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OBSERVATIONS IN THE REACTION OF TWO DOUBLY-MAGIC NUCLEI: 208Pb AND 48Ca*

J. M. Nitschke, R. E. Leber, M. J. Nurmia, and A. Ghiorso
Lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

ABSTRACT

Excitation functions for compound-nucleus and
. . 48 .
transfer reactions have beem measured with Ca ions

on 208Pb térgets. A comparison is made with the 4OAr

208 . .
on Pb reaction to interpret the observed anomalous
behavior of the transfer reactions and a sharp cutoff

of the 3n exit channel. Models to interpret these

effects are discussed.

Introddction

All attempts to synthesize superheavy elements via nuclear
reactions have failed thus far despite efforts to come as close as
possible to the predicted island of stability by using for instance

X . . 48 .
the neutron-rich projectile Ca to bombard the neutron-rich target
248 1 L. L. . .
Cm. Since it is of utmost importance to form superheavy nuclei
with as little excitation energy as possible, magic nuclei deserve .
special consideration. We have chosen the optimum case: the interac-

tion of two doubly magic nuclei 208Pb and 48Ca. Due to the filling of

major particle shells 208Pb and 48Ca show shell‘effects2 of ~10 MeV and

-1.1 MeV, respectively which leads in their combination as abcompound

nucleus to a minimum excitation energy of 26.1 MeV. For the purpose



208

of comparison we have also studied the reaction of Pb with AOAr
which has a shell effect of +2.5 MeV and leads to a minimum excitation

energy of 36.4 MeV.

EXPERIMENTAL

The eiperimental technique3

consists of transporting nuclei
in a stream of helium seeded with sodium chloride aerosols through.a
teflon capillafy to the surface of a magnesium wheel which is stepped
at a predetermined rate to position the activity spots in front of
seven surface barrier detectors. The information obtained from the
detectors is processed by a computer. The targets consisted of 208PbO
deposited with a thickness of 1 mg/cm2 on a thin palladium—covered
hoiybdenum foil. PbO was préferred over Pb metél or PbS due to its
higher thermal stability. The maximum target temperature was limited
through the use of a gas cooling system4 and monitored by an infrared

sensor. Typical beam current densities were 6 uA(electrical)/cmz;

The details of accelerating Ca ions are described elsewhere.5

RESULTS

Excitation functions for the 208Pb(HI,xn) reactions and for

transfervproducts in the Bi-Po region were_measured and are Shown in
Fig. 1. The same figure shows the calculated cross sections for the
Xn exit channeis. The calculations were performed with the JORPL code6
which calculates neutron—evapération cross sections without explicitly
considering'de—excitation by Y decay. The following observations are

pertinent to the results of the Ar on Pb experiment shown in Fig. la.
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1. The 3n evaporation product 245Fm_is well identified by

its half-life of 4.5 * Q0.6s (Ti}; = 4.25) and its alpha
energy E_ = 8.15 £ 0.02 MeV (Eilt

8.15 MeV). Its peak
cross section of 15 * 5nb at 198 MeV agrees well with the
calculated value of 18.6 nb (197.5 MeV).
2. The alpha particles of the 2n'evaporation product, 246Fm
are not observed above a detection limit of 2nb. This result
is at variance with the observation of a 1 sec'sbontaneous—
fissioen activity by Oganessian et él.7 Which was produced with
a peak cross section of 7 nb and attributed to the "10% SF
branchihg of-246Fm.
3. A 3ms SF activity was observed in a later experiment8 and
is possibly due to the Ar,4n reaction product, 244Fm. All
observed cross sections are in agreement with JORPL calculations.
While the 4OAr on 208Pb reaction shows the expected behavior, the 48Ca
bombardment (Fig. 1b) displays two striking effects:
1. The.oﬁset of the production of the transfer reaction nuclides
211Bi, 211mPo, and 212mPo begins at the same eﬁergy as for the
the compound~nucleus product, 254No, in sharp contrast to the
4‘OAr case where their'production begins at an energy 10-15 MeV.
lower than that for the compound-nucleus product, 245Fm.
2. The 3n evaporation product 253No which was expected to be
produced with a cross section of 8ub is not observed gbove a

254
. detection limit of 20nb. The 2n evaporation residue > No is

seen with a maximum cross section of 3.4 * 0.4 b at 227 MeV



bombarding energy in agreement with findings of Flerov et al.9

but is in poor agreement with JORPL calculations of 0.45 ub at
223 MeV. Further, the width of the 2n distribution is wider

than expected from calculations.

DISCUSSION

Our understanding of the displacement of the tranfer reactions
is based on the observation that the same cluster of transferred nucleons
. 48 .40 .
is more strongly bound .in " Ca than in Ar. A smaller distance between

48 208 . . .

the Ca and the Pb nucleus is therefore necessary in order to obtain
the same transfer probability.

" Taking the reaction 208Pb + 2np ~» 211Bivas a representative. case,
we calculate from experimental masses10 that the binding energy for the

.48 | .40 | .

(20p) cluster in ~ Ca is 32.23 MeV and in Ar 28.67 MeV. Assuming
that the probability WZ of finding a cluster of nucleons outside the
nucleus diminishes exponentially with its distance s from the nuclear
surface, we have Wz.m exp(-s/*). Where * is the Compton wavelength of

the cluster related to its binding energy E_ and its reduced mass | -via

b

X = h/(ZuEb)l/z . (1)

We now require that the probability of finding a 2np cluster at

the surface of the 208Pb nucleus be independent of whether the cluster

2

2 2np, 2
originates from a Ca or an Ar nucleus. Schematically (WCZP) = (¥ np) .

Ar

This leads to the condition:



Sca = Sar"*ca’*ar (2)
S,y Can be calculated from the relation Spp = RB - Ro(Pb) - Ro(Ar). Here
R = roAl/3 and fo = 1.07 fm which corresponds to the point of half-

maximﬁm density of the individual nuclei.ll Since the highest probabality
for fransfer occurs near ér at the top of the'ba?rier, the distance RB
between the centers of the interacting nuclei is obtained from the
condition (dV/dr) = 0 with V(r) being a suitably chosen interaction
potential composed of a coulomb, nuclear, and centrifugal term:

V(r) = VCOul(r) + Vnucl(r) + Vcentr(r)' Thg first and last terms have

the conventional form. For the nuclear potential we have used the

proximity force as described in Ref. 12. The resulting potential for

40Ar + 208Pb at £ =0 is shown in Fig. 2a from which we obtain

RB = 11.95 fm. This yields Spr = 1.95 fm. From Eq. 1 we obtain for

*an

ca - 0.468 fm and kiﬁp = 0.497 fm which through application of Eq. 2

Ca Ca calculated
from Séa $'RB - RO(Pb) - RO(Ca)} Figure 2b shows the 48Ca + 208Pb

results in s = 1.84 fm. This has to be compared with s'

interaction potential with the top of the barrier for £ = 0 being at

RB = 12.25 fm which gives Séa = 2.02 fm. It is now obvious that for

= 48 ) s - [ _ = .
L = 0»§he Ca.nucleus is AsCa = Sc.” Sea = 2.02 - 1.84 = 0.18 fm too far

away from the Pb nucleus to have a transfer probability for the 2np

40 208 *
cluster equal to the Ar + Pb case. However, as can be seen from

Fig. 2b for higher f-waves the top of the barrier EB is at closer

*
A comparison between 40Ar and 48Ca made for £ > 0 does not alter

the proposed interpretation.



center-to-center distances, to first order with a slope of BEB/Br =

-58 MeV/fm. Moving the 48Ca and the 208Pb nuclei closer together

Il

by.AsCa = 0.18 fm requires therefore an additional energy of 0.18 x 58
10.4 MeV and an angular momentum of about 53 h. To visually compare
the 48Ca with the 4OAr experiment in Fig. 1., we subtracted 10.4 MeV
from the data points for the 48Ca reaction,_multipiied the result by
the faﬁio ofthe-interactionvbarriers‘162.5/179.9 = 0.903 and plottea
these calculated points in Fig. la. The agreement with the 40Ar,2np
reaction product 211Bi ie now within the experimental resolution, which
is all that can be expected from such a crude model.

Several mechanisms were considered to explain the large discrep—
ancy between the calculated and querved 3n cross section, among them:
precompound evaporation effects, enhanced tunneling, possible shell
effects in the reaetion mechanism, superfluidity, pairing effects and
others. The most satisfying interprefation however is based oﬁ an
angular momentum balance, end'caﬁ best be visualized in the grazing-

collision (GC) picture. For a detailed description see Klapdor et al.13

In Fig. 3 we heve applied this model to the 48Ca + 208Pb - 2§6N0*
reaction, showing the "maximum" orbital angular momentum (Jmax) which
can be brought in by the 48Ca fof two eXCitafion energies (30 and 40
MeV) and the maximum angular momentum which can be removed by the 2n-
pseudo-particle. As demonstrated in many exampies‘in Refs. 13-16, the
max Lmum cross sections of the reactions lie within the inverted
parabola(s) (Fig;.3). The vertex of tﬁe "ﬁalf parebola" defined by
cm

‘graz graz |, . , . cm ) .
. = + -
Lin and LOut is given by E EP Q Vc with Ep the prOJectlle



energy in the center of mass system, Q the Q-vélue, and VC the coulomb
barrier in the exit channel. For evaporation neutrons E is equal to
excitation energy of the compound nucleus. In heavy-ion reactions the
angular momentum brought in by the projectile éannot be 1argér than
the critical angular momentum. This is thé case for the GC-curve
associated with E = 30 MeV (EIC,m = 184 MeV) Fig. 3, where the critical

17
angular momentum as calculated from

(mb) .ocm \1/2
1 CF ApAT Ep
crit 651'23(Ap+AT)

g

(3)

is 30 htTwhile ngaz is 53 h. For the case of E = 40 MeV (E;m = 194 MeV)
the maximum angular momentum is determined by the grazing limit
(L872% = 82 h).
Ca
We now consider the de-excitation process of the compound nucleus
which can in principlé proceed via the emission of neutromns, charged
particles, y-rays, or all three. The minimum level to which the
nucleus can de—-excite at a given angular momentum is determined by the
yrast line E(J). The yrast line for 256No was scaled from measured
238U 18 5/3

values for . assuming an A° dependence; specifically E(J) =

5.43 Jz(keV)TT. The region important for y decay ("y-cascade band")

1-'The complete—fusibn cross section © F in Eq. 3 was obtained from the
JORPL calculations adjusted to reproguce the experimentally determined
2n cross section. : '

TT This expression might not be correct at higher J values where the
moment of inertia approaches the rigid-rotor value.l9 This is
indicated in Fig. 3 by the curve labeled E(J)rr’



is located between the yrast line and a line drawn approximately one
neutron binding energy above and labeled kY = 0.5. Within a few tenths
of an MeV below the kY = 0.5 line Y decay takes over almost completely
and becomes the main de-excitation process.
A more detailed study of Fig. 3 reveals that 2ny is the main
s v 48 , . 208 e a1
exit channel for the Ca on Pb reaction; charged-particle emission

is completey prohibited. The GC curves for protons and alpha particles

.8raz

(labeled P

and Lgraz) are below the yrast line. (Our experimental
limits are 0(48Ca,p) £ 0.4 ub and 0(48Ca,q) £ 0.7 ub.) The 48Ca,ln
reaction is suppressed because the minimum excitation energy is 26 MeV.

(Our experimental limit for 255

No is 35 nb.) After the evaporation of
two neutrons almost all de-excitation channels terminate within the
Y-cascade band. Thus a 3n process is possible for only a small fraction

of the complete fusion cross section at the highest excitation energy

*
as indicated by the ratio O/Omax, the horizontal bar at E = 40 MeV in

/OJ=max)

. 3
Fig. 3 (here O/Omax = Ocp CF

. Thellarger—than—calculated width
of the 2n excitation function could be related to this effect: the

2n chAnnel continuing to dominate at increasing excitation energies

due to the rising ?rast line.

The authors are grateful to Drs. N. K. Glendenning and F. S.

Stephens for inspiring discussions.
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FIGURE CAPTIONS

1. Measured and calculated (dashed lines) excitation fﬁnctions

208P 40 258-X

for the reaction b( "Ar,Xn) Fm (a) and 208Pb(48Ca,Xn)256_XNo

(b) and associated transfer reactions. The curve drawn through
, . , 48 208
the solid dots (Fig. la) is calculated from Ca on Pb results

(see text).

2. Interaction potenﬁial V(r) for 4OAr on 208Pb (a) and 48Ca_on

208Pb for different values of angular momentum (b).

48Ca,2n)254No

3. Grazing-collision picture for the reaction 208Pb(
for two different excitation energies (30 Mev and 40 Mev) with

yrast line E(J), cascade band limit kY = 0.5, and rigid-rotor

‘calculation of the yrast line E(J)rr. The horizontal bars at

E* = 30 and 40 MeV indicate the fraction of the totél fusion

cross section as a function of J in a sharp cut—off model.
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