Nuclear
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Range Hodelllo/.

It has been found that angular distributions of fission-like products from

1

reactions induced by 9 or lighter projectiles are rather well accounted for by the

saddle point model as outlined above. Heavier projectiles, however, invariably

leads to larger anisotroples i.e. smaller Ko2

/3 )l'l’

values than predicted by this

theory 2

Measured values (solid points) of Ko are in Fig. 2 compared with the
predictions of the rotating liquid drop model {3olid curves). The dotted, dashed,
and dot-dashed curves represent the predictions of the scission point model under
different assumptions of the shape of the system at the scission point/3’11’12/. it
is apparent that the scission point model is incapable of describing the data, even

for the lightest projectiles.

Comparative studies of different entrance channels leading to similar compound
systems show that the deviation for the heavier projectiles is more likely to stem
from a hindrance of complete fusion than a sudden breakdown of the saddle point

theory/3’4’13/, i

.e, the deviation is clearly assoclated with a decreasing mass
asymmetry in the entrance channel as opposed to the mass of the compound systen,
This indicates that the increased anisotropy seen with heavy projectiles stems from
a contribution of quasi-fission reactions., These may be zxpected to have larger
anisotropies because only more elongated shapes (or smaller K-values) are involved

in such reactions. 1In a quasi-fission reaction one may expect that the distribution

of K-values, which initially is a 6-function at zero, ifncreases gradually as the the

Fig. 2. Comparison of the experimentral values of K 2, obtained Irom the analysis
of the angular anisotropies of fission-like fragments, with the pred}c;ions of the
saddle point model (solid curves) and the rigid scission point model 3/ ag a
function of excitation energy of the fissioning systems, The predictions of the

scission point models of Refa. 1l and 12 are represented by the dot-dashed and
dotted curves, respectively.



" systeu acquires more compact shapes and experiences particle transfers between the
two veaction partner8/14/. Whether a statistical equilibrium in the axial spin
components is achieved duriug tre process s unknown, but the width of the K-
distribution would even in this limit be larger than predicted by the saddle point
model, since the interaction compler acquires only more elongated shapes during the

quasi-fission process.

Based on this observation we may then proceed to disentangle the contributions
from true fission of the compound system and the quasi-fission processes, the latter

13/

of which do not proceed through the stage of a compound nucleus Such a
separation is possible if the individual angular distributions for both compound
fission and quasi-fission are known independently. In the analysis it is assumed
that the angular distribution of the compound fission component is given by the
saddle point model, The angular distribution of the quasi-fission compounent is,
however, less well known. As in Ref. 3 it is assumed that this component has an
angular distribution corresponding to a statistical equilibrium at a shape
corresponding to an effective moment of inertia Jo/Jeff- 1.5, where J  is the
spherical rigid body moment of imertia of the total system. Although this choice is

/31 that the estimate of the complete fusion

somewhat arbitrary, it has been shown
cross gsections changes only slightly when varying this quantity is changed within

reasonable values,

1,2/ show that thevre iz a distinct

Several macroscopic model calculations
fractionation of the two processes in l-space such that the complete fusion
reactions preferentially originates from the lowest partial waves, whereas the
quasi-fission reactions are agssociated with higher angular momenta. Under these
assumptions one may estimate the complete fusion comporent by varying the angular
momentum which divide the two components such that the observed anisotropy is

al3

observe

Complete fusion cross sections estimated in this manner are shown as open
triangles in Fig. 3. We obgserve that the complete fusion accounts for a declining
fraction of the total fission cross section as the mass of the prolectile is
increased. We find, however, that the dynamical hindrance of complete fusion plays

a dominating role for projectiles as light as 24 19

Mg and maybe even “’F, The
consequences of this observation for the prospects of synthesizing super heavy
elements uasing heavy ion fusion reactions may be very far reaching and they will

discussed in detail in the following.

3. EXTRA-EXTRA PUSH SYSTEMATICS

The hindrance of complete fusfion as observed through the fragment angular

distribucions may be quantified in terms of an extra-extra push energy required in

addition to the interaction barrier energy in order to achleve complete fusion, i.e.



Flg. 3. Comparison of experimental cross sections with theoretical model
calculations. Solid circles represent figgion cross sections (Refs. 4 and 16 ),
open circles are taken from Ref, 17 (160+ 8U), and solid squares represent
measurements in which full momentum transfer was required (Refs, 18 and 19). The
solid tria~eles represent the deduced complete fusion cross sectiomns., The cross
sections for touching, capture, an?370mp1ete fusion are shown as solid, dashed, and

dashed-dotted curves, respectively

formation of an intermediate complex inside the true fission barrier. A macroscopic
model for the interactlions between heavy nuclei based on liquid drop model potential
energy surfaces and the one-body dissipation mechanism (wall and window formulae)
has recently been developedll/. Numerical calculations with this model suggested

the following scaling properties for this Extra-Extra Push energy, E__, unamely

XX
Eex™ Een a"2 [xm(l)"xt:h]2 (3)

where E_ . 1s the charactrristic enmergy of the system and xm(l) ig the l-dependent

mean fissility/3/.

Experimental estimates of, E, , may be obtained from the ratio of the complete

/3/
]

fusion cross section to the cross sectioa for traversing the interaction barrier
the latter being obtained from e.g. the proximity potentiall4'15/. Extrapolating to
zero angular momentum one may estimate the the extra-extra push energy for s-waves
for the various systrems investigated. The scaling properties of the extra-extra

1/2

push model predicts that the quantity (Exx/Ech scales linearly with the mean

fissility parameter, x (eq. 3.) as shown in Fig. 4. Because this linear

m?
relationship 18 observed experimentally, one may determine the threshold and
strength parameters , x",;=0.63 + 0.03 and a" = 7 + 2, from the data. The solid

triangles in Fig. 4 represent data points obtained from an analysis of evaporation



Fig. 4. The square root of the extrapolated extra-extra push emergy for central
(1=0) collisions is shown as a function of the mean fissility, x . Data points are
based on fission fragment angular distributions, Ref. 4 and references therein. The
solid diamond is from the present work.

residue cross sections for Zr and Kr induced reactionslzo/.

4, MASS-ANGLE CORRELATIONS IN HEAVY SYSTEMS

208

Recent experiments with Pb and 238U beams as well as lighter reaction

systems have shown that the mass distributions of fiszion-like fragments have a
/19,21-23/

distinct angular dependence An example of this is shown in Fig. 5 where

the double-differential cross seactions are shown as a function of fragment mass and
center-of-mass aungle, as well as the corresponding angle-integrated mass
distributions. These data are taken from Ref. 22. This behaviour is clearly
incompatible with a complete fusion - fission process. Such a process would require
that the mass distributions are symmetric independent of the scattering angle 1i.e.
o(A,0) = o(A, .-A,0 . (4)
Furthermore, due to the two-body nature of the fission process, this means that also

the angular distributions are forward-backward symmetric for any mass split, i.e.



Fig. 5. Contour diagrams of the double di{fferential cross sections as a function of
fragment mass and center of mass scattering angle are shown for binary reactions
between 2-8H48ca at beam energies of 4.6, 5.9, and 7.5 MeV/u (a). The
corresponding angle integrated mass distributions are displayed in panel (b).

o(A,8) = o(A,n=-08) . (5)

We therefore conclude that only a (small) fraction of the fission-like cross section
is assoclated with complete fusion, whereas the quasi-fission process acconunts for

most of the fission-like strength,

Presently we shall attempt to eatimate the complete fusion fraction of the
fission-1like cross section. Aside from fulfilling the above mentloned obvious
requirements, we shall furthermore require that the mass distributions for fission

following a complete fusion reaction shall take a gaussian form peaked at symmetry

with a variance

o, = T, /k (6)

where T, is the nuclear temterature at the scission point and k is the restoring
force constant in the mass asymmetry degree of freedom, taken to be k = 0.0035

MeV/u., The nuclear temperature at scissiom , Tgy may be estimated as

To= /(8.5 (E.4Q -E)/A, (N

*
vhere E is the excitation energy of the compound system; Qg and E, are the ground

state Q-value and the total kinetic energy release for symmetric fission,

respectively.

As illustrated in Fig, 6., the measured width of the fission mass distribution

agrees well with the above estimate for the 23834-160, whereas the reactions with



Fig. 6. The standard deviation of the mass distribution of fissioi-like products
are shown as a function of the excitation at the scission point, E'. The thick
solid curve 1s calculated on the basis of Eq. 6. The data are from Ref. 22.
heavier projectiles have increasingly broader mass distributions. This observation
supports the earlier conclusion that the quasi-fission process contributes

19

substantially to the fission-like cross sectlon for projectiles heavier than ~“F.

Based on the analysis of fragment angular distributions we furthermore estimate
that only ~40Z of the cross section at symmetric mass split originates from fission
of the compound system., The complete fusion cross section may therefore be

estimated as
%p * 1/2 /27 0.4 9, dg (8)

where o, 1s given by Eq. 6 end o; 1s the measured angle integrated cross sectlion for
symmetric mass split, 40% of which is assumed to originate from compound fission.
The factor 1/2 takes into account the multiplicity of symmetric fragments.

Estimates of the complete fusion cross sections obtained in this manner are shown as
solid squares in Fig. 7 for the 238U+48Ca reactionlzz/. The cross sections for
capture, which are defined as a fully damped process in which a substantial mass
drift (AA > 10) from the initial mass asymmetry is observed (i{.e. complete fusion
plus quasi-fission reactions), 1s plotted as solid points in Fig. 7. We observe
that the complete fusion process accounts only for a small fraction of the capture

crogs section. Indeed, at the lowest energies the complete fusion between

238 q 48

U an Ca 18 hindered by about a factor of 1000.

As for the angular distributiou data, the hindrance of complete fusion may at

each bomharding enmergy be expressed in terms of an extra-extra push energy from



"which the extra-extra push energy, necessary to achieve complete fusion for s-waves,
may be extrapolated., The data point obtained in this way is plotted as a solid
diamond in Fig. 3. We observe that this very different way of determining the
extra-extra push energy agree's very well with the systematics obtained from the

analysis of the fragment angular distributions.

5. CAPTURE AND COMPLETE FUSTON CROSS SECTIONS FOR THE 238u+*8ca mEAcTION

In Fig. 7 we compare the experimental cross sections for capture and complete

238U+48

fusion for the Ca reactions with calculations based on the extra-extra push

model shown as the solid and the upper dotted curve, respectively. The effects of
fluctuations/24/ in the extra-extra push energy are especially important at the near
barrier energies studied for this reaction. We assume that the extra-extra push

energy has a gaussian probability function with a variance

g 2

xx Uo Exx’ (9)

where Ex is the average extra-extra push energy and o o is a constant which in the

present calculation is set to o, = 2 MeV. The parameters used in the present

Fig. 7. Experimental capture (solid circles from Ref, 22 and ogen circles from Ref,
19) and complete fusion (solid squares) cross sections for the 38U+ Ca reaction
are compared with theoretical calculations represented by solid and dotted curves,
respectively. The predicted cross sections for complete fusion (dotted curve) amnd
the (1n), (2n), and (3n) evaporation channels for the *®Ca+2%8Cm reaction in the
insert. The experimenmtal/256/

limit for detecting these products are indicated by
open triangles.



calculation are: 62 = 0.53, 0,=0.02, a = 8, x,,=0.7, f = 0.55, a" = 7, x"th = 0.63,
f" = 0,55, and o, = 2,0 MeV. The definitions of the parameters are gi{ven in Refs,

3, 4, 19.

We find that the extra-extra push model, with these parameters, gives a good
representation of the experimental capture and complete fusion cross sections, also
in the sub-barrier region. It should be pointed out that the Iinclusion of
fluctuations in the extra-extra push energy 1s essential for describing the smooth
fall-off of the complete fusion cross section for sub-barrier energies. The result
is that a non-negligible cross section for complete fusion remains at near or below
barrier energies even when a large average extra-extra push energy 1is needed in
order to induce complete fusion for the system. This effect may be essential for
the efforts to produce relatively cold super-heavy nuclei by complete fusion

reactions.

Encouraged by the consistancy with which the extra-extra push model describe
the complete fusion cross sections over a wide range of projectile magsges, we feel

confident in extrapolating to a slightly heavier system, namely the hBCa+248

Cm,
which has been used exteusively/ZS’ZG/ in attempts to synthesize and detect the
superheavy element 2=116, The predicted complete fusion cross section for this
reaction i3 shown as the lower dotted curve in Fig. 7. We find that complete fusion
cross sections in excess of the upper limits of about 10"6 mb established by recent

/26/

experiment are predicted for center-of-mass energies down to E = 178 Mev,

c.m.
which is far below the interaction barrier of vint = 201 MeV, Although it should be
kept in mind that these estimates probably represents upper limits, it appears that
one should consider the survivability of the super heavy element as responsible for

the negative result of these searches.

6. SURVIVABILITY AND DETECTABILITY OF SUPER-HEAVY ELEMENTS

A successful synthesis and identification of a super-heavy element depends on
three factors. These are: 1) the cross section for the formation of a super-heavy
compound system in e.q, a heavy-ion fusion process, 2) the survivability of this
compound system against fission decay in the de-excitation process and 3) the half-
life and main decay branch of the resulting nucleus, The present work Is mafnly
concerned with the first of these factors, namely an estimate of the complete-fusion
cross section. After finding that this estimate exceeds the upper limits set by
experiments for the production cross section, if is, however, of interest to
determine whether theoretical predictions of the survivability and stability of the

super-heavy element would explain the negative results of these gearches,

There has been a number of theoretical predictions of the stability of nuclei

in the super-heavy region, all of which are based on the Strutingki/27/ procedure

for calculating the stabilizing effect of the nuclear shell structure. Such



calculations have been carried out with different nuclear potentials, ghape
parametrization and characteristlcs of the underlying average properties. Depending
on the datails of such calculations, estimates of the lifetimes which differs by as

d/6’28'31/. Since the

much as fifteen orders of magnitudes have been obtaine
earllest predictions of stable super-heavy elements were made and as increasingly
sophisticated experiments lowered the cross section and half-life limits for their
production and stability, respectively, it has become clear the most optimistic of
thege predictions must almost certainly be wrong and that the more pessimiatic ones

are closer to reality,

In order to estimate the survivability of a Z=116 nucleus formed by complete

48 d 248

fusion between Ca an

.76/

Cuw we have thicsel: Lu use prope cies prelizied by Randrup
et a These belong to the more pesgsimistic predictions of super-heavy element
stabllity, Predicted ground state masses, fission barrlers and neutron binding
energies are used in an evaporation calculation using the monte carlo computer code
LPACE/32/. The experimental searches have been carried out in the energy range
Ecom. ™ 180-210 MeV, where we expect one to three neutrons to be emitted before
reaching the ground state. The calculated survival probablilities are quite
substantial, leading to cross sections above the experimental upper limits, This is,
however, consistent with experimental findings, since the residual nuclei after the
evaporation of onme to three neutrons are predicted to have half-lives much shorter
than needed for positive identification, see Table 1. Furthermore, fission is the

main decay channel, which would also 1ﬁpair a positive identification, sec Fig, 8.

The results of very recent calculations of Moller et al./31/ are also listed in
table 1, These calculations give a very good description of the masses of the
heaviest nuclei, which have recently been discovered. Estimates of the fission
barrier heights and the fission half-lives are not available in this case. As isg
case for the Randrup calculations/6/, we may, however, assume that the height of the
fission barrier approximately matches the shell energy AE he11 2130 in the Heller
calculations. This means that fission barriers roughly in the range Be= 7.7 - 8.4
MeV are predicted in this case, leading to the a larger survivability against
fission. This would result in evaporation residue cross sections well abtove the
detection threshold. The predicted partial half-lives for alpha-decay are, however,
only slightly higher than the limit for detection. The failure to observe

48 a+248

evaporation residues in th: extensive searches using che c Cm reaction is

therefore not at variance with these predictions.

48

7. THE %Bca + 2°%gs REACTION

Recently, it has been proposed to produce a target of 254E4 of sufficlent

thickness to carry out experiments with the 4B g4 254 /33/.

Es reaction The virtue of

using this reaction is that it leads to product nuclei with a neutron number very



Fig. 8. The predictedlﬁ/ halflives of various isotopes of the 116'th (solid
circles) and the 119'th element (open circles) are shown as a function of neutron
number. The predominant decay mode of each nucleus is indicated.

close to the predicted tightly bound N=184 neutron shell, In Fig., 9 we show
predictions of the complete fusion cross section (dotted curve) for this systenm
based on the extra-extra push systematics discussed in Sect, 3. The solid curves
represent the predicted cross sections for evaporation residues for this system
based on the masses and fission barriers predicted by Randrup et al./sl. The
residual nucleus after the evaporation of one neutron is predicted to decay
preferentially by alpha-emission with a half-lire of Tl/Z = 30 ms, which 1is far
above the experimental limit of about 1 us., Taking these predictions at face value,

48 +254

the complete fusion reaction Ca Es appears to be a good candidate for super-

heavy clement synthesis If studied at a center-of-mass energy In the range Eem =
190-200 MeV where the (ln) reaction is predicted to peak.

On the other hand, 1f one considers the calculations of Moller et al./31/, a
quite different picture emerges., These authors predict that the final products of
this reaction are very unstable against alpha-decay, with half-lives in the ns

region, which is beyond the reach of present detection techniques.

The case for the %8ca + 27%Es reaction may therefore be summarized as
follows. Som: theoretical predictions are sufficiently optimistic for the finally
obtaining the elusive goal of synthesizing a super-heavy element, that
experimentalists are tempted to pursue this reaction. On the other hand, there is a

different calculation which will be able to explain a possible negative result of
such an effort. This situation is not unusual ia science, and hopefully, it will



Fig. 9. The predicted complete fusion (dotted curve), and the (ln), (2n), and (3n)
cross sections (full drawn curves) are compared with experimental sensitivities.
not restrain experimentalists from probing the upper limits of the periodic

table.

8. SUMMARY AND CONCLUSIONS

The distinction between complete fusion, followed by fission decay, and quasi-
fission reactions may be somewhat elusive because there is no clean separation of
the two processes in observable quantities, such as energy, emission angle or mass
of the final fragments, For the prospects of synthesizing super-heavy elements this
distinction is very real, because only the complete fusion reaction may lead to the
formaticn of a (semi~) stable nucleus in the ground state, which contains all of the
nucleons of tha target and the projectile (except for a few evaporated neutromns).
Since complete fusion is the most promising reaction for achieving synthesis of
super-heavy elements from the available target and projectile species, it is of
importance to study and obtain a better understanding;of the competition between

complete fusion and quasi-fission reactions.

In the present paper we present a astudy of the relative importance of complete
fuirion and quasifission processes based on two different observations. In one
approach the deviation of the measured anisotropy of fission-like fragments from
theory is interpreted as a contribution of quasi-fission processes, the strength of
which is estimated by a quantitative analysis of this deviation. The resulting

estimates of the relative contribution of complete fusion and quasi-fission



reactions ias shown to follow the scalling properties of the extra-extra push model.

Secondly, the mass-angle correlation of binary fragments from the 238U + 48ca

reactions is studied in order to estimate the contribution from complete fusion
processes, which are assumed to display characteristics in accordance with the
fission decay of lighter compound systems. Also in this case does the competition
between the two competing processes follow the scaling properties of the extra-extra

push model.

Encouraged by the success in accounting for the complete fusion component in

lighter systems we proceed to calculate the complete fuslon cross section for the

248Cm and 48Ca + 254

reactions QBCa + Es. According to these calculations we find

that, although a strong inhibition of the complete fusion process is expected for
these systems, the cross section for complete fusion is predicted to be sufficient
large to hope that synthesis of super-heavy elements may be possible,

48 248

Although a careful search for super-heavy elements using the " Ca + Cm has

been carried out in several laboratories, such efforts have been frultless so far.
Based on theoretfical calculations/6’31/ it is argued that the instability cof the
evaporation regidues rather than the inhibition of the completz fusion process 1is

respongible for the negative result.

The situation i1s less clear for the 48ca + 254gg reaction, which has recently
/33/

been proposed as a candidate for super-heavy element synthesis Again we

predict that the complete fusion process, although strongly suppressed, is of
sufficient strength for the formation of detectable number of compound nuclei. The
predictions of the stability of the evaporation residues diverges rather strongly,
casting a shadow of doubt on the prospects for detecting super-heavy elements with

this reactiom.

This research was supported by the U, S, Department of Energy, Nuclear Physics
Division, under Contract W-31-109-Eng-38,.
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Table 1: Predicted Properties of Super-Heavy Elements

Nucleus Randrup et al./6/ Mdller et al./3l/
A A xn AE_.;; B¢ By, log(Tllzly)a) AEge1l  Ba log(Ta/y)b)
(Mev)  (Mev) (MeV) (Mev)  (Mev)

116 296 om -5.9 5.7 7.7 -10 =-7.7 6.3 -13.8
116 295 1nm ~5.2 4.9 6.3 -14 -8.4 5.6 -11.8
116 294 2n -4.5 4.1 7.9 -17 -8.4 7.3 -12.3
116 293 3n -3.8 3.3 6.4 =22 -8.3 6.0 -11.8
119 302 on -7.9 7.8 6.5 -8.7 -5.8 5.7 -15.1
119 301 1In -7.1 7.0 7.8 -9.1 -6.0 6.7 -15.9
119 300 2n -6.4 6.0 6.6 -11 -6.5 5.7 -16.0
119 299 3n -5.8 5.3 8.1 -14 -6.8 6.7 -13.2

a;Total half-1ives, main decay modes are indicated in Fig. 8.

Alpha half-lfves only.
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