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Influence of projectile neutron number in the 2Pb(**Ti, n)**>Rf and **®*Pb(*"Ti, n)*>’Rf reactions
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Four isotopes of rutherfordium, 2*~2’Rf, were produced by the 2®Pb(*Ti, xn)>**Rf and 2®Pb(°°Ti,
xn)*8=*Rf reactions (x = 1, 2) at the Lawrence Berkeley National Laboratory 88-Inch Cyclotron. Excitation
functions were measured for the 1n and 2n exit channels. A maximum likelihood technique, which correctly
accounts for the changing cross section at all energies subtended by the targets, was used to fit the 1n data to
allow a more direct comparison between excitation functions obtained under different experimental conditions.
The maximum 17 cross sections of the 2Pb(**Ti, n)>>Rf and 2*®Pb(*’Ti, n)>"Rf reactions obtained from fits to
the experimental data are 0.38 &= 0.07 nb and 40 + 5 nb, respectively. Excitation functions for the 2n exit channel
were also measured, with maximum cross sections of 0.407037 nb for the “*Ti induced reaction, and 15.7 +
0.2 nb for the °Ti induced reaction. The impact of the two neutron difference in the projectile on the 1n
cross section is discussed. The results are compared to the Fusion by Diffusion model developed by Swiatecki,

Wilczyriska, and Wilczynski.
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I. INTRODUCTION

When forming nuclides of the heaviest elements in com-
pound nucleus—evaporation reactions between projectiles
from *3Ca through 7°Zn and targets of 2°*Pb or 2“Bi [1-6],
compound nuclei can be formed at excitation energies as low
as ~12 MeV. Thus this type of reaction has been referred to
as “cold fusion.” Cold fusion reactions have been used in the
discovery of elements 107-111 [2,3] and for the synthesis
of elements 112 and 113 [1,4], and are an indispensable
tool in the study of heavy element formation and decay
[2,3].

We have studied the influence of the projectile neutron num-
ber on the cross section magnitude in the 2%Pb(**Ti, n)>°Rf,
28Pb(3OTi, n)*"Rf reaction pair. The theoretical model that
we used as a guide in our cold fusion studies was recently
developed by Swiatecki et al. and is called Fusion by Diffusion
(FBD) [7,8]. According to FBD, the cross section is given by

Otot = Ocap * PenN - Psury. (1

The cross section is the product of three factors: (1) the
probability o, for the target and projectile nuclei to overcome
the Coulomb barrier and become trapped in a pocket of their
mutual potential, (2) the probability Pcy to proceed from this
dinuclear configuration to form a compound nucleus, and
(3) the survival probability Py, which is the product of the
probability I';, / I'io¢ to survive a single stage of de-excitation by
neutron evaporation in competition with all other deexcitation
modes (predominantly fission), and the probability P that
after evaporation of the neutron, the excitation energy is less
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than the threshold for second neutron emission or second
chance fission.

A neutron evaporation spectrum is a Boltzmann distribution
of the form Ey, - exp(—Exin/T), where Ey, is the kinetic
energy of the evaporation neutron, and 7'is the transition state
temperature for the neutron emission. Since P is essentially a
neutron evaporation spectrum integrated over an energy range
from Kto infinity, where K = E — Ey,, and Ey, is the second
chance fission threshold, P is then given by

1 ad ad if K>0 2
(1) 0 () w20 @

=1 if K<xO. 3)

P
P.
While Eq. (1) may be an old formulation, it is the one used
by many theorists modeling heavy element formation by
compound nucleus reactions today [7—14]. The FBD model
treats the probability to form the compound nucleus, Pcy;, as
a statistical diffusion across a coordinate corresponding to the
overall length of the dinuclear system. This FBD model was
shown to reproduce experimental maximum cross sections of
reactions leading to evaporation residues spanning a broad
range in Z to within a factor of 2 [7,8]. In addition to the
predicted heights of the excitation functions, it provides us with
other testable predictions, such as the location of excitation
function maxima [6,15,16], shapes of excitation functions,
and cross section ratios between reaction pairs (for example,
reaction pairs where the target stays the same, but projectiles
differ by two neutrons, or reaction pairs with two different
projectile-target combinations that lead to a formation of
the same compound nucleus). Recent theoretical predictions
by Swiatecki er al. indicate surprisingly large differences
in cross sections for cold fusion reactions between reaction

pairs differing by two neutrons in the projectile [17]. To test
this aspect of the model, we studied the 208pp (48T, n)2PRSf
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and 2%Pb(*°Ti, n)?’Rf fusion reactions. This reaction pair is
of particular interest because the predicted maximum cross
section for the 2Pb(*°Ti, n)>’Rf reaction is ~37 times
larger than the maximum predicted cross section for the
208pp(*8Ti, n)2 Rf reaction. The two excitation functions are
also predicted to have different shapes. While a complete
excitation function for the **Ti-induced reaction has been pre-
viously reported in [18,19], the 2%Pb(*8Ti, n)*>Rf excitation
function is presented for the first time in this work.

II. EXPERIMENTAL TECHNIQUE

A. Production of 2*%25Rf via the **Ti +2%Pb reaction

The Lawrence Berkeley National Laboratory (LBNL)
Advanced Electron Cyclotron Resonance source (AECR-U)
[20] was used to produce **Ti ions in the 12+ charge state. The
ions were then accelerated by the LBNL’s 88-Inch Cyclotron to
energies ranging from 4.6—4.8 MeV/nucleon. The beam passed
through a 45 jg/cm? carbon window separating the beamline
vacuum from the 66 Pa helium gas inside the Berkeley Gas-
filled Separator (BGS) [21-23], and then through the >%Pb
targets (98.4% 2%Pb, 1.1% 2°’Pb, and 0.5% 2°°Pb). We con-
ducted two separate experiments, one with thick (470 pg/cm?)
and one with thin (104 g/cm?)2%Pb targets. The thin 2°8Pb
targets, evaporated on 38 pg/cm? carbon backings, were used
for the 1n excitation function measurement at five distinct
lab-frame center-of-target energies: 228.5,229.5,230.5,232.6,
and 234.6 MeV. The energy loss in the 2%Pb layer was
approximately 1 MeV [24,25]. In a separate experiment, we
used the thick 2%®Pb targets, evaporated on 45 pg/cm? carbon
backings, to measure the 1n and 2n cross sections at three
additional lab-frame center-of-target energies: 236.0, 239.0,
and 242.0 MeV. The energy loss in the thick 2*®Pb targets was
approximately 4.2 MeV. Excitation energies corresponding
to these center-of-target energies were calculated by using
experimental mass defects [26] for projectile and target
masses, and Thomas-Fermi mass defects [27] for the com-
pound nucleus (CN) masses. The excitation energies subtended
by the target were 14.7 0.4, 15.5£0.4,16.3 +0.4,17.9 £
0.4,19.5+04,21.3+2.1,23.3 £ 2.1, and 25.6 = 2.1 MeV.
The targets were mounted on the perimeter of a rotating wheel
(35.6 cm in diameter) located 1 cm downstream from the car-
bon window. To increase radiative target cooling, a 10 j1g/cm?
layer of carbon was evaporated onto the downstream side
of the targets. The wheel was rotated at approximately
8.5 Hz to minimize beam-induced target heating. To measure
the product of the beam intensity and target thickness, two sili-
con p-i-n detectors were mounted at an azimuthal angle of 27°
relative to the beam axis to measure the Rutherford-scattered
projectiles. The pulse height of the Rutherford-scattered
projectiles was used to determine the relative beam energies
with high accuracy. The systematic error in the absolute
beam energies from the cyclotron is 1%, while the error in
determining the relative energies is less than 0.08 %. The beam
intensities ranged from 0.17-0.4 particle-uA. After recoiling
out of the target, rutherfordium evaporation residues (EVRs)
were separated from other reaction products based on their
differing magnetic rigidities in helium gas. Magnetic rigidities
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have been estimated by using a semiempirical formula [22].
The detection setup for the experiment with the thin targets
was slightly different from the detection setup employed
for the experiment with the thick targets. In the experiment
with the thin 2%8Pb targets, a focal plane detector was used
to detect the recoils. The focal plane detector consisted of
three 300-pm thick silicon cards (each 6 x 6 cm?), each
consisting of 16 vertical strips, giving a total of 48 silicon strips
which provide horizontal resolution. The vertical position was
determined by resistive charge division, from the charges
collected at the top and the bottom of each strip. Eight
additional silicon cards, each with four sets of four strips
galvanically connected, were mounted perpendicular to the
focal plane detector giving the total of 32 signals. This
non-position-sensitive “upstream” detector together with the
focal plane detector made a five-sided box configuration.
This configuration provides additional detection efficiency
for a-particles or fission fragments emitted from the species
implanted in the surface of the focal plane detector. When an
a-particle or fission fragments are detected both in the focal
plane detector and in the upstream detector, the total energy
is then the sum of focal plane and upstream energies. In the
search for decay chains, these “reconstructed” events were
treated the same as if they had deposited full energy in the
focal plane detector. We also considered two additional types
of events in the search for the decay chains: (1) escapes (esc),
events in which an o-particle “escapes” from the surface of
the focal plane detector and leaves only a partial signal in it
(typically 0.5-5 MeV), and (2) missing alphas (miss «), events
in which an a-particle “escapes” is not detected and is missing
from the chain. A “punch-through” veto detector, consisting of
three silicon cards (also each with four sets of four strips joined
together, resulting in a total of 12 electronic channels) was
mounted directly behind the focal plane detector. Any signal
in the punch-through detector, typically coming from light and
low-ionizing particles passing through the focal plane detector
chips, was used to veto any other coincident signals coming
from other detectors in the offline analysis. A multiwire
proportional counter (MWPC) was placed upstream from the
focal plane detector. The presence or absence of signals from
the MWPC in coincidence with signals from the focal plane
detector allowed for discrimination between implantation
events and radioactive decays in the focal plane detector. The
a-particle energy resolution in the focal plane detector was
55 keV FWHM, and approximately 100 keV for the recon-
structed a-particle energies. The vertical position resolution
within a single strip can be approximated by o,(E) =
2800 keV/mm. Details of this detection system have also been
described previously in [6,28].

The experiment involving the thick targets had a similar
experimental setup except that a double sided silicon strip
detector (DSSD) was used instead of the focal plane detector,
and there were no upstream or punch-through detectors. The
DSSD is 1 mm thick and has 16 horizontal and 16 vertical
strips (5 x 5 cm?), allowing for a very good position (the pixel
size is 3 x 3 mm?) and energy resolution (35 keV).

The identification of »’Rf was based on the observation
of an EVR [8.0 < E (MeV) < 20.0, prompt time-of-flight
(TOF) signal between the focal plane and the MWPC, no
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punch-through signal, no upstream signal] followed by a >>’Rf
alpha particle [8.0 < E (MeV) < 9.3, no MWPC signal,
no punch through signal] within 25 s (see Fig. 1 for decay
properties as given in [29]) from the same vertical position
of the same detector strip (or in the same pixel when the
DSSD was used). The rate of “EVR-like events” was 1.55 Hz
when the focal plane detector was used. The rate of “>’Rf-like
events” was 0.045 Hz. Under these conditions, the random
rate calculation (performed as described in [16]) indicates that
out of 139 chains observed with the thin targets, 0.9 chains
are expected to result from random correlation of unrelated
events. For the three highest energies (where the DSSD was
used) the rate of “EVR-like events” was 0.18 Hz, and the
rate of “>’Rf-like events” was 9.7 x 1072 Hz. Out of 203
chains observed in the experiment with the thick targets, 0.3
chains of random origin are expected. The BGS efficiency,
eff (the fraction of all Rf EVRs that are implanted into the
silicon strip detector), for this reaction has been estimated by
means of a Monte Carlo simulation [22,23], which resulted
in eff = 0.76 & 0.08 (when the thin targets were used with
the larger focal plane detector), or eff = 0.40 &= 0.05 (when
the thick targets were used with the smaller DSSD). The
efficiencies for detecting >>’Rf alpha particles were 0.68 (in
the focal plane only or reconstructed events with both focal
plane and an upstream signal) and 0.50 in the DSSD.

The 2%8Pb(°°Ti, 2n)?*°Rf excitation function was measured
under experimental conditions that were identical to the ones
described above for the 2°Pb(*°Ti, 1n)?>>’Rf reaction with the
thick targets and the DSSD. 2°Rf atoms were identified by
observation of an EVR [8.0 < E (MeV) < 20.0, TOF signal
between the DSSD and the MWPC] followed by a spontaneous
fission [E (MeV) > 90 MeV, no TOF signal between the DSSD
and the MWPC] within 150 ms in the same DSSD pixel. The
rate of the “EVR-like” events in the DSSD was 0.18 Hz and

Lr 257
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FIG. 1. (Color online) Decay proper-
ties of 24~2"Rf isotopes and their daugh-
- ter nuclides. The half-lives for 2°Rf and
257Rf are from this work, and the proper-
ties of the other nuclei are as reported in
Ref. [29].

8.86, 8.80

the rate of “Z°Rf-like” events was 7.0 x 103 Hz. Out of 5259
observed chains, 0.2 may result from random correlations.

B. Production of 2>*255Rf via the “*Ti +2%Pb reaction

The experimental setup for 2 Pb(*3Ti, n)>>Rf reaction was
very similar to the previously described >>’Rf setup (with the
focal plane, upstream, and punch-through detectors). Thin
(104 ;Lg/cmz) and thick targets (470 ,ug/cmz) were used to
produce >3 Rf. To obtain a statistically significant result within
a relatively short irradiation time, thick lead targets were used
to measure the high energy side of the excitation function.
This, however, resulted in reduced excitation function energy
resolution. 2>>Rf was identified by observing an “EVR-
like event” [8.0 < E (MeV) < 20.0, prompt TOF signal
between the focal plane and the MWPC, no punch through
signal, no upstream signal] followed by a spontaneous fission
[E (MeV) > 90, no TOF signal between the focal plane and
the MWPC], or an “EVR-like event” followed by a “>>Rf-like
event” [8.0 < E (MeV) < 10.0, no MWPC signal, no punch
through signal] within 10 s, and then by a >>'No and/or ?*’Fm
daughter [7.5 < E (MeV) < 9.5, no MWPC signal, no punch
through signal] within 175 s. To minimize the contribution
from randomly correlated unrelated events, a fast beam-shutoff
was employed whenever an EVR was detected and followed
by a “Rf-like event.” The beam was switched off for 140 s,
allowing us to observe possible decays of the nobelium
or fermium daughters in a low background environment.
The calculated number of random EVR-«-« correlations of
8 x 10~* shows an insignificant contribution from random
correlations. The expected contribution of EVR-SF randomly
correlated unrelated events is 0.6.
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While the BGS efficiency for this reaction was the same
as for the 2>’Rf reaction, the efficiency for detection of
235Rf chains [total efficiency for observing either one of the
following cases: (1) EVR-SF, (2) EVR-«o-a5, (3) EVR-esc-a;
or EVR-«;-esc, and (4) EVR-miss a-az-c3] was 0.91. Here
a1, o, and a3, correspond to alpha particles of 2> Rf, 3'No,
and ?*’Fm, respectively. An event is considered a valid escape
only if it occurs in the same position (same strip and with the
vertical position within +1.5 mm) as the rest of the chain,
and if its lifetime is consistent with the half-life of the isotope
we expected at that position within a chain. Only 2>Rf or
2INo escapes were considered, while the potential 2*’Fm
escapes were neglected due to the long half-life and increased
possibility of random correlations.

The 2%Pb(*®Ti, 2n)>*Rf excitation function was also
measured in the same experiment. 2>*Rf atoms were identified
by observation of an EVR as defined above, followed by a
spontaneous fission in the same pixel within 120 us. The rate
of “EVR-like” events was 0.58 Hz, the rate of “?**Rf-like”
events was 5.6 x 10~ Hz, and the number of expected chains
resulting from random correlations was 7 x 107",

II1. RESULTS AND DISCUSSION

Table I shows a summary of the experimental conditions,
the number of events observed at the individual energies, and
the measured cross sections for both 2%8Pb(*°Ti, xn)>8~*"Rf
and 2%®Pb(*8Ti, xn)>~*"Rf reactions.

A. 28Pb(**Ti, 1n)*>’Rf and 28Pb(*'Ti, 21)**°Rf excitation
functions

The 2%Pb(*°Ti, n)>"Rf excitation function is shown in the
upper portion of Fig. 2. The figure shows the data along with a
fit using the maximum likelihood technique as described in the
Appendix. The prediction of the Fusion by Diffusion model
and the data from Ref. [18] are also shown in the figure. The
centroid value of the fit, ¢/, which represents the excitation
energy at which the maximum cross section is located, is
16.6 MeV. This is 2.2 MeV larger than 14.4 MeV predicted
by the FBD. The peak cross section in the fit is 40 &5 nb,
which is significantly larger than the previously reported value
of 15 nb [18] and the FBD prediction of 26 nb. Applying our
fitting procedure to the data in Ref. [18] to remove the target
thickness factor in determining the height of the excitation
function, resulted in a cross section of ~21.5 nb, which is
still nearly a factor of two lower than measured in this work.
The smaller value reported in Ref. [18] is presumably the
average cross section over a 4 MeV target. The excitation
function measured in this work has a slightly asymmetric
shape. This asymmetry was not observed in [18] because the
old fits used the average cross section at each point, rather than
integrated cross section over the target energy thickness, the
method used in this work. We have observed a total of 242
25TRf events. The observed o-decay energies were between
83009150 keV, and they were assigned either to RS or its
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TABLE I. Summary of experimental conditions and results.

EiaB Efor X events Oln Y events oz
(MeV)  (MeV)  (ln) (nb) (2n) (nb)
208Pb(48Ti, xn)256—fo
218.8* 125 0 <0.036° 0 <0.049°
220.7°  14.8 7 0.11759¢ 0 <0.038¢
2222 16.0 7 0.20%00 0 <0.072°
2233 16.9 12 0.417018 0 <0.063¢
2238 174 10 0.391017 0 <0.098°
2258 19.0 5 0.13%00% 1 0.0347002
22844 21.1 4 023008 5 04017
228.8"  21.4 6 0.13%008 6 0.17%,
233.8* 255 1 0.0280.9% 8 0.311013
238.8°  29.5 2 0.0497005 4 0.147548
208Pb(50Ti, xn)ZSS—fo
228.5  14.7 19 11.7433 0 <0.78°
229.5> 155 40 26.51%3 0 <0.83°
230.5° 16.3 27 4310 1 1.07%53
232.6"  17.9 26 2013 2 1.0713
234.6°  19.5 27 14+3 21 7.5
236.0° 213 61 47757 272 92406
239.0° 23.3 141 1.0£0.1 4908  15.7+£0.2
242.0°  25.6 2 0.38703 79  6.8+0.38

aTargets were 470 pug/cm? on 40 pg/cm? C.
PTargets were 104 pg/cm? on 38 pg/cm? C.
“Upper limit (84% confidence level).

electron capture (EC) daughter, 2’Lr. A detailed half-life
and a-decay analysis indicates the presence of two distinct

1005'I"I"I' T T 1 T T T T
208Pb(5°Ti,n)257Rf
10 e This study
= Fit to LBNL data
= L TR\ e Fusion by Diffusion]
c 1L Model [7,8]
8 E m  GSI Data [18]
3 Fit to GSI data
n
@ 01t 4
o
o ]
3 208Pb(48Ti,n)255Rf 1
0.01 3 |
P PR Y P | IR | P | M| M| ' | | I

16 20 24 28 32 36 40 44 48
Excitation Energy (MeV)

1
8 12

FIG. 2. (Color online) Comparison of the 22Pb(**Ti, n)*’Rf and
208Ph(*8Ti, n)>> Rf excitation functions. The data from Ref. [18]
are also plotted for a comparison. The dotted lines are the FBD
predictions. The arrows indicate the location of the fusion barrier,
calculated as in Ref. [8].
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states in 27Rf, one with alpha particle energies in the 8300—
8800 keV range (71, = 7.21”}:? s) and the other one in the

89009150 keV range (T2 = 4.11“8:2 s). Hessberger et al.
assigned events with 8200 < E, < 8800 keV to the ground
state and events with E, > 8900 keV to the isomer. These
assignments are based on the comparison between the »’Rf
decay data obtained from the direct production of >’Rf in
28Pb(3OTi, n)*’Rf reaction in which a-decays in the region
E, = (8200-9100) keV were observed, and »’Rf decay
data obtained via a-decay of *Hs (from the ¥Fe +2%Pb
reaction [30]), in which essentially all 7R events were
found at E, < 8800 keV [31]. This argument is based on
the assumption that in the 26°Hs —2¢!Sg — 23’Rf chain, 20! Sg
decays predominantly to the ground state of >>’Rf. However,
without «-y decay studies to acquire more knowledge about
the 25’Rf level scheme, it is impossible to determine which
state is the isomer and which is the ground state, and whether
additional isomeric states exist. The total branching ratio for

Na(37Lr) R
the EC decay [§-mmsy. (melf) —vorry Where Neis the

number of alphas observed, and a and b denote the two isomers
of 2Rf] of 2"Rf is 14 & 1%. The present data are insufficient
to distinguish between EC decays of the two isomers. The
half-life of the 23"Rf state belonging to the higher alpha energy
group is in agreement with the literature value, but the half-life
of the state belonging to the lower alpha energy group is
longer than the literature value by almost a factor of two
[19,29].

In a separate experiment, we have also measured the
208ph (30T, 2n)>ORf excitation function, which is shown in

60 f——r——
50 £(@) 12 CF

40 g_ ZOSPb(wTi,Xn)sz'XRf 'f

Cross Section (nb)

Excitation Energy (MeV)

FIG. 3. (Color online) Experimental 1n and 2n excitation func-
tions for °Ti 4 2%Pb (a) and “*Ti 4 2%Pb (b). The lines through the
1n points are fits to the data as described in the text, while the lines
through the 2n points are just to guide the eye. Vertical error bars in
the 28Pb(°°Ti, 2n)>°Rf excitation function are smaller than the size
of the symbols. Black arrows indicate the threshold energies for the
second and third chance fission, calculated from the fission barriers
from Ref. [27].
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Fig. 3. The 2°Rf half-life measured in this experiment
is 6.70£0.09 ms, which is in a good agreement with
T = 7.41“8:2 ms from Ref. [32] and slightly larger than
the T1/> = 6.2 £ 0.2 ms from Ref. [19]. The measured peak
cross section for the 2n exit channel is 15.8 £ 0.2 nb, which
agrees with the one from Ref. [18]. The centroid is located
at 23.3 MeV, compared to 21.1 MeV for the 2n data from
Ref. [18].

B. 2%Ph(*8Ti, n)*>°Rf and 2%Pb(**Ti, 2n)*>*Rf excitation
functions

An integrated cross section for the 28Pb(**Ti, n)>Rf
reaction over a wide energy range (from the threshold up to a
maximum laboratory frame energy of 5.40 MeV/nucleon) was
measured earlier by Oganessian et al., and is reported to be
0.2 nb [33]. An upper limit for the 2n cross section of 1 nb was
reported in Ref. [34]. In our study the full 2®Pb(*3Ti, n)*>>Rf
and 2BPb(*¥Ti, 2n)>*Rf excitation functions were measured
for the first time. The excitation functions are shown in Figs. 2
and 3. The measured half-life of 2°Rf is 1.6%03 s, which
is in good agreement with the literature value [29-31]. A
maximum likelihood fit to our 1n excitation function results
in a maximum cross section of 0.38 & 0.07 nb, lower than
the FBD prediction of 0.68 nb. The FBD also predicts the
peak at an excitation energy of 15.5 MeV, 1.3 MeV lower than
the centroid value from the fit, ¢’ = 16.8 MeV. This suggests
that the cross section is heavily influenced by the location
of the barrier, which is at an excitation energy about 9 MeV
higher than the centroid of the 1n excitation function. Because
the cross section is dominated by the Coulomb term, ocqp,
small errors in the barrier position can easily lead to relatively
pronounced differences between predicted and measured cross
sections. Figure 4 shows a plot of ocp as a function of
the lab-frame energy. The second chance fission thresholds
for the *3Ti + 2%8Pb and °Ti 4 2%®Pb reactions are 218.3 and
225.6 MeV, respectively [26,27]. The o, value at the second

100 R B BN BN LR B
i 7
L % ]
10F 7 3
i /7 ]
7
— 1F J E
o
£ J
bS 0.1 3 // 208Pb(50Ti, n)257Rf 3
: / _ ZOSPb(48Ti, n)zsst
0.01} 74 I .
I/ 1 1 1 1 ]
210 215 220 225 230 235 240
E s (MeV)

FIG. 4. Predicted capture cross section (oc,,) as a function of
the lab-frame beam energy. The black arrows indicate the second
chance fission threshold energies for the 2®Pb(**Ti, n)**Rf and
28Pb(3OTi, n)>’Rf reactions.
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chance fission threshold energy is 1.78 mb for the *°Ti 4 2%Pb
reaction and 0.035 mb for *3Ti+ 2%Pb reaction. The ratio
of the experimental cross sections for the 2%Pb(°’Ti, n)*»'Rf
and 2% Pb(**Ti, n)>5SRf reactions is 101735, while the ratio of
the corresponding o,y cross sections is 50.9. Therefore, the
difference in o, accounts for much of the difference between
the two experimental 1n cross sections for these reactions. This
demonstrates that the correct parameterization of the barrier,
which is a part of the fusion probability equation, is essential
to correctly predicting the magnitude of the excitation function
maximum.

We have also measured the 2Pb(*3Ti, 21n)>*Rf excitation
function at higher excitation energies with a cross section
maximum of 0.31 £0.8 nb, corrected for the events lost
due to the dead time of the data acquisition system (13 us).
The centroid is located at E* = 21.5 MeV. The 2n excitation
function is shown in Fig. 3. The cross section summary for both
reactions is given in Table 1. The >>*Rf half-life was measured
as 29.6f8:g us, which is slightly higher than the previously
reported value of 23 &+ 3 us from Ref. [19].

IV. CONCLUSION

We have measured the 1n and 2n excitation functions for
the 8Ti + 298Pb and °Ti +2%8Pb reactions. The experimental
ratio of the 2%Pb(°°Ti, n)>’Rf and 2®Pb(*¥Ti, n)?>>Rf cross

sections is 10175, The experimental maximum cross section

of the 2BPb(*®Ti, n)>Rf excitation function is a factor of
1.8f8:§ smaller than the FBD prediction, and the centroid
is located at an excitation energy 1.3 MeV higher than
the FBD prediction. For the 2®Pb(*°Ti, n)>’Rf excitation
function the experimental cross section is 1.6 £ 0.2 times
larger than the FBD prediction. Table II shows the comparison
between the experimental data and the FBD theoretical model.
The difference in shape between the 2®Pb(*°Ti, n)*’Rf
and 28Pb(*3Ti, n)?®Rf excitation functions follows the
predicted trend, although the difference is more pronounced
than predicted by the FBD model. The plot of FBD predictions
along with the experimental data is shown in Fig. 2. While FBD
and other theoretical models do an admirable job reproducing
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the experimental excitation functions, our high resolution data
can be used to refine and improve these models.
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APPENDIX: FITTING METHODS

Excitation function fits were obtained with a maximum
likelihood technique [35—38]. Inspection of various cold fusion
excitation functions reveals that their shape resembles a
Gaussian on the lower energy side with an exponentially
decreasing tail on the high energy side. To fit our data, we
used a function that consisted of a Gaussian on the low-energy
side smoothly joined to an exponential on the high-energy side

(Efgr—0)/2w?
9

- 2
0 = Omax€ Elor<Aw” +c,

(A1)
0 = Opaxe’ /e M Eeor=O), Elor > 2w? +c.
Here Eflyp is the excitation energy, omax represents the
amplitude of a Gaussian with a centroid ¢ and width w. The
exponential slope is —A. For each beam energy, the number
of counts expected, u, is calculated by integrating o over the

energy width of the target,
/'Lexpecled(L, Eéo’f, Ey, Omax, w, ¢, A)

Ew
L Ecort+3"

= = U(GmaXv w, ¢, )"7 E)dEa (A2)

TABLE II. Comparison between the experimental data and the predictions of the Fusion by Diffusion model.
Experimental data from Ref. [18] is also shown for the >°Ti + 2°Pb reaction. SCF denotes the second chance fission.

208 Pb(48 Tl, n)255 Rf

ZOSPb(SOTi, n)257Rf

E*(1n, threshold, MeV) 8.24
E* (Barrier, MeV) 26.0
E*(2n, threshold, MeV) 15.2
E*(SCF threshold) 13.0
Exp.

(LBNL)
¢ (MeV) 16.8£0.2
o' (nb) 0.38£0.07
A 0.18£0.04
w’ (MeV) 1.35+0.17

7.60
20.0
13.1
12.3
FBD Exp. Exp. FBD
(LBNL) (GSI)
16.6 £0.1 15.4+0.1 14.4
0.68 40+£2 15+1.9 252
0.28 0.52+0.01 0.40£0.02 0.47
1.18 1.444+0.09 1.324+0.07 1.19
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where L represents one event sensitivities in events/pb, Efqp
is the excitation energy at the center of target, and E,, is the
energy width of the target. At each beam energy, we used the
Poisson distribution to calculate the probability of observing
n events where u are expected. The relative likelihood, £, that
the fit represents the excitation function data is the product of
the Poisson probabilities at each of m energies:

w e !,

I’l,’!

LOmas w, ¢, 1) =[] (A3)
i=1

The expression obtained is then maximized to obtain the
best fitting parameters o', w’, ¢/, and A’. The fitting curve

PHYSICAL REVIEW C 78, 024605 (2008)
is obtained from

flo w. ¢ 2y = % (Ad)

The fit parameters for both 48T} and Ti reactions, are listed
in Table II. This fitting method is more appropriate than other
simpler fitting techniques because it integrates the excitation
function over the energy width of the target and it takes into
account the statistical significance of each point. Moreover,
this fitting technique allows for an easier comparison between
excitation functions measured at different laboratories and
with different target thicknesses.
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