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ABSTRACT

Four isotopes of rutherfordium**Rf, were produced by tH&*Pb(®Ti, xn)**
*Rf and®®*®PbP°Ti, xn)**® Rf reactions (x = 1, 2) at the Lawrence Berkeley National
Laboratory 88-Inch Cyclotron. Excitation functions were measured fomtaad 2 exit
channels. A maximum likelihood technique, which correctly accounts for the cgangin
cross section at all energies subtended by the targets, was used torfitithe tb allow
a more direct comparison between excitation functions obtained under different
experimental conditions. The maximum dross sections of tH&*Pb(*®Ti, n)**>Rf and
208ppOTi, n)?*'Rf reactions obtained from fits to the experimental data are 0.38 + 0.07 nb
and 40 %5 nb, respectively. Excitation functions for thext channel were also

measured, with maximum cross sections0df0’ %2/ nb for the**Ti induced reaction, and

15.7 + 0.2 nb for the’Ti induced reactionThe impact of the two neutron difference in
the projectile on thericross section is discussed. The results are compared to the

Fusion by Diffusiormodel developed b§wiatecki, Wilczyaska, and Wilczgski.
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PACS numbers: 25.70.Gh, 27.90.+b, 23.60.+e

INTRODUCTION

When forming nuclides of the heaviest elements in compound nucleus -
evaporation reactions between projectiles ff8@a through®Zn and targets ¢*Pb or
209Bj [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 fusiormnsacti
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 number on the cross
section magnitude in tH&Pb(®Ti, n)**Rf, 2°®Pbf°Ti, n)>*'Rf reaction pair. The
theoretical model that we used as a guide in our cold fusion studies was recently
developed bywiateckiet al.and is calledrusion by Diffusio{FBD) [7, 8] According
to FBD, the cross section is given by:

Tiot = Tcap” Fen "Poun: 1)
The cross section is the product of three factors: 1) the probadiljffor target and

projectile nuclei to overcome the Coulomb barrier and become trapped in a pocket of

their mutual potential, 2) the probabilRy, to proceed from this di-nuclear configuration

to form a compound nucleus, and 3) the survival probaBi|jty which is the product of
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the probabilityT,, /T, to survive a single stage of de-excitation by neutron evaporation in
competition with all other de-excitation modes (predominantly fission), and the
probability P. that after evaporation of the neutron, the excitation energy is less than the
threshold for second neutron emission or second chance fission.

A neutron evaporation spectrum is a Boltzmann distribution of the

formE,,, -exp-E,,, /T), whereE,,, is the kinetic energy of the evaporation neutron, and

T is the transition state temperature for the neutron emission. Binseessentially a
neutron evaporation spectrum integrated over an energy rangeKftormfinity, where

K =E-E,, andE, is the second chance fission threshdétdjs then given by:

K K, .
P =@+—)-exp—) if K=0, 2
- = (L) expe—) (2)

P.=1 if K<O. (3)
While equation (1) may be an old formulation, ithe one used by many theorists
modeling heavy element formation by compound nigcteactions today [7-14]. The

FBD model treats the probability to form the compaduucleusk,, , as a statistical

diffusion across a coordinate corresponding taotreall length of the di-nuclear system.
This FBD modelvas shown to reproduce experimental maximum cres$oss of
reactions leading to evaporation residues sparmiomgad range in Z to within a factor
of 2 [7, 8]. In addition to the predicted heighfghe excitation functions, it provides us
with other testable predictions, such as the looadf excitation function maxima [6, 15,
16], shapes of excitation functions, and cross@ecatios between reaction pairs (for
example, reaction pairs where the target staysdhee, but projectiles differ by two

neutrons, or reaction pairs with two different pijle-target combinations that lead to a
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formation of the same compound nucleus). Retmuretical predictions bywiatecki

et al.indicate surprisingly large differences in crosst®ns for cold fusion reactions
between reaction pairs differing by two neutronghim projectile [17]. To test this aspect
of the model, we studied tR&Pb(°Ti, n)*>Rf and***Pbf°Ti, n)**'Rf fusion reactions.
This reaction pair is of particular interest be@athge predicted maximum cross section
for the?*®Pbf°Ti, n)>'Rf reaction is ~ 37 times larger than the maximumipted cross
section for thé*®Pb(**Ti, n)**Rf reaction. The two excitation functions are also
predicted to have different shapes. While a cote@&citation function for the
**Ti-induced reaction has been previously reportd8n 19], the?*Pb(°Ti, n)*>°Rf

excitation function is presented for the first timehis work.

II. EXPERIMENTAL TECHNIQUE

A. Production of°**#Rf via the*®Ti + *®Pb Reaction

The Lawrence Berkeley National Laboratory (LBNL)vathced Electron Cyclotron
Resonance source (AECR-U) [20] was used to protficéons in the 12+ charge state.
The ions were then accelerated by the LBNL’s 88tl8gclotron to energies ranging
from 4.6-4.8 MeV/nucleon. The beam passed thr@ugh pg/crficarbon window
separating the beamline vacuum from the 66 Parhajas inside the Berkeley Gas-filled
Separator (BGS) [21-23], and then through’ffieb target$98.4%°°*Pb, 1.1%°Pb,
and 0.5%6°%b). We conducted two separate experiments, athetlick (470 pg/crd)
and one with thin (104 pg/@r°%Pb targets. The thfif®Pb targets, evaporated on 38
ng/cnt carbon backings, were used for theekcitation function measurement at five

distinct lab-frame center-of-target energies: 22829.5, 230.5, 232.6, and 234.6 MeV.
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The energy loss in tH&%Pb layer was approximately 1 MeV [24, 25] . Iseparate
experiment, we used the thitkPb targets, evaporated on 45 pdfcarbon backings, to
measure therland 2 cross sections at three additional lab-frame cesftéarget
energies: 236.0, 239.0, and 242.0 MeV. The enlesyyin the thick®pPb targets was
approximately 4.2 MeV. Excitation energies coragpng to these center-of-target
energies were calculated by using experimental mefests [26] for projectile and target
masses, and Thomas-Fermi mass defects [27] faotiound nucleus (CN) masses.
The excitation energies subtended by the target W17 + 0.4, 15.5 £ 0.4, 16.3 + 0.4,
179+0.4,195+04,21.3+£2.1,23.3+2.1, a6 + 2.1 MeV. The targets were
mounted on the perimeter of a rotating wheel (8man diameter) located 1 cm
downstream from the carbon window. To increas@ta® target cooling, a 10 pg/ém
layer of carbon was evaporated onto the downstsdenof the targets. The wheel was
rotated at approximately 8.5 Hz to minimize beanuired target heating. To measure
the product of the beam intensity and target theskntwo silicormp-i-n detectors were
mounted at an azimuthal angle of 27° relative éolbam axis to measure the Rutherford-
scattered projectiles. The pulse height of thenBibrd-scattered projectiles was used to
determine the relative beam energies with high@oyu The systematic error in the
absolute beam energies from the cyclotron is 1%gvthe error in determining the
relative energies is less than 0.08 %. The beg&ansities ranged from 0.17-0.4 patrticle-
HA. After recoiling out of the target, rutherfordimevaporation residues (EVRS) were
separated from other reaction products based andiffering magnetic rigidities in
helium gas. Magnetic rigidities have been estaudity using a semi-empirical formula

[22]. The detection setup for the experiment wlid thin targets was slightly different
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from the detection setup employed for the expertmgth the thick targets. In the
experiment with the thif”®Pb targets, a focal plane detector was used tatdéee

recoils. The focal plane detector consisted afetsilicon cards (each 6 x 6 Qmreach
consisting of 16 vertical strips, giving a total4d silicon strips which provide horizontal
resolution. The vertical position was determingddsistive charge division, from the
charges collected at the top and the bottom of sagh Eight additional silicon cards,
each with 4 sets of 4 strips galvanically connectegte mounted perpendicular to the
focal plane detector giving the total of 32 signal$iis non-position-sensitive
“upstream” detector together with the focal plaeéedtor made a five-sided box
configuration. This configuration provides addi#b detection efficiency far-particles
or fission fragments emitted from the species imigd in the surface of the focal plane
detector. When aa-particle or fission fragments are detected botthénfocal plane
detector and in the upstream detector, the totiggns then the sum of focal plane and
upstream energies. In the search for decay chhiese “reconstructed” events were
treated the same as if they had deposited fullggnerthe focal plane detector. We also
considered two additional types of events in treedefor the decay chains: 1) escapes
(esc), events in which anparticle “escapes” from the surface of the fodahp detector
and leaves only a patrtial signal in it (typicallpb MeV), and 2) missing alphas
(missa), events in which an alpha is not detected amdaigsing from the chain. A
“punch-through” veto detector, consisting of 3caih cards, (also each with 4 sets of 4
strips joined together, resulting in a total ofel@ctronic channels), was mounted directly
behind the focal plane detector. Any signal ingbach-through detector, typically

coming from light and low-ionizing particles passithrough the focal plane detector
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chips, was used to veto any other coincident sgyo@ming from other detectors in the
offline analysis. A multi-wire proportional counttMWPC) was placed upstream from
the focal plane detector. The presence or abs#rsignals from the MWPC in
coincidence with signals from the focal plane dieteallowed for discrimination
between implantation events and radioactive dexatyge focal plane detector. The
particle energy resolution in the focal plane detewas 55 keV FWHM, and

approximately 100 keV for the reconstructegarticle energies. The vertical position

resolution within a single strip can be approxindatgo, (E) = 2800 keV/mm. Details

of our detection system have also been descrilmdqusly in [6, 28].

The experiment involving the thick targets hadmailgsir experimental setup except
that a double sided silicon strip detector (DSSR¥ wsed instead, and there were no
upstream or punch-through detectors. The DSSDmsilthick has 16 horizontal and 16
vertical strips (5 x 5 cf), allowing for a very good position (the pixel i’ ~ 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 tseeen the focal plane and the
MWPC, no punch-through signal, no upstream sigfiallpwed by &°'Rf alpha particle
(8.0 < E (MeV) < 9.3, no MWPC signal, no punchotigh signal) within 25 s (see Fig. 1
for decay properties as given in [29]) from the sarartical position of the same detector
strip (or in the same pixel when the DSSD was usétig rate of “EVR-like events” was
1.55 Hz when the focal plane detector was usec rate of ©'Rf-like events” was
0.045 Hz. Under these conditions, the randomaaltaulation (performed as described

in [16]) indicates that out of 139 chains obserwith the thin targets, less than 0.9
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chains result from random correlation of unrelaednts. For the three highest energies,
(where the DSSD was used), the rate of “EVR-likergs” was 0.18 Hz, and the rate of
“Z5TRf-like events” was 9.7 x TDHz. Out of 203 chains observed in the experiméttt
the thick targets, 0.¢hains of random origin are expected. The BGSieficy,eff (the
fraction of all Rf EVRs that are implanted into thikcon strip detector), for this reaction
has been estimated by means of a Monte Carlo diiol@2, 23], which resulted ieff
=0.76 = 0.08 (when the thin targets were used thighlarger focal plane detector),edf
=0.40 = 0.05 (whethe thick targets were used with the smaller DSSIhe
efficiencies for detectin®'Rf alpha particles were 0.68 (in the focal planky @n
reconstructed events with both focal plane andpstream signal) and 0.50 in the DSSD.
The?®PbTi, 2n)*°Rf excitation function was measured under expertaien
conditions that were identical to the ones desdritmove for thé*®Pbf°Ti, 1n)*'Rf
reaction with the thick targets and the DSSPIRf atoms were identified by observation
of an EVR (8.0 < E (MeV) < 20.0, TOF signal betwélea DSSD and the MWPC)
followed by a spontaneous fission (E (MeV) > 90 Mead TOF signal between the
DSSD and the MWPC) within 150 ms in the same DSEBIp The rate of the “EVR-
like” events in the DSSD was 0.18 Hz and the rate0R-like” events was 7.0 x 19

Hz. Out of 5259 observed chains, 0.2 may resofhfrandom correlations.

B. Production of°*?®°Rf via the*®Ti + 2°%Pb Reaction

The experimental set-up f6FPb(*Ti, n)**>Rf reaction was very similar to the

previously described”'Rf setup (with the focal plane, upstream, and ptthabugh
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detectors). Thin (104 pg/é&rand thick targets (470 pg/érwere used to produéeRf.
To obtain a statistically significant result witharrelatively short irradiation time, thick
lead targets were used to measure the high eniglgypfkthe excitation function. This,
however, resulted in reduced excitation functioargy resolution.?>>Rf was identified
by observing an “EVR-like event” (8.0 < E (MeV)28.0, prompt TOF signal between
the focal plane and the MWPC, no punch throughadjgro upstream signal) followed
by a spontaneous fission (E (MeV) > 90, no TOF aligpetween the focal plane and the
MWPC), or an “EVR-like event” followed by arf*Rf-like event” (8.0 < E (MeV) <
10.0, no MWPC signal, no punch through signal)himitLO s, and then by’a'Noand/or
2'Em daughter (7.5 < E (MeV) < 9.5, no MWPC sigmal punch through signal) within
175 s. To minimize the contribution from randorotyrelated unrelated events, a fast
beam-shutoff was employed whenever an EVR was @etend followed by a “Rf-like
event”. The beam was switched off for 140 s, alhgaus to observe possible decays of
the nobelium or fermium daughters in a low backgobanvironment. The calculated
number of random EVR-o correlations of 8 x THshows an insignificant contribution
from random correlations. The expected contributd EVR-SF randomly correlated
unrelated events is 0.6.

While the BGS efficiency for this reaction was ##ne as for th&'Rf reaction,
the efficiency for detection 6P°Rf chains (total efficiency for observing eithereoof the
following cases: 1) EVR-SF, 2) EV&- oy, 3) EVR-esca, or EVR-a3-esc, and 4)
EVR-missos- ax- 03) was 0.91. Herey, oo, andas, correspond to alphas BfRf, 'No,
and®*’Fm, respectively. An event is considered a vaichge only if it occurs in the

same position (same strip and with the verticaltmoswithin £ 1.5 mm) as the rest of
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the chain, and if its lifetime is consistent wittethalf-life of the isotope we expected at
that position within a chain. Onfy°Rf or **No escapes were considered, while the
potential®*’Fm escapes were neglected due to the long hakiieincreased possibility
of random correlations.

The?*®Pb(*®Ti, 2n)**Rf excitation function was also measured in theesam
experiment.?>*Rf atoms were identified by observation of an E\éRlafined above,
followed by a spontaneous fission in the same putlin 120us. The rate of “EVR-
like” events was 0.58 Hz, the rate 6?'Rf-like” events was 5.6 x T0Hz, and the

number of expected chains resulting from randometations was 7 x 10

lll. RESULTS AND DISCUSSION
Table | shows a summary of the experimental comakti the number of events observed
at the individual energies, and the measured stons for both®PbCTi, xn)?** " Rf

and?®Pb(*®Ti, xn)***Rf reactions.

A. 2Pbf°Ti, 1n)®Rf and®®Pbf°Ti, 2n)*Rf Excitation functions

The?®PbTi, n)*'Rf excitation function is shown in the upper pantiaf Fig. 2.
The figure shows the data along with a fit using ttleximum likelihood technique as
described in the Appendix. The prediction of Busion by Diffusiormodel and the data
from Ref. [18] are also shown in the figure. Tleatroid value of the fitg’, which
represents the excitation energy at which the mamiraross section is located, is 16.6

MeV. This is 2.2 MeV larger than 14.4 MeV predcttey the FBD. The peak cross
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section in the fit is 40 £ 5 nb, which is signifithy larger than the previously reported
value of 15 nb [18] and the FBD prediction of 26 mkpplying our fitting procedure to
the data in Ref. [18] to remove the target thickrfastor in determining the height of the
excitation function, resulted in a cross sectior @1.5 nb, which is still nearly a factor
of two lower than measured in this work. The seralalue reported in Ref. [18] is
presumably the average cross section over a 4 lde)étt The excitation function
measured in this work has a slightly asymmetrigpshal his asymmetry was not
observed in [18] because the old fits used theagysecross section at each point, rather
than integrated cross section over the target gribigkness, the method used in this
work. We have observed a total of ZARf events. The observeddecay energies
were between 8300-9150 keV, and they were assigitleer to*>'Rf or its electron
capture (EC) daughter>’Lr. A detailed half-life and-decay analysis indicates the

presence of two distinct states’Rf, one with alpha energies in the 8300 - 8800 keV
range [T, = 7.2°1; s) and the other one in the 8900 - 9150 keV rdfige= 4.1°0; s).
Hessbergeet al. assigned events with 826G < 8800 keV to the ground state and

events withE, > 8900 keV to the isomer. These assignments aedl@sthe

comparison between ti&'Rf decay data obtained from the direct productibf &f in
29%phE°Ti, n)*'Rf reaction in whicha-decays in the regiorE, = (8200-9100) keV
were observed, arfd’Rf decay data obtained viadecay of**Hs (from the’’Fe +2%°Pb
reaction [30]), in which essentially &i'Rf events were found &, < 8800 keV [31].
This argument is based on the assumption thaeifftHs — 2°'Sg— 2*'Rf chain,**’Sg

decays predominantly to the ground stat& &f. However, withouti-y decay studies to

acquire more knowledge about fi&Rf level scheme, it is impossible to determine
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which state is the isomer and which is the grouatesand whether additional isomeric

states exist. The total branching ratio for thedeCay

N, (L)

( N, (*Lr)+N_(®*Rf*)+N_(*Rf") ’

whereN,, is the number of alphas observed,

anda andb denote the two isomers OFRf) of 2°'Rf is 14+1 %. The present data are
insufficient to distinguish between EC decays @ftilvo isomers. The half-life of the
5'Rf state belonging to the higher alpha energy gisup agreement with the literature
value, but the half-life of the state belongingdte lower alpha energy group is longer
than the literature value by almost a factor of {®, 29].

In a separate experiment, we have also measuré@ffi°Ti, 2n)*°Rf excitation

function, which is shown in Fig. 3. TRERf half-life measured in this experiment is
6.70 + 0.09 ms, which is in a good agreement Wjth= 7437 ms from Ref. [32] and
slightly larger than thd,, = 62+ 0.2 ms from Ref. [19]. The measured peak cross

section for the 2 exit channel is 15.8 = 0.2 nb, which agrees withdhe from Ref. [18].
The centroid is located at 23.3 MeV, compared td 21eV for the2n data from Ref.

[18].

B. 2®Pb(*®Ti, n)*Rf and®®Pb(°Ti, 2n)**'Rf Excitation Functions

An integrated cross section for #H&Pb(*Ti, n)>>Rf reaction over a wide energy
range (from the threshold up to a maximum laboyaft@me energy of 5.40
MeV/nucleon) was measured earlier by Oganesstiah, and is reported to be 0.2 nb

[33]. An upper limit for the2n cross section of 1 nb was reported in Ref. [3d]our
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study the fulP®Pb{®Ti, n)**Rf and?*®Pb(*°Ti, 2n)*>'Rf excitation functions were

measured for the first time. The excitation fuoes are shown in Figures 2 and 3. The
measured half-life oPRf is 1.6'%s, which is in good agreement with the literature

value [29, 31]. A maximum likelihood fit to ounZExcitation function results in a
maximum cross section of 0.38 £ 0.07 nb, lower ttenFBD prediction of 0.68 nb. The
FBD also predicts the peak at an excitation enef@b.5 MeV, 1.3 MeV lower than the
centroid value from the fi;’= 16.8 MeV. This suggests that the cross sectidreavily
influenced by the location of the barrier, whictatsan excitation energy about 9 MeV
higher than the centroid of the &xcitation function. Because the cross section is

dominated by the Coulomb teren,,,, small errors in the barrier position can eashd

to relatively pronounced differences between ptediand measured cross sections.

Figure 4 shows a plot of ,,as a function of the lab-frame energy. The seabrachce

fission thresholds for th&Ti + 2°%Ph and°Ti + 2°®Pb reactions are 218.3 and 225.6
MeV, respectively [26, 27]. The.a, value at the second chance fission threshold gnerg
is 1.78 mb for thé®Ti + 2°Pb reaction and 0.035 mb f&Ti + 2°%Pb reaction. The ratio

of the experimental cross sections for #@bf°Ti, n)>>'Rf and?**Pb(*Ti, n)*Rf

reactions isl01737, while the ratio of the corresponding,, cross sections is 50.9.
Therefore, the difference iar_,, accounts for much of the difference between the tw

experimental & cross sections for these reactions. This dematestthat the correct

parameterization of the barrier, which is a parthef fusion probability equation, is

essential to correctly predicting the magnitudéhefexcitation function maximum.
We have also measured H98Pb(*®Ti, 2n)*'Rf excitation function at higher

excitation energies with a cross section maximui®.81 + 0.8 nb, corrected for the
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events lost due to the dead time of the data aitignisystem (13s). The centroid is
located at E* = 21.5 MeV. THexcitation function is shown in Fig. 3. The cross

section summary for both reactions is given in €abl Theé”*Rf half-life was measured
as 29.6'%7 us, which is slightly higher than the previouslyeegd value 023+ 3 us

from Ref. [19].

IV. CONCLUSION

We have measured the and D excitation functions for th&Ti + 2°%Pb and

*Ti + 2%%pp reactions. The experimental ratio of #®be°Ti, n)*'Rf and

29%pp(eTi, n)*>°Rf cross sections 50135, The experimental maximum cross section of
the**Pb(°Ti, n)*>Rf excitation function is a factor df80% smaller than the FBD

prediction, and the centroid is located at an axoih energy 1.3 MeV higher than the
FBD prediction. For th&”®Pbf°Ti, n)>*'Rf excitation function the experimental cross
section is 1.6 + 0.2 times larger than the FBD jotexh. Table Il shows the comparison
between the experimental data and the FBD theatetiodel. The difference in shape
between thé®®PbP°Ti, n)*'Rf and?*Pb(*Ti, n)**°Rf excitation functions follows the
predicted trend, although the difference is mommpunced than predicted by the FBD
model. The plot of FBD predictions along with #gerimental data is shown in

Figure 2. While FBD and other theoretical modelsad admirable job reproducing the
experimental excitation functions, our high resiolitdata can be used to refine and

improve these models.
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APPENDIX : FITTING METHODS

Excitation function fits were obtained with a maxim likelihood technique [35-
38]. Inspection of various cold fusion excitatiomctions reveals that their shape
resembles a Gaussian on the lower energy sideawi#xponentially decreasing tail on
the high energy side. To fit our data, we usednation that consisted of a Gaussian on

the low-energy side smoothly joined to an exporatn the high-energy side.

=0, & &I B < awP e (A1)
c=0c, 6" 9 E S aw+c

Here E_,, is the excitation energys, . represents the amplitude of a Gaussian with a

centroidc and widthw. The exponential slope id- For each beam energy, the number

of counts expectedl, is calculated by integrating over the energy width of the target,

. _E,
Beort—"
/uexpeCted(L’ E*COT' E Wo-max7 W’ C’ﬂ’ ): é ,[ o (O-max ’ W’ C/l ’ E) dE (AZ)

A
Ecor 2
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whereL represents one event sensitivities in eventsfpl;, is the excitation energy at

the center of target, arkf), is the energy width of the target. At each beasrgn we
used the Poisson distribution to calculate the gindlby of observingn events wherg
are expected. The relative likelihoad, that the fit represents the excitation function

data is the product of the Poisson probabilitiesagh ofm energies, is given by:

n

L (O 0A) = [ T2 €.
i=1

(A3)
The expression obtained is then maximized to olitearbest fitting parametess, w’, c’,

and/l’. The fitting curve is obtained from:
f(a',w',c',/i'):% (A4)

The fit parameters for boffiTi and°°Ti reactions, are listed in Table Il. This
fitting method is more appropriate than other senfikting techniques because it
integrates the excitation function over the enavgith of the target and it takes into
account the statistical significance of each poMbreover, this fitting technique allows
for an easier comparison between excitation funstimeasured at different laboratories

and with different target thicknesses.
*Present address: Department of Health Physicsydusity of Nevada, Las Vegas, Las
Vegas, NV 89154, USA
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Table I: Summary of experimental conditions arglils.

Eias E:;OT z events O1n X events Oon
(MeV)  (MeV) (1n) (nb) (2n) (nb)

208pp (8T xn)*° Rf

218.8 12.5 0 0.036 0 < 0.049
220.7 14.8 7 011°9% 0 <0.038
222.2 16.0 7 020°%: 0 <0.072
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223.3 16.9 12 041798 0 <0.063
223.8 17.4 10 03903, 0 <0.098
225.8 19.0 5 0139% 1 0.034'05%
228.4 21.1 4 023+918 5 04079
228.8 21.4 6 01379 6 017 %,
2338 255 1 0.0285055 8 0317215
238.8 295 2 0.049gcq; 4 01474
208 POT xn) 8 Rf

228.8 14.7 19 11.7+33 0 <0.78
229.8 15.5 40 265 0 <0.83
230.8 16.3 27 437 1 107°25
232.6 17.9 26 207 2 107+
234.6 19.5 27 14 + 3 21 7520
236.0° 21.3 61 4,77 272 9.2+0.6
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239.00 23.3

242.0 25.6

141

2

038"

1.0+0.1

4908

79

15.7+£0.2

6.8+0.8

3Targets were 47Qg/cnt on 40ug/cnt C.

®Targets were 10dg/cnt on 38ug/cnt C.

“Upper limit (84% confidence level)

Table Il. Comparison between the experimental daththe predictions of theusion by

Diffusionmodel. Experimental data from reference [18]$® ahown for th&’Ti+*%*Pb

reaction. SCF and TCF denote the second anddhadce fission, respectively.

T (T X RT

29%Ph C°Ti,xn) > 'Rf

E* (1n, threshold, MeV)
E* (Barrier,MeV)

E* (2n, threshold, MeV)
E* (SCF threshold)

E* (TCF threshold)

8.24

26.0

15.2
13.0

19.3
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20.0

13.1

12.3

17.8



EXxp. Exp. EXxp.

FBD FBD
(LBNL) (LBNL) (GSI)
¢’ (MeV) 16.8 +0.2 15.5 166+0.1 154+0.1 144
o (nb) 0.38 +0.07 0.68 40 +2 15+ 1.9 25.2
2 0.18 + 0.04 0.28 0.52 +0.010.40 +0.02  0.47
w (MeV) 1.35+0.17 1.18 1.44+0.09 1.32+0.07 9.1

FIG. 1 (Color online) Decay properties®3f > Rf isotopes and their daughter nuclides.
The half-lives for*°Rf and®*'Rf are from this work, and the properties of thieeot

nuclei are as reported in Ref. [29].

FIG 2. (Color online) Comparison of tAEPbPTi, n)**'Rf and?*Pb(®Ti, n)**°Rf
excitation functions. The data from reference @r@ also plotted for a comparison. The
dotted lines are the FBD predictions. The arravdiciate the location of the fusion

barrier, calculated as in Ref. [8].

FIG. 3. (Color online) Experimentah®aind 2 excitation functions for°Ti + 2°Pb (a)
and*Ti + 2®Ppb (b). The lines through tha points are fits to the data as described in
the text, while the lines through the Roints are just to guide the eye. Vertical errasba

in the?®®PbP°Ti,2n)**°Rf excitation function are smaller than the sizé¢hef symbols.
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Black arrows indicate the threshold energies ferdbcond and third chance fission,

calculated from the fission barriers from Ref. [27]

FIG 4. Predicted capture cross sectiof,() as a function of the lab-frame beam energy.

The black arrows indicate the second chance fighi@shold energies for tR&Pb(°Ti,

n)?>°Rf and®*®PbC°Ti, n)?°*'Rf reactions.
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FIG 3.
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