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Excitation functions for 2*21Fr produced in the 0 + !’ Au fusion reaction
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Excitation functions for 2®~2!'Fr isotopes produced in the O + 7 Au fusion-evaporation reaction have
been measured at E},, = 75-130 MeV via characteristic o« decays by means of an electrostatic deflector and
a semiconductor detector. Data have been compared with calculations giving barrier-passing (capture) cross
sections and probabilities of the compound nucleus decay into different channels according to the standard

statistical model.
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I. INTRODUCTION

Reactions leading to Fr nuclei are excellent cases for
studying fusion in the pre-actinide region, and knowledge of
evaporation residue (ER) cross sections at energies close to
the Coulomb barrier is interesting from various point of views.
Francium is close to radium and recently fusion cross sections
for Ra have been found [1,2] to be significantly reduced even
in very asymmetric combinations. Since it is now clear that
a description of fusion of massive nuclei must go beyond the
conventional potential-barrier passing models applicable to
medium-mass systems [3], further data in this region may help
to better understand the interplay between compound nucleus
(CN) formation and the onset of competing reaction channels
[4-8]. Francium is located where octupole deformed nuclear
states are predicted and cross-section measurements are very
useful to properly fix spectroscopic measurements in searching
for feeble electromagnetic transitions [9]. Francium nuclei
are also presently considered key to electroweak interaction
studies, since their atoms are the heaviest alkalines that
can be produced (see [10,11] and references therein for an
overview in this field). Fusion-evaporation reactions are very
suitable for the production of 2 2!'Fr, whose characteristics
(lifetimes, @-branching ratios, and atomic level schemes) make
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them optimal candidates for precision experiments with traps.
These isotopes can be produced via '"7Au('0, xn)?'>*Fr
reactions in the 100—120-MeV energy range [10,12]. Precise
knowledge of absolute cross sections is important for setting
experimental parameters to maximize the production yield of
Fr[12].

We report here on measurements performed with the
180 4+ 197 Au reaction to derive ER cross sections for specific
Fr isotopes in an energy range from slightly below to about
40% above the Coulomb barrier. Data are compared with
calculations giving the barrier-passing (capture) cross sections
and probabilities of the CN decay into different channels
according to the standard statistical model [13]. A comparison
is also performed with data available for neighboring Fr
compound nuclei formed in similar asymmetric projectile-
target combinations.

II. THE EXPERIMENT AND RESULTS

The experiment was performed at the XTU-Tandem
accelerator of the Laboratori Nazionali di Legnaro. An 30
beam was delivered at bombarding energies in the range
75-130 MeV with an average intensity of 15 pnA onto a
self-supporting 150-u1g/cm? "7 Au target. Francium isotopes
produced via neutron evaporation channels from the 2'3Fr*
CN were separated from beamlike particles by means of an
electrostatic deflector [14] connected to a sliding-seal scat-
tering chamber. Evaporation residues were directly implanted
into a silicon surface-barrier detector (SSBD) placed behind
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TABLE I. a-decay properties of Fr isotopes [15] produced
in the 'O + '%7 Au experiment.

Isotope E, (MeV) « branch (%) Half-life (s)
208 6.641 90 59.1
209Fr 6.646 89 50.0
210Fr 6.543 60 191
2Er 6.534 >80 186

the deflector. Corresponding « decays of stopped ERs were
detected. This allowed us to get absolute cross sections (o) for
specific Fr isotopes, eliminating possible bias in the ER data
due to incomplete fusion events.

Four silicon detectors were installed inside the scattering
chamber to measure Rutherford scattered beam particles
for absolute normalization of cross sections and relative
normalization among different runs. These detectors were
also used to correct for changes of the beam position on
the target.

Table I shows the main «-decay properties (« energy,
a-branching ratio, and half-life) for the 2°5~2!! Fr isotopes [15]
produced in our experiment. Figure 1 is an example of an
a-energy spectrum obtained at Ej, = 97.5 MeV with the
electrostatic deflector placed at —2° to reduce the background
of beamlike particles. The « energies within the 20%2%Fr
and 2'%2!"Fr groups are not resolved because the SSBD
resolution ~40 keV (FWHM). The third prominent peak
(E, ~6.04 MeV) corresponds to the 2*%-21°Rn nuclei produced
via EC + B decays of 2°21Fr [15] and in the p4n and p5n
evaporation channels of the 2'>Fr* CN. Production of these
nuclei were not considered within the time limitation of the
present experiment because their lifetimes are much longer
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FIG. 1. (Color online) Energy spectrum obtained in '#0 + 97 Au
at Ei, = 97.5 MeV with the SSBD installed behind the electrostatic
deflector (see text).
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FIG. 2. (Color online) Experimental (filled circles) and simulated
(open circles) angular distributions at Ej,, = 90 MeV. Widths (204)
resulting from Gaussian fits (lines) are indicated.

than those for Fr isotopes. Calculations performed with the
HIVAP code [13] (see Sec. III) show that 0,4, 5, < 05,46, at
about the same excitation energy. The bump in the low-energy
part of the spectrum in Fig. 1 corresponds to the ERs implanted
into the SSBD.

The ratio of events collected in the o peaks and in the
monitors, after proper normalization, allowed us to obtain
differential cross sections for the ERs. Angular distributions
were measured at Ej,, = 90 MeV in the angular range from
—6° to +8° to get the integral cross section for the production
of Fr isotopes. The data are shown in Fig. 2 for the 2192/ Fr
group, together with simulations (to be discussed in the
following). The width of the simulated distribution is very
close to the experimental one. The former varies weakly
with the bombarding energy, but the integral cross sections
at higher and lower bombarding energies were corrected using
the simulations since their values depend quadratically on the
width itself. Maximal values of this correction correspond to
+14% at the lowest energy and —10% at the highest one; these
corrections were applied to the cross sections obtained from
the experimental width at 90 MeV.

The transmission factor of the electrostatic deflector (rel-
atively to the solid angle subtended by the SSBD) including
the trajectory distortion caused by the electric field, energy
and atomic charge state distributions for the ERs has been
derived through a Monte Carlo simulation and compared with
the measured yield of 2'%2!'Fr at 90 MeV as a function of
the high voltage applied to the deflector. This yield is shown
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FIG. 3. (Color online) Comparison of the measured 2!*2!'Fr yield
(stars) vs. high voltage with the simulations (circles and squares) for
the nonequilibrated charge distribution parametrically scaled (Q}
values are indicated in units of Q,, and A Q™4 = 3A Q) with respect
to the equilibrated one [17]. One-component log-normal-function fits
are shown by different lines. The right ordinate scale corresponds to
the transmission of the deflector [14].

in Fig. 3. We assumed two components in the charge state
distribution (i.e., an equilibrated and a nonequilibrated one),
as was observed in similar measurements in '°0 + '°7Au
[16]. The measured yield corresponds to the nonequilibrated
component, in agreement with the data of Ref. [16]. This
nonequilibrated component favoring higher atomic charge
states likely comes from long-lived nuclear states decaying
through Auger cascades after internal conversion. This com-
ponent, in turn, consists of two components [16], which are
poorly resolved in our measurements (a one-component fit
to the data with a log-normal distribution function is shown
in Fig. 3). These two nonequilibrated components can be
reproduced in a simulation with a scaling of the parameter
values describing the equilibrated charge distribution given by
systematics for the mean charge Q,, and width AQ [17], as
shown in Fig. 3.

From our fit of the ER yield obtained in 'O + 7 Au [16]
with the three-component (two nonequilibrated components
and the equilibrated one) log-normal distribution function,
we find that the nonequilibrated part corresponds to ~75%
of the total. Our Monte Carlo simulation (similar to the one
used earlier [2]) shows that from 20% to 26% of ERs having
nonequilibrated charges can be delivered to the SSBD at the
high voltage corresponding to the maximal yield (see Fig. 3).
Uncertainties in the estimates of the ER transmission com-
prised the main contribution to overall errors in our final cross
sections, which we quote to be within £20%.

* Corrected for stopping in a half-thickness of the target.

The experimental integral cross sections for the different
Fr isotopes produced in the '*O + '°7Au fusion reaction are
reported in Table II. In Fig. 4 the data are shown together with
calculations discussed in the next section. As the bombarding
energy increases from below the nominal fusion barrier [18]
(indicated by an arrow in Fig. 4) the total ER cross section
first increases very rapidly, then reaches a maximum, and
finally starts to decrease, owing to the onset of the various
competing reaction channels (mainly fission, unmeasured in
this experiment).

As already noted in Sec. I, Fr is presently considered as
a key nucleus for fundamental interaction studies [10,11].
The 29211 Fr isotopes are produced at Stony Brook [10] and
Legnaro [12] with an '®O beam in the microampere range
hitting a thick '°7Au target. At Legnaro, the products are
extracted from a specially designed source and reaccelerated
at a few thousand electron volts as a secondary radioactive
beam to a laser area, where a magneto-optic trap has been
recently installed (we refer to the cited references for the
details). The beam energy is normally kept in the E,, range of
100-105 MeV to maximize the production yield of ?!°Fr,
which is the easiest isotope to handle in the trap experiment.
The rate at the target location involves three factors: fusion-
evaporation cross sections, transport efficiency inside the
bulk material, and release efficiency from the surface. The
excitation functions measured in the present work will be
important for making quantitative estimates of the factors that
eventually limit the production yield.

III. DISCUSSION

The details on how the fusioning system evolves dynami-
cally are presently not well understood. Passing the Coulomb
barrier does not guarantee complete equilibration of all the
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FIG. 4. (Color online) Measured excitation functions for the
production of Fr isotopes in '’ Au('®0, xn) reactions (symbols)
compared with calculations (lines) performed with HIVAP [13].

degrees of freedom with a formation of a compact mononu-
cleus and ensuing complete fusion. Competing processes,
such as quasi-fission and deep-inelastic collisions, force the
“dinuclear system” to reseparate after large energy losses
take place [4-8]. Complete experimental information on these
reaction channels would be needed to properly study to what
extent CN formation becomes limited. In the present work,
although the data set is restricted to ER only, we compared
consistently our new and other experimental data with the
same model calculations.

The calculations were performed within the framework
of the barrier-passing model (BPM) and standard statistical
model (SSM) incorporated into the HIVAP code [13]. In the
BPM we used the exponential nuclear potential with the sharp
radius correction and the same values of parameters (radius
parameter ro = 1.12 fm, diffuseness d = 0.75 fm, and depth
of the nuclear potential Vy =75 MeV/fm) used earlier
[2] for the description of the 9F 4+ 197Ay ER and fission
excitation functions [1]. The effect of coupling the entrance
channel to other reaction channels is taken into account via
fluctuations of ry, which are generated with a Gaussian dis-
tribution around its average value, with the barrier fluctuation
parameter o (rp) [19]. These fluctuations, at energies around
the Coulomb barrier, simulate coupling effects [20] to a degree
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FIG. 5. (Color online) *Be + 2%Bi excitation functions for the
fusion (upper panel) and fission and production of Fr nuclei (bottom
panel) as obtained in [26,27] (symbols) compared with calculations
(lines) performed with HIVAP [13].

sufficient for the purpose of the present analysis. In our case,
o(ro)/ro is around 4%, a value that allows us to describe
the ER and fission data corresponding to mass-asymmetric
combinations with moderately deformed target nuclei [2].

For fissile compound nuclei, the ER cross sections at
energies well above the Coulomb barrier are weakly sensitive
to the form of the nuclear potential and are mainly determined
by the SSM parameters describing the CN deexcitation. The
important parameters are the level-density parameters in
the fission and evaporation channels, i and a,, respectively,
the scaling factor k; at the rotating liquid-drop (LD) fission
barriers [21] BIfD(l), and the ground-state shell correction
AWy (the difference between the empirical and LD masses).
The ratio of the level-density parameters ay/d, slightly
exceeds unity owing to the different nuclear shapes at
the saddle point (fission) and equilibrium state (particle
evaporation) [13]. Empirical masses [22] were used to
calculate AWy, as well as the excitation and separation
energies.

At energies well above the fusion barrier, results of calcu-
lations depend essentially only on &, which reduces fission
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FIG. 6. (Color online) '°O + 7 Au excitation functions for ER
and fission as obtained in [16,28,29] (symbols) compared with
calculations (lines) performed with HIVAP [13].

barriers B(l) according to the scaling B/(l) =k fB];D(l) —
AWg,. With the values ky = 0.82-0.85 and assuming unitary
fusion probability Pps =1 (i.e., all partial waves passing
through the potential barrier lead to fusion), one could
describe both ER and fission excitation functions for the
12C 4 204.206.208ph  gystems [2]. For the present system,
assuming P, = 1 and using ky = 0.85, V) =75 MeV /fm,
and o (ro)/ro = 3.5%, our calculations reproduce rather well
the measured excitation functions for the Fr-isotope groups
and for the summed cross-section Xo,,, as shown in Fig. 4.
To get a feeling for the sensitivity of the computed cross
sections to kr we also show the calculations using ky = 0.82.
Recall that a scaling of the LD barriers is commonly used
in the analysis of the cross-section data for ERs produced in
reactions leading to fissile compound nuclei (see, e.g., [23,24])
since our knowledge of the macroscopic deformation energy
of nuclei is lacking. In our case, the 15% scaling leads to LD
barrier values close to the ones obtained within the framework
of the finite range model [25].

It is interesting to compare the quality of agreement
between experimental and calculated cross sections for
mass-asymmetric combinations leading to neighboring Fr
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compound nuclei. We performed this analysis with the avail-
able data corresponding to the formation of 213217218 Fr* We
show in the following two cases where both experimental ER
and fusion-fission cross sections are available; this will allow
us to put a tighter constraint on the choice of model parameter
values.

The results for the most neutron-rich 2'®Fr* CN produced
in the very asymmetric °Be + 2%Bi [26,27] system are shown
in Fig. 5. As we see, both ER and fission excitation functions
are well described with k; = 0.85, keeping the assumption
of unitary fusion probability (Pr,s = 1). Figure 6 shows the
results of our data analysis for the ER production and fission
in 10 + '97Au leading to the neutron-deficient 2'*Fr* CN
[16,28,29]. The data are reproduced quite well withky = 0.82,
by assuming that the experimental cross sections specified as
Oxnyp in Ref. [16] correspond to the ER cross sections obtained
in the calculation. For the fission cross sections, the results of
calculations lie between the data [28,29], which differ from
each other to some extent. A quite satisfactory agreement is
obtained for ER data corresponding to the production of Fr
isotopes in specific xn evaporation channels [30] with k, =
0.85. We see that the general agreement between experiments
and calculations for the neighboring '°0 + 7 Au system is
similar to our 80 + 7Au case.

IV. SUMMARY

Excitation functions for different groups of Fr isotopes
produced in the '’ Au('®0, xn) fusion-evaporation reactions
have been measured at energies close to the Coulomb barrier.
These excitation functions will be important for future studies
of feeble electromagnetic transitions and for experiments
with traps. The data can be reproduced in calculations using
the barrier-passing model for CN formation and treating the
CN decay according to the standard statistical model. The
comparison with reactions leading to neighboring Fr com-
pound nuclei produced in similar asymmetric projectile-target
combinations shows the same quality of agreement.

It would be interesting to perform further measurements in
this region [31], choosing systems leading to the same CN, but
with different entrance-channel mass asymmetry. In particular,
a detailed understanding of the mechanism of limitations
observed in fusion [1] near the Businaro-Gallone point [32]
for systems with similar entrance-channel mass asymmetry
is desirable. Reactions leading to Fr nuclei (which are less
fissile than Ra ones) are, in this respect, excellent cases for
such studies in the pre-actinide CN region. In such reactions
correlation of the fusion probability with the entrance-channel
mass asymmetry and CN fissility seems to be quite evident
[31].
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