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Abstract 

Several new Spontaneous Fission (SF) activities have been found. 
Their half-lives and production cross sections in several reactions 
have been measured by collecting and transporting recoils at known 
speed past mica track detectors. No definite identification could 
be made for any of the new SF activities; however, half-lives and 
possible assignments to element-j.04 isotopes cons'stent with several 
cross bombardments include 2 5 7Rf(3.2 s, 14X SF), 2 5 8Rf(13 ms), 
2 5 9 R f ( ~ : s, 3% SF), 2 6 0Rf(~20 ms), and 2 6 2Rf{~50 ms). The 80-ms SF 
activity claimed by the uubna group for the discovery of element 104 
( 104) was not observfed. A difficulty exists in che interpretation 
that Rf is a ~20-ms SF activity: in order to be correct, for 
example, the SF activities with half-lives between 14 and 24 ms 
produced in the reactions 109- to 119-MeV 1 8 0 + 2 4 8Cm, 88- to 
100-MeV 1 5 N + 2 4 9Bk, and 96-MeV 1 8 0 + 2 4 9 C f must be other nuclides 
due to their large production cross sections, or the cross sections for 

pert 

production of Rf must be enhanced by unknown mechanisms. Based on 
calculated total production cross sections a possible ~l% electron-
capture branch in 2 5 8Lr(4.5 s) to the SF emitter 2 5 8No(1.2 ms) and 

pert 

an upper limit of 0.05% for SF branching in No(55 s) were deter
mined. Other measured half-lives from unknown nuclides produced in 

18 ?4R 
respective reactions include -1.6 s ( 0 + Cm), indications of a 
-47-s SF activity (75-HeV 1 2 C + 2 4 9 C f ) , and two or more SF activities 

ID 249 with 3 s<T,,2l.60 s ( 0 + Bk). The most exciting conclusion of 
this work is that if the tentative assignments to even-even element-
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104 isotopes are correct, there would be a sudden change in the SF 
half-life systematics at element 104 which has been predicted 
theoretically by Randrup et al. and Baran et al. and attributed to 
the disappearance of the second hump of the double-humped fission 
barrier. This disappearance of the second barrier also explains the 
tentative low hindrance factors compared to lighter elements for SF 
of the odd-mass isotopes 2 5 7Rf(~4xl0 3) and 2 5 9Rf(~2xl0 3). On the 
basis of recent odd-mass alpha-decay energy data, the 152-neutron 
sub-shell effect is probably weaker for element 104 than for element 
102, confirming predictions of Randrup et al., and not strong enough 
to significantly alter the SF half-life predictions. This weakening 
sub-shell effect is in contrast to the continuing strong effect 
assumed in the Ghiorso half-life systematics. The possibilities of 

?fii enhanced stability against SF with 157 neutrons for Rf(65 s) and 
theoretical arguments concerning the SF-mass distributions for element-
104 nuclei are discussed. 
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I . Introduct ion and Purpose 

According to the charged l iqu id-drop model of the nucleus, nuclei 

tend to be stable with respect to Spontaneous Fission (SF) decay i f 

the ra t i o of Coulomb energy to twice the surface energy is less than 
? 

one, or equivalent ly Z /A<50. Since the Coulomb energy increases 
7 1/3 roughly as Z /A while the surface energy increases more slowly 

2/3 as A , f i s s i on becomes an increasingly important decay mode for 

the heaviest elements. The importance of SF decay among the heaviest 

elements can be seen from the 121 SF a c t i v i t i e s fo r which assignments 

have been suggested in Figure 1 . Nuclei with closed shells tend to 

be more stable against SF than neighboring nuc le i ; nuclei with odd 

numbers of protons and/or neutrons are generally more stable against 

Sr than neighboring even-even nuc le i . An understanding of the shel l 

e f fects and the systematic var ia t ion in pa r t i a l h a l f - l i f e for SF decay 

as a funct ion of the number of neutrons and protons is essential in 

predict ing the h a l f - l i v e s fo r heavier, unknown nuclei and, in 

pa r t i cu la r , for superheavy elements. 

This paper is pr imar i ly concerned with the SF properties of 

isotopes of element 104, and pa r t i cu la r l y the i r SF h a l f - l i v e s . For 

the even-even nuclei up to element 102 inclusive the empirical Ghiorso 

systematics (GHI70a) f i t s the par t ia l SF ha l f - l i ves quite w e l l , as 

shown in Figure 2a. For element 104, extrapolat ion of the Ghiorso 

systematics using an 11-ms h a l f - l i f e for Rf and assuming a 

continuing strong 152-neutron sub-shell e f fec t resul ts in h a l f - l i f e 
O EC _ C 

predictions of the order of seconds for Rf and ^10 seconds 
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for isotopes of element 104 with even mass numbers of 260 or higher. 
But a group at the Joint Institute for Nuclear Research in Dubna, 
USSR, led by Flerov (FLE64) claimed discovery of element 104 by 
assigning a 0.3-s SF activity to 104, a much longer half-life 
than predicted by the Ghiorso systematics. The hc|lf-life has since 
been revised by the Dubna group to 0.1 s (0GA69, ZVA70) and later to 
CO ms (DRU77). Independent searches for the 100-ms SF activity in the 
reactions 94-MeV 1 6 0 + 2 4 8 C m (GHI70a) and for the 80-ms SF activity 
in the reactions 78- to 86-HeV 1 5 N + 2 4 9 B k (NIT81) have yielded 
only negative results, however. On the basis of a 100-ms half-life for 
2 6 0 1 0 4 and an 11-ms half-life for 2 5 8 R f Flerov (FLE71) then discussed 
a sudden change in the SF half-life systematics from element 102 to 
104, which if confirmed would show a weakening of the 152-neutron 
sub-shell effect as shown in Figure 2b taken from reference 0GA74a. 
A 5-ms half-life for Rf (0GA74a), recently verified by MUnzenberg 
et al. (Ml)N80, HU'N81b, MUN82), was consistent with the notion of a 
change in SF half-life systematics at element 104. Several authors 
have since predicted a drastic change in the SF half-life systematics 
at element 104 (RAN73,76; BAR81) or at element 102 and beyond (PAU74). 
Randrup et al. attributed this change in half-life systematics to a 
disappearance of the second hump of the double-humped fission barrier 
for element-104 isotopes and a weakening of the 152-neutron sub-shell 
effect in the SF half-lives. Mustafa and Ferguson have also predicted 
an absence of the second barrier for even-even element-104 nuclei with 
mass numbers of 260 or higher (MUS78, HUS77). 

In attempts to determine the partial SF half-lives of element-104 
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nuclei and to see if there is indeed a.change in the SF half-life sys-
tercatics at element 104, a recoil tape-transport system was designed 
by Nitschke. The experiments using this tape system were performed in 
a collaboration between the heavy-element groups of the Lawrence 
Berkeley and Lawrence Livermore Nationsl Laboratories. In analysis of 
the experimental data by the author, several new SF activities were 
found and their production cross sections were measured. The possible 
assignments which have been suggested in Table 1 include some element-
104 isotopes. The way in which these new SF activities were produced 
is described in the following section. 
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II. Experimental Procedure 

In searches for new SF activities with half-lives between milli
seconds and seconds, direct production of relatively large quantities 
of 2 5 6Fm(2.6 hr) and of 2 5 6Hd(77 min), which decays by electron 
capture to Fin, has led to a substantial SF background in most 
experiments. To reduce this long-lived background we used a large-
area, rotating, scanning drum assembly for the work in reference 
NIT81. To reduce our SF background by another factor of 20 in search 
of an 80-ms SF activity, the 2-km-long tape system shown in Figure 3 
was constructed. The tape was either 25-jim-thick nickel or 12.5-iim-
thick stainless steel, cooled by either contact with a water-cooled 
post or by a helium gas jet on the back side of the tape. The target, 
tape, and everything in electrical contact with the tape acted to
gether as a Faraday cup for measuring the beara intensity. Mica track 
detectors (FLE75) were useti to detect SF events from recoils embedded 
in the tape. The tape moved at a speed of typically 0.05 to 1.0 meter 
per second, as measured electronically from the capstan drive. The 
speed was constant to within, typically, one per cent. After the 
bombardment, the micas were etched for -0 minutes in 48-per-cent 
hydrofluoric acid at 60°C. The SF tracks were then visible under a 
microscope with xlOO magnification. Knowing the speed of the tape, 
track distances from the target along the mica strips corresponded to 
times of SF for nuclei after their production at the target. Knowing 
the event times, decay curves such as Figures 7-9, and 11-16 could be 
constructed and the half-lives determined. The overall detection 
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efficiency including emissivity of the SF fragments from the tape and 
252 scanning efficiency was measured with the use of Cf sources to be 

-70 per cent. Subjective differences in scanning efficiency over time 
were found to be as large as ten per cent by scanning the same micas 
at different times. 

India-ruby muscovite mica offers a convenient method for detection 
of SF fragments due to its relative insensitivity to li;!it ions and 
its low uranium content (FLE75). According to the ion-explosion-spike 
model developed by Fleischer, Price, and Walker (FLE65), the passage 
of a heavy ion in mica causes electronic ionization around its path. 
The remaining positively-charged lattice ions repel and dislodge one 
another from their sites creating vacancies in the lattice. Price and 
Walker discovered that the tracks could be observed using a microscope 
after hydrofluoric-acid etching. This is because hydrofluoric acid 
attacks and enlarges the damaged regions of mica preferentially 
(PRI62). 

The background effect of SF from natural uranium in the mica is 
eliminated by annealing the micas for several days at ~500°C and 
pre-etching them with hydrofluoric acid for 80 minutes at 60°C. prior 
to use in an experiment. After use in a bombardment the micas were 
etched again for 50 minutes. The pre-etching causes the tracks from 
SF of uranium contained in the mica to be larger in size because they 
have been etched for a longer time than the tracks from SF of nuclei 
produced in the bombardment. The annealing of the micas also helps to 
break down the walls of the tracks from uranium SF events in the 
mica. With these procedures SF tracks from nuclei produced in the 
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bombardment can be easily distinguished from the larger, "faded" 
tracks from SF of uranium nuclei contained in the mica. 

The targets used in the experiments were prepared either by 
vaporizing the actinide fluoride onto a heated beryllium backing foil 
(L0U74, 75) or by molecular electroplating of oxide targets. The 
actinide-fluoride targets were prepared at Lawrence Livermore National 
Laboratory by Lougheed and Hulet while the oxide targets were prepared 
by Moody here in Berkeley (M0081). In the case of the berkelium-
fluoride target, the berkelium (element 97) was chemically separated 
four days prior to the first bombardment with the 88-inch cyclotron. 
In many cases the targets were coated with very thin "stopper-foil" 
coatings of aluminum with -25- to 50-wg/cm thickness to reduce the 
transfer of target material to the tape. Typical target thicknesses 

2 were ~0.5 mg/cm , close to the calculated compound-nucleus recoil 
ranges. 

For lack of identity of most of the SF activities, compound-
nucleus recoil ranges were assumed in determining all of the cross 
sections. It is important to note that for those SF activities 
that turn out to be non-compound-nucleus products the cross sections 
listed in Table 1 and 2 could be quite different. As an example, 

12 241 2&~-
with 90-HeV C ions Cf and Li" have ranges in the compound-
nucleus reactions 2 3 8 U ( 1 2 C , 5 - 6 n ) 2 4 5 , 2 4 4 C f which are twice as long 
as when they are produced in the reactions 2 3 9Pu' 1 2C:a,2-3n) 2 4 5' 2 4 4Cf 
(HAH74). Thus, for those spontaneously-fissioning products with 
ranges considerably shorter than compound nuclei, the cross sections 
listed in Tables 1 and 2 would be too low. On the other hand, if, for 
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example, the 4.5-s SF activity were a quasi-target product with a long 
range in the reaction 70-MeV C + " r 3 k / " 3 C f , the quoted cross section 
would be too high because the target plus aluminum stopper-foil thick
ness was considerably greater than the assumed compound-nucleus recoil 
range. 

The compound-nucleus recoil ranges were determined from the 
calculated recoil energies using the range tables of Northcliffe and 
Schilling (N0R70). Both the radioactive element and the oxygen or 
fluorine in the target were taken into account. A range calculated in 
this way agreed with the experimental range measurement of Hahn et al. 
for the reaction 83.8-MeV 1 2 C + 2 3 8 U > 2 4 5 > 2 4 4 C f + 5n,6n to within 
10 per cent. For target plus aluminum stopper-foil thicknesses 
somewhat greater than the calculated recoil ranges, the alumina foil 
thickness was converted to a target-material-equivalent thickness and 
subtracted from the calculated recoil range to give un effective 
target thickness f&r determining cross sections. 

The beam size was collimated to just under the target diameter 
(usually 6.4 mm) as shown in Figure 3. The tape could be moved left 
and right at different speeds. At the end of each reel during the 
slow-down and reversal of the tape motion, the cyclotron beam was 
turned off electronically. Mica strips totaling one meter in length 
were mounted on each side of the target. In this way two separate 
decay curves could be constructed. With the tape moving at two 
different speeds, tape-speed-independent effects such as beam 
scattering and neutron-induced fission could be checked. Scattered 
beam ions near the edges of the first micas could damage the mica 
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surface and, if the density of scattered tracks was very high, could 
cause confusion with SF tracks. Glass scrapers were placed in contact 
with the tape surface on both sides of the target, not to scrape the 
tape, but to shield the mica from scattered beam ions. However, the 
tape often became warped with use so that good contact between the 
scrapers and tape was not always maintained. As a further precaution 
against scattered beam ions the data from the first several milli
meters of mica were usually rejected. 

The x and y coordinates of the SF tracks were recorded on punched 
cards. A computer code converted these coordinates to event times for 
a given tape speed (EGG78). From the event times the half-life and 
cross section for each component were computed with the use of the 
multi-component maximum-likelihood code first written by the late 
Richard Eggers (EGG81). 

The maximum-likelihood code was extensively tested with 
artificially-generated event-time data including Poisson statistics 
for a single component and background (S0M82). The mean half-life 
determined by the maximum-likelihood code from several sets of 
artificially-generated data was found to accurately reproduce the 
half-life assumed in generating the data. 

For calculation of cross-section upper limits, for example, of the 
80-ros SF activity in Table 4, the least-squares computer code FRANTIC 
(R0G62) was used. The weights for the points in the fit were 
determined from maximum-likelihood fits assuming no 80-ms component 
was present. 

The error bars for all the cross-section measurements include the 
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statistical error in the number of counts, a ten-per-cent uncertainty 
in the scanning efficiency, the uncertainty in the separation of 
counts into background and events belonging to a short-lived 
component, and, in one case, the uncertainty in the beam flux 
measurement. The half-life error bars, however, reflect only the 
statistical uncertainties. Possible unknown systematic errors have 
not been included in the errors for the cross-section and half-life 
measurements. 

There are, in fact, three pieces of evidence for unknown 
systematic effects in the half-life measurements. 

(1) Some measurements with the tape system did not repeat too well, 
for example, in the reactions 95-MeV 1 8 0 + 2 4 8 C m (1.6*0.1 s, 1.3*0.1 s) 
and 109-MeV 1 8 0 + 2 4 8 C m (22.4*1.3 ms, 17.1*2.2 ms). A second pos
sible explanation for the difference in half-lives for the reaction 

18 248 95-MeV 0 + Cm is that there might be another component with a 
half-life of a few tenths of a second and low production cross section 
(GHI81b). Due to the 'l-cm distance from the target center to the edge 
of the first mica, the experiments with higher tape speeds are sensi
tive to earlier decay times than experiments with slower tape speeds. 
Consequently, a short-lived component might contribute only to data 
from experiments with higher tape speeds. 

(2) For the same reaction N + Bk the drum experimental half-
lives with 90-per-cent confidence limits in Figure 4 also seem to be 
longer than the tape experimental half-lives with standard deviation 
errors quoted in Figure 5. 

(3) Lastly, the fit for the reaction 96-MeV 1 8 0 + 2 4 9 C f in 
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Figure 15 has a value of 1.31 for the chi-square per degree of free
dom with only a 2-per cent confidence level. This poor fit, which is 
easily verified in a visual comparison of Figures 14 and 15, may 
indicate the presence of an unknown systematic effect in the data. 

The cross section measurements, however, may be less subject to 
systematic error based on the following examples. 

(1) In Table 1 two measurements of the cross section for the 
~20-ms SF activity in the reaction 109-MeV 1 8 0 + 2 4 8 C m are statis
tically consistent, although different targets were used and dif
ferent half-life measurements resulted. 

(2) In addition, the drum and tape experimental cross sections 
are statistically consistent, although different targets and appara
tuses were usod. 

(3) In previous rotating-drum experiments using the reactions 92-
to 95-MeV 0 + Cm the measured cross sections from bombardments 

2 that have different targets with thicknesses of 450-500|ig/cm agree 
well with the cross section measured in the most recent tape exper
iment for the reaction 92-MeV 1 6 0 + 2 4 8Cm. 

If range straggling of the recoils were important the range 
distribution would not be as sharp as assumed in calculating the 
effective target thicknesses. Then the cross sections presented in 
Table 1 would be systematically low. This straggling effect was 
estimated assuming production of compound nuclei including contri
butions from electronic stopping in the target and the neutron boil-
off effect. Since the extent of local variations in the target 
thickness within the area of the beam was unknown, this possible 
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contribution was not included in calculating the straggling parameter. 
Formulas similar to references ALE68 and WIN61, with minor changes 
discussed in the appendix section VIII.B., were used to calculate the 
straggling and fraction of recoils escaping the target (ALE82). Since 
the corrections to the recoil yield from the targets due to straggling 
were found to be less than 10 per cent, they were not included in 
determining the cross sections. 

The beam energy into the target material was determined from the 
resonant frequency of the cyclotron and from the calculated energy 
loss through the Havar beam-window foil, nitrogen cooling gas, and 
beryllium target backing (N0R7O). Measurements of the beam energy 
after the target using solid-state detectors were found to agree with 
the energy calculated from the range-energy tables of Northcliffe and 
Schilling to better than 0.5 MeV (GHI80b). 

Since no direct measurements of the beam energy profile after 
passing through the target were available to the author, the effect of 

18 beam energy straggling was estimated for 0 ions. For a mono-
18 +8 2 

energetic beam of 111-HeV 0 ions passing through a 1.8-mg/cm 
2 

Havar beam window, 0.47-mg/cm nitrogen target-cooling gas, and a 
2.7-mg/cm beryllium target backing the Firsov-Hvelplund expression 
(HVE71,RUD78) gives ~0.9 MeV for the standard deviation of the energy 
distribution while the Bohr expression (B0H48.SEG65) gives only 
-0.2 MeV. But for N ions with the same relative energy loss in 

18 
beryllium as our 0 ion case, experimental data from reference 
BEL81 indicate that the straggling should be much larger than either 
theory predicts, or ~1 MeV from the beryllium backing alone. In our 



19 

case, of the three stopping materials in the path of the beam the 
beryllium backing would give the largest contribution to energy 
straggling. Possible beam-energy smearing from unknown local 
variations in foil thickness within the area of the beam have not 
been included. The energy width of the beam coming directly from the 
cyclotron was not more than 0.1 MeV (G0U74). The unknown extent of 
energy straggling and the finite energy width of the beam from the 
cyclotron have been neglected in plotting excitation functions. But 
taking into account the beam energy straggling effect the widths of 
the excitation functions would become somewhat smaller. 

The next section presents the results of experiments performed 
using these procedures. 
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III. Results 

III.A. Introduction 

The cross section and half-life measurements as well as possible 
assignments for the new SF activites are included in the following 
Table 1. Half-life error bars are standard deviations unless 
otherwise stated. The possible assignments are suggested largely on 
the basis of the cross bombardment data of Table 2. Table 3 compares 
the cross sections for analogous reactions in the two systems 
18 0 +245 C m a n ( j 18 Q +248 C m_ T h i s i nf o r m ation is useful in deciding 

i o ?48 
whether the 1.6-s SF activity produced in the reaction 0 + Cm 

259 could be Fm or not. Table 4 compares the fits according to tire 
chi-square values for the data of Figures 13-15 under two assumptions: 
(1) a single short-lived component and background exist (our inter
pretation); and (2) a 13.7-ms component ( A m ) , an 80-ms 
component, and background exist (the Dubna interpretation as in 
section IV.C.5.a.). 

Calculations with the JORPLE code, discussed in the appendix 
section VIII.A., were invaluable in deciding whether or not any of 
the new SF activities could be compound-nucleus neutron-evaporation 
products. 
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III.B. Table 1: The New Spontaneous Fission (SF) Activities 
And Cross-Section Limits for the 80-ms SF Activity 

Cross Section „ „ ... Possible 
Reaction Half-Life Exp. Calc. Assignment 
80-MeV 1 5N + 2 4 9 B k » 2 6 4 R f * 19.8*1.2 ms 14*2 nb 10 nb 2 6 0Rf?? 
92-MeV 1 60 + 2 4 8 C m > 2 6 4 R f * 21.0*1.1 ms 6*1 nb 4.0 nb 2 6 0Rf?? 
96-MeV 1 80 + 2 4 9Cf» 2 6 7106* 19.3*1.4 ms 9*1 nb 

80-MeV 1 5N + 2 4 9 B k » 2 5 4 R f * 80 ms £0.3*0.4 nb 
60-100 ms ^0.3*0.5 nb 

92-MeV 1 60 + 2 4 8 C m » 2 6 4 R f * 80 ms £0.4*0.2 nb 
60-100 ms £0.5*0.2 nb 

96-MeV 1 80 + 2 4 9Cf» 2 6 7106* SO ms £0.0*0.5 nb 
60-100 ms <0.0*1.0 nb 

89-MeV 1 80 + 2 4 8 C m » 2 6 6 R f * 52*5 ms 5*1 nb 9 nb(92.5 HeV) 2 6 2 R f ? 
113-He\'22Ne + 2 4 4 P u » 2 6 6 R f * 50*16 ms 1*1 nb 1.5 nb 2 6 2Rf?? 

14 ms?? 1*1 nb?? 2 4 2 fAm(13.7 ms)?? 

? indicates assignment probable. 
?? indicates that not enough evidence is available or that an 

inconsistency exists in making a definite assignment. 
* denotes an excited compound nucleus 
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Cross Section Possible 

Reaction Half-Life Exp. Calc. Assignment 

95-MeV 1 60 + 2 4 6 C m » 2 6 2 R f * 13*3 ms l O ^ n b 3 nb 2 5 8 R f (13 ros) ? 

109-MeV 1 80 + 2 4 8 C m > 2 6 6 R f * 22.4*1.3 ms 10*2 nb 

17.1±2.2 ms 9*1.4 nb 

100-MeV15N + 2 4 9 B k » 2 5 4 R f * 15*^ms** 9*3 nb 

97-MeV 1 5N + Z 4 8 C m > 2 6 3 L r * 15 ms <2 nb 

97-MeV 1 5N + 2 4 8 C m » 2 6 3 L r * 20 ms <1 nb 

70-MeV 1 3C + 2 4 9Bk(80%)» 2 6 2Lr* 4.5±0.5 s 7*1 nb 1 vb 2 5 8Lr(4.35 s)»> 
2 4 9Cf(20%)5. 2 6 2Rf* 2 5 8No(1.2 ms)i>?? 

-to 119-MeV 1 80+ 2 4 8Cm» 2 6 6Rf* 1.6*0.1 s 16*2 nb (95 MeV) 89 

93-MeV 1 80 * 2 4 5 C m » 2 6 3 R f * 3.4*1.7 s 0.6*0.2 nb 8% SF branching 

=8*3% of a
c a l c ' in 2 5 9Rf?? 

75-MeV 1 2C + 2 4 9 C f > 2 6 1 R f * 3.8*0.8 s 2*0.4 nb 14% SF branching 

75-MeV 1 2C + 2 4 9 C f » 2 6 1 R f * 47*13 s?? 9*1.4 nb?? 

72-MeV 1 3C + 2 4 5 C m » 2 5 8 N o * 50-60 s <0.5 nb. 

in 2 5 7 Rf?? 

or <O.05% of < i c a l c - f o r 2 5 4 N o 

* * 90-per-cent confidence l im i t s 
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III.C. Table 2: Cross Bombardments for the -20-ms, -50-ms, and 1.6-s 
SF Activities 

Reaction 

96-HeV 1 8 0 + 2 4 9Cf» 2 6 7106* 
93-MeV 1 8 0 + 2 4 9Bk» 2 6 7Ha* 
1 8 0 +

2 4 f W 2 6 6 R f * 
113-MeV 2 2Ne + 2 4 4Pu» 2 6 6Rf* 
80-MeV 1 5 N + 2 4 9Bk» 2 6 4Rf* 
92-MeV 1 6 0 +

2 4 W 6 4 R f * 
93-MeV 1 8 0 + 2 4 5Cm» 2 6 3Rf* 
95-MeV 1 6 0 + 2 4 6Cm» 2 6 2Rf* 
70-MeV 1 3 C + 2 4 9Cf» 2 6 2Rf* 
83-MeV 1 5 N + 2 4 8Cm» 2 6 3Lr* 
97-HeV 1 5 N + 2 4 8Cm> 2 6 3Lr* 
97-MeV 1 5 N + 2 4 8Cm> 2 6 3Lr* 
70-MeV 1 3 C + 2 4 9Bk» 2 6 2Lr* 
95-MeV 1 8 0 +

2 4 4 P u > 2 6 2 N c * 
81-MeV 1 3 C + 2 4 8Cm» 2 6 1No* 
95-MeV 1 6 0 +

2 4 4 P u > 2 6 0 N o * 

Cross Sections 

-20 ms -SO ms 1.6-s 

9±1 nb <0.0±1.5 nb <U nb 

<0.7 nb <0.6 nb <2 nb 

! nb(109 MeV) 5±1 nb(89 MeV) 16 nb(95 

<2 nb -1 nb? £0.6 nb 

14±2 nb £0.3±0.7 nb £0.6 nb 

6±1 nb <0.6±0.3 nb £0.7 nb 

- - £ll nb 

£7 nb <2 lib £27 nb 

- - :'j nb 

<4 nb <3 nb <55 nb <4 nb £3 nb £55 nl 

£l nb £l nb 

£2 nb (15 ms) 
- - £l nb 

£0.3 nb £0.3 nb <4 nb 

£6 nb <6 nb 

<4 nb <0.6 nb <2 nb 
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III.D. Table 3: Comparison of Cross Sections for Analogous Cf and Fm 

Products in the Reactions 1 8 0 + 2 4 5Cm and 1 8 0 + 2 4 8Cm to Determine If 2 5 9 F m 

Pickup Particle 

+2p -2n 

+2p - n 

He 

6Be 
7Be 
88e 
9Be 
1 0Be 
n B e 

Could Be the 1.6-s SF Activity 

93-HeV 1 8 0 +
2 4 5 C m 

o(ub) 

97-MeV 1 8 0 + 2 4 8 C m (LEE82) 

nuclide 
+

2 4 5 C m 

o(ub) a(ub) nuclide 
2 4 5 C f - 45*15 2 4 8 C f 
2 4 6 C f 50 2 4 9 C f 
2 4 7 C f - 850 250 c f 

2 4 8 C f 3000 2 5 1 C f 
2 4 9 C f - 280 ? 5 2 C f 

a(nb) <j(nb) 

2 5 1 F m - 2800 2 5 4 F m 
2 5 2 F m 1800 700 2 5 5 F m 
2 5 3 F m 800 300 2 5 6 F m 
2 5 4 F m _ _ 2 5 7 F m 
2 5 5 F m - - 2 5 8 F m 
2 5 6 F m <2 16(95 MeV)? 2 5 9Fro 
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III.E. Table 4: Chi-Square Values Under Two Assumptions for Reactions 
Capable of Producing i 0 Rf: (1) A Single Short-Lived Component and 
Background and (2) The Pubna Interpretation—Am(13.7 ms) and 

80-ms Components With Background 

The decay rate A for the short-lived component and background rates 
at t=0 are given in SF decays per millisecond. The bin size was 
approximately 10-11 ms for each of the least-square fits using the 
computer code FRANTIC (R0G62). Weights for points in the calculations 
ware determined from maximum-likelihood code fits to the same data 
assuming no 80-ms component was present. For each reaction the 
single-component half-lives determined by the maximum-li'-.elihood code 
listed in Table 1 are more accurate half-lives than those determined 
by the least-squares method below. This is because in tho binning 
procedure necessary for the least-squares method, valuable individual 
event-time information is lost which the maximum-likelihood code can 
utilize (EGG81). 
80-MeV 1 5N + 2 4 9Bk. For the data in Figure 13: 

Short-Lived Component 

and Backqround 

2 4 2 fAm(13.7 ms) + 80 ms Short-Lived Component 

and Backqround + Background 

Tj.2=19.8±1.2 ms 

A0(T1/2)=21.9±i;.9 A0(13.7 ms)=35.5±?.4 

Ao(80 ms)= 0.35*0.11 

Background 0.029*0.005 0.024*0.005 

Chi-square/freedom 1.02 1.16 

Probab i1i ty 43% 9% 
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92-MeV 1 6 0 -*-24BCm. For the data in Figure 14: 
Short-Lived Component 
and Backqround 

2 4 2 fAm(13.7 ms) + 80 ms Short-Lived Component 
and Backqround + Backqround 
T^.20.7*0.9 ms 
A o(T 1 / 2)=10.9±0.7 AQ(13.7 ms)=15.8±0.8 

A Q(80 ms}=0.390*0.061 
Background 0.015*0.004 0.0056*0.0041 
Chi-square/freedom 1.10 1.24 
Probability 18% 2% 

96-MeV 1 8 0 + 2 4 V . For the data in Figure 15: 
Short-Lived Component 
and Backqround 

Z 4 Z fAm(13.7 ms) + 80 ms Short-Lived Component 
and Backqround + Background 
T 1 / 2=19.9*l. ,5 ms 
A 0(T 1 / 2)=13. .3*2.0 AQ(13.7 ms)=25.0*2.0 

A Q(80 ms)=0.275*0.120 
Background 0.071*0.010 0.063*0.014 
Chi-square/freedom 1.31 1.44 
Probability 2% o.\% 
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IV. Discussion of Possible Assignments for the New SF Activities 

IV.A. Introduction 

No certain identifications have been made for any of the new SF 
activities listed in Table 1. Assigning heavy-element SF activities 
is extremely difficult for two reasons. (1) The currently-measurable 
properties of the SF decay process, such as the total kinetic energy 
of fission, fragment mass and charge distributions, neutron 
multiplicity, etc., do not change rapidly among neighboring nuclei. 
In alpha decay, however, a particular nuclide has a specific 
alpha-decay energy and half-life as well as a genetic relationship to 
its daughter and granddaughter nuclei, making it possible to prove 
isotopic assignments. (2) The cross sections for producing these SF 
activities are in the nanobarn region. From a single tape experiment 
only two properties of each SF activity can be measured—the half-life 
and the production cross section, as shown in Table 1. Using several 
combinations of targets and projectiles possible isotopic assignments 
can be deduced by determining which isotopes would have estimated 
production cross sections for each bombardment close to the measured 
value or limit for the SF activity in question. The JORPLE code 
discussed in the appendix section VIII.A. can be used to calculate the 
cross section for compound-nucleus neutron-evaporation reactions. But 
there is no reliable code for predicting non-compound-nucleus reaction 
cross sections in the heavy-element region. The available cross-
section data for non-compound-nucleus reactions are also severely 
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limited. In other cases not enough cross bombardments have been 
performed to narrow the list of candidates down to a single isotope. 
Because of these limitations often several isotopes may be consistent 
with the available cross bombardment data. In still other cases, such 
as for the 1.5- to 1.6-s SF activities and the SF activities with 
half-lives between 14 and 24 ms, it is difficult to fit all the 
available data by a single activity; so "twin" SF activities with 
similar half-lives have been suggested. In section IV.D.2.a. (Future 
Directions for Experimental Investigations) several methods are sug
gested in order to experimentally obtain the additional information 
necessary to positively identify these new SF activities. 

The following discussion of the new SF activities listed in 
Table 1 is divided into two groups: a) activities which are probably 
not due to element-104 nuclei, most of which have completely unknown 
assignments; and b) activities which either may be due to element-104 
nuclei or have half-lives which are close to other possible element-
104 SF activities. For the SF activities with complete'y unknown 
assignments the discussion will include the totality of all that is 
known about them. Some isotopes may be eliminated as possible as
signments. For the rest of the SF activities the discussion will 
include possible assignments and the reasons for and against making 
those assignments. 
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IV.B. Discussion of The New SF Activities With Completely Unknown 
Assignments 

IV.B.l. A Possible 47-s SF Activity 

12 249 In the bombardment 75-HeV C + Cf alone there were indications 
of a 47±13-s SF activity with a cross section of -9 nb as shown in the 
decay curve of Figure 7. There is some difficulty in distinguishing 
whether the half-life is 47 s or even longer than 65 s, due to the 
fact that only a little more than one half-life was observed in 65 
seconds of observation time. It was initially thought that this SF 
activity might be due to a 0.4-per-cent SF branching in No(55 s). 
This hypothesis would also be consistent with the 14 SF events that 
decayed with a half-life of -70 s observed by Ghiorso et al. (GHI76) 
in the reactions 197- to 227-MeV 4 8 C a + 2 0 8Pb. However, in the 
reaction 72-MeV C + Cm an upper limit of 0.05 per cent on the 

254 fission branch of No was established, assuming a calculated pro-
254 

duction cross section of ~1 yb for No. This result is in agree
ment with the upper limit of 0.06 per cent established in separate 

254 experiments comparing the ratio of the cross sections for SF and No 
alpha decay by Donets et al. and Flerov et al. (D0N66, FLE67) for the 

238 22 254 reaction U( Ne,6n) No. Thus, largely because of insufficient 
cross bombardment data, the origin of this possible 47-s SF activity 
is unknown. 
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IV.B.2. 1.6-s SF Activity 

In the reaction 89-MeV 0 + Cm the decay curve of Figure 8 
shows clear evidence for SF activities with half-lives of 55*5 ms and 
1.3*0.1 s. The 1.3-s component was produced with a rather large 16-nb 
peak cross section and with an excitation function which was broad 
when compared to calculations for any compound-nucleus neutron-
evaporation product. The half-life of 1.6*0.1 s obtained from the 
data shown in Figure 9 using the tape system agrees with the half-life 
of 1.5*0,3 s measured by Hulet et al. (HUL80) for 2 5 9 F m produced in 
the reaction 2 5 7Fm(t,p) 2 5 9Fm. In our reaction 1 8 0 + 2 4 8Cm, 2 5 9 F m 
would be a non-compound-nucleus product, in agreement with the broad 
excitation function shown in Figure 10. The symmetric mass distri
bution and total kinetic energy for fission of 234±2 MeV measured for 
our 1.6-s SF activity by Hoffman et al. (H0F81) are also in agree-

259 ment with the same properties measured for Fm in the reaction 
Fm(t,p) Fm. However, as will now be shown there are potential 

difficulties with this assignment. 
If our 1.6-s SF activity produced in the reaction 0 +"°Cm 

oca 11 

is Fm, it would be produced in an exotic Be-transfer reaction. 
" B e transfer" is used here as a formalism to discribe the net 
particle which must be transferred to the target to reach Fm, but 
does not imply a particular reaction mechanism. Separate experiments 
were performed subsequent to the discovery of the 1.6-s SF activity to 
determine whether or not such a Be-transfer reaction could have a 18 production cross section as large as 16 nb. With 0 ions 
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bombarding targets of lower atomic number (Z) the fission competition 
for Be-transfer reactions is expected to be less than with a 
248 

Cm target. But surprisingly low cross sections of ~10 nb in the 
reaction 110-MeV 1 8 0 + 2 0 8 P b (GHI81a) and <16±10 nb in the reaction 
<124-MeV 0 + Th were determined for "Be-transfer products. 
For the reaction 1 8 0 + 2 3 2 T h a useful target thickness for 1 8 0 
ions degraded from 124 HeV down to the barrier was assumed in 
determining the cross-section upper limit (McFA80). The possibility 
suggested by Nitschke (NIT80) and independently by Wilhelmy and 
Hoffman (WIL80) that the Be-transfer products might be produced 
with excitation energies below the fission barrier has been considered 
(H0F81). In these cases for Be transfers fission competition 
might not be worse using high Z targets compared to lower Z targets. 
If so, cross sections for analogous Be-transfer reactions might be 
of similar magnitude using targets in the lead to curium region, in 
agreement with the above cross-section data. 

In order to study the hypothetical Be-transfer reaction a 
2 4 5 C m target was bombarded with 1 8 0 ions at 93 MeV and 99 HeV in 
search of the Be-transfer product Fm. If the Fm assign
ment to the 1.6-s SF activity produced with a 16-nb cross section in 18 248 the reaction 95-MeV 0 + Cm is correct, we would expect that 
the cross section for FIJI in the quite similar reaction 
1 B 0 + Cm might be of the same order of magnitude. The 
bombarding energy 93 MeV was chosen to give the same excitation 

18 248 energy as in the system 95-MeV 0 + Cm. Recoils were caught in 
2 "" 

a series of ten 100-ug/cm aluminum catcher foils. After the 
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bombardment each catcher foil was placed over a separate solid-state 
detector to record alpha particles and SF events from the recoil 
nuclei. Only upper limits of 2 nb at 93 HeV as shown in Table 3 and 
2 nb at 99 MeV could be established for the Be-transfer product 
2 5 6 F m in the reaction 1 8 0 + 2 4 5Cm. Table 3 shows, however, that 
copious quantities of other alpha-particle-emitting nuclides were 
produced with cross sections that are higher than the analogous 
products in the reaction 1 8 0 + 2 4 8Cm. Lee et al. (LEE82) deter
mined the cross sections for the californium and fermium transfer 
products by measuring the alpha-decay rates and energies from 
chemically-separated fractions. Since the cross sections for the 
°0 + Cm reaction were determined directly from catcher foils 

without chemical separation, part of the difference between analogous 
reaction cross sections might also be due to a systematic difference 
in yields or efficiencies. Nevertheless, there appears to be a 
correspondence between analogous cross sections. Since the data in 
Table 3 are quite limited, it is difficult to say whether or not this 
correspondence is universal to all analogous transfer products. But 
if the correspondence is universal, a measured cross-section upper 
limit of 2 nb for the Be-transfer product Fm in the reaction 
18 0 +245 C m a n d a c r o s s s e c t l- o n o f i6 nb for what might be the ^ B e -

ocq 10 ?dfl 
transfer product Fm in the reaction 0 + Cm would be at variance 
with this correspondence. 

259 In that case Fm might not be the 1.6-s SF activity produced 
in the reaction 95-MeV 0 +"°Cm; and one of the two following ex
planations would be required. (1) There exists a "twin" nucleus to 
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org 

Fm with nearly identical properties of half-life, total kinetic 
energy of fission, and fission-mass distribution: or (2) this 1.6-s SF 
activity is the same SF activity produced in the original reaction 
16-HeV t + 2 5 7 F m (HUL80), but the 2 5 9 F m assignment is incorrect. 
Three possibile alternative assignments have been considered—(1) a 
1.6-s isomer with an isomeric transition suggested by Ghiorso (GHI81b) 

pep 
or direct fission branch in Fm(0.38 ms), (2) a 1.6-s isomer of 

Md, which decays by electron capture to Fm, and (3) Lr 
26? ?6? 

electron-capture decay to No or direct SF branching in Lr as 
suggested by Ghiorso (GHI81b). But a cross-section upper limit of 1 

257 barn for 1.6-s SF events in thermal-neutron irradiations of Fm by 
Hulet et al. (HUL71) tends to eliminate the possibility of such a 

258 low-spin isomer in Fm. A high-spin isomer would not be ruled out 
by these experiments, however. Also 1.6 s would be an extremely short 
half-life for electron-capture decay in an actinide isotope. Whether 

26? SF events from Lr could be produced with a cross section as large 
?4R 18 ?6? as 16 nb in the reaction Cm( 0,p3n) Lr and have an excitation 

18 248 function similar to the 1.6-s SF activity in the reaction 0 + Cm 
is unknown; but in order to answer this question the excitation 
function for the 1.6-s SF activity could be compared with the one for 
the reaction 2 4 2Pu( 1 80,p3n) 2 5 6Md (GHISlb). Clearly, further exper
iments are necessary in order to determine the atomic and mass numbers 
for the 1.6-s SF activity. 

In the next section evidence is presented for new SF activities 
with half-lives greater than 1.6 s. 
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IV.B.3. New SF Activities in the Reaction 1 8 0 + 2 4 9 B k / 2 4 9 C f 

In the reaction 98-MeV 1 8 0 +(82-88X 2 4 9Bk/12-18% 2 4 9 C f ) two or 

more SF activities with half-lives between 3 s and 60 s were observed. 

A fit with two components and background yielded half-lives of 

5.5*1.5 s and 30±10 s. In the reaction 93-MeV 1 8 0 +{94% Z 4 9Bk/6SS 2 4 9 C f ) 

there were also indications of a 6.7±3.0-s component with a production 
249 cross section -1.5 nb, assuming production from the Bk portion of 

the target. The 30-s component might be the element-105 isotope Ha 

(GHI71a, BEM77a, DRU78), although the measured cross section of 5 nb 

for SF events (6-nb total cross section, assuming a 78-per-cent branch 

to SF (BEM77a)) considerably exceeds the calculated value of ~1 nb for 

the reaction 98-MeV 1 8 0 + 2 4 9Bk> 2 6 2 H a + 5n. A speculation is that the 

5.5-s SF activity with a production cross section of -3 nb (assuming 

production from *Bk) might be due, for example, to an electron-
2fin capture branch from a new isomer of Lr, which could arise from the 

coupling of the odd proton and odd neutron to form two closely-spaced 

energy levels with a large difference in spin (H0F79a); if so, based 

on a measured 6±2-nb production cross section for the ground state of 
2 6 0 L r (GHI71b) with 93-MeV 1 8 0 ions, the product of the electron-

capture branch for the isomer and the isomer-to-ground-state ratio 

might be ~l/4. 
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IV.C. SF Activities Possibly From Element-104 Nuclei or With 
Half-Lives Close to Possible Element-104 Nuclei 

IV.C.l. 3.8-s SF Activity: Possible SF Branching in 2 5 7Rf(4.8 s): 
4.5-s SF Activity: Possible Electron-Capture Branch in 

2 5 8Lr(4.35 s) to 2 5 8No(1.2 ms SF) 

12 249 The bombardment 75-MeV C + Cf was performed in order to 
?R7 

search for SF branching in Rf, a nuclide which is known to decay 
primarily by alpha emission (GHI69) with a half-life of 4.8*0.5 s 
(GHI71). A two-component fit to the data shown in Figure 7 yielded 
half-lives and cross sections of 3.8*0.8 s (-2 nb) and 47*13 s (-9 nb, 
see section Iv.B.l.). The 3.8±0.8-s half-life is statistically 
consistent with the 4.8*0.5-5 half-life measured for alpha decay of 

Rf. This suggests that the SF and alpha radioactivities may 257 both originate from Rf. However, in the bombardment 
70-MeV 1 3 C + (80* 2 4 9 B k / 20* 2 4 9 C f ) a 4.5±0.5-s half-life and 
a cross section of ~7 nb were measured, assuming production from 

249 the Bk portion of the target (decay curve in Figure 11). 
Hoffman et al. (H0F79) found preliminary indications of this ac
tivity in experiments measuring fission-mass and total-kinetic-
energy distributions in the same reaction. Also in the reaction 
98-MeV 1 8 0 + (82-88* 2 4 9 B k / 12-18* 2 4 9 C f ) a 5.5±1.5-s SF activity 
with a production cross section of ~3 nb (assuming production from 
249 

Bk) might also be produced (see section IV.B.3.). Thus, thera 
are between one and three SF activities with half-lives of ~5 sJ 



36 

To determine possible assignments for these SF activities it is 
helpful to compare the cross section and half-life measured for SF 
with both the same properties measured by alpha decay and the calcu
lated total production cross sections for some candidates. This 
rather detailed discussion is included in the appendix section VIII.C. 
(Detailed Arguments for Tentatively Assigning Three 5-s SF Activities). 
The conclusions are that: 

257 
(1) a 14-per-cent SF branch in Rf is a possible explanation 

for the 3.8-s SF activity in the reaction 75-MeV 1 2 C + 2 4 9 C f ; 
(2) a -1-per-cent electron-capture branch in Lr(4.4 s) to the 

spontaneously-fissioning No(1.2 ms) could explain the 4.5-s 
SF activity in the reaction 70-MeV 1 3 C + 2 4 9 B k / 2 4 9 C f ; and 

(3) the 5.5-s SF activity produced in the reaction 
98-MeV 1 8 0 + 2 4 9 B k / 2 4 9 C f is probably not identical to either 
of the other 5-s SF activities. Its assignment is unknown. 
But a Lr isomer with an electron-capture branch was specu
lated in the previous section. 257 The assignment to SF branching in Rf could be checked by 

producing 2 6 1 1 0 6 in the reaction 96-MeV 1 6 0 + 2 4 9 C f > 2 6 1 1 0 6 + 4n and 
measuring the ratio of SF events to alpha-particle decays in the sepa
rated alpha-decay daughter 2 5 7 R f nuclei. Keller and Miinzel (K£L69) 

pel 

have predicted a half-life of 0.34 ms for 106 with mostly alpha 
decay; but their predictions for similar even-odd or odd-even nuclei 
such as 2 6 1 R f and 2 6 1 H a are one and two orders of magnitude shor
ter than the respective experimental half-lives. The low 0.1-nb calcu
lated production cross section and predicted short half-life make this 
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experiment a difficult one, however. 

IV.C.2. -13-ms SF Activity: Possibly 2 S 8 R f 

This SF activity was observed using a rotating-drum assembly. 
Although the measured cross section of 10_ jjnb for production 
of the 13±3-ms SF activity in the reaction 95-MeV 1 6 0 + 2 4 6 C m 
(decay curve in Figure 12) is somewhat higher than the calculated 

pro 

3-nb cross section to produce Rf, the h a l f - l i f e agrees with the 

13±2-ms h a l f - l i f e determined for Rf by Nurmia et a l . from the 

reactions 1 2 , 1 3 C + 2 4 9 C f (NUR74, 7 1 , 70; GHI69, 70a). In th i s 

ear ly rotating-drum experiment, our beam f l ux measurement was 

uncertain by a factor of 2. Consequently, the discrepancy between 

calculated and experimental production cross sections cannot be 

regarded as s ign i f i can t . However, the p o s s i b i l i t y that there may 

be a contr ibut ion from one of the SF a c t i v i t i e s with h a l f - l i v e s 

between 14 and 24 ms produced in the reactions 109- to 

119-MeV 1 8 0 + 2 4 8 Cm, 88- to 100-MeV 1 5 N + 2 4 9 B k , or 96-MeV 1 8 0 + 2 4 9 C f 

cannot be excluded. 

IV.C.3. -3-s SF A c t i v i t y : Possible SF Branching in 2 5 9 R f 

peg 
Rf is known to be a 3-s alpha-particle emitter. We searched 

259 for the 7-per-cent SF branching in Rf reported by Druin et al. 
(DRU73) and suggested by Bemis et al. (BEM81) on the basis of 9±5 SF 
events. In the reaction 93-HeV 1 8 0 + 2 4 5 C m 20 SF tracks were 
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detected and a half-life of 3.4±1.7 s was measured. If these SF 
259 events are due to Rf, the cross section of 0.6*0.2 nb corresponds 

to a SF branching ratio of 8±3 per cent of the calculated cross 
peg 

section to produce Rf, in agreement with the 7-per-cent SF 
branching reported by Druin. This assignment is not yet proven, 

ore 

however. In particular, No, which would be produced in the 
reaction 2 4 5Cm( 1 80,a3n) 2 5 6No and has a similar half-life of 3.2 s 
with a SF branch of 0.3 per cent, might have contributed to the SF 
events observed. A possible, but difficult way in which a proof of 
the Rf assignment could be made would be to produce 106 and 
to measure the ratio of SF events to alpha-particle decays of its '59 alpha-decay daughter *• Rf. 

IV.C.4. 80-ms SF Activity Claimed by the Dubna Group to Be 2 6 0 R f 

For the reaction 82-HeV N + Bk a group in Dubna has 
observed an SO^O-ms SF activity with a production cross section of 
8±2 nb and claimed that it is 2 6 0 R f (ORU77, FLE64). New searches 
have been performed for this SF activity in three different reactions 
listed in Table 1. The sensitivity has been improved using the tape 

?5fi per system due to the reduction of SF background from Hd and/or Fm 
compared to the rotating-drum experiments of reference NIT81. A 
glance at the decay curve in Figure 13 obtained using the tape system, 
however, reveals no 80-ms component. Cross-section upper limits 
covering the half-life range 60-100 ms, i.e., one standard deviation 
above and below the Dubna half-life measurement of 80±20 ms, are 
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quoted in Table 1. The measured cross-section upper limit of 0.3 nb 
is 1/30 of the calculated cross section to produce Z 6Tlf and 1/24 of 
the Oubna cross section of 8±2 nb with 82-MeV 1 5 N ions (DRU77). On 

pec 

the other hand, the production cross section for Md(77 min), mea
sured from recoil catcher foils (NIT81), agrees with the Dubna value 
for the same reaction. The JORPLE code has been shown to predict 
correctly the cross section for the quite similar reaction 
2 4 9Cf( 1 5N,4n) 2 6 0Ha within a factor of two (GHI70b). The cross-
section upper limit for the reaction 92-MeV 0 + Cm from the data 

260 

of Figure 14 is one-tenth of the cross section calculated for Rf. 
In summary, a SF activity with a half-life between 60 and 100 ms 

has not been observed in any experiment in which we expected to pro
duce Rf. The cross-section upper limits for the 80-ms SF activ-

?fiO ity are far below those calculated to produce Rf, in agreement 
with references NIT81 and GHI70a. However, we have found a ~20-ms SF 

pen 
activity, which could be due to Rf. The Dubna group has inter-

?42f 

preted our data as a mixture of two SF activities—13.7-ms Am and 
the 80-ms SF activity. These two interpretations will be discussed in 
the next section. Then in the following sections the reasons for and 

2fi0 

against making the assignment of the ~20-ras SF activity to Rf wi l l 

be discussed. 
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IV.C.5. SF Activities With Half-Lives Between 14 and 24 ms 

IV.C.5.a. The Dubna Interpretation: The ~20-ms SF Activity '; a 
Mixture of 2 4 2 fAm(13.7 ms) and the BO-ms SF Activity 

In this section the Dubna interpretation (DEM80) of our data 
presented at the conference in reference S0K30 will be considered: 
namely, that the -20-ms SF activity is a mixture of the 13.7-ms iso
mer Am and the 80-ms SF activity which the Dubna group claims is 
due to Rf. The decay curves in Figures 13-15 show none of the 
curvature expected for a mixture of two components with half-lives of 
13.7 ms and 80 ms, but rather each has the appearance of a single 
component and background. As Table 4 shows, the chi- qyare per degree 
of freedom is larger, indicating a poorer fit to the data, under the 
Dubna assumptions of 13.7-ms and 80-ms components with background than 
under the assumptions of a single component and background for each 

of the reactions 92-HeV 1 6 0 + 2 4 8Cm, 80-MeV 1 5 N + 2 4 9Bk, and 
18 249 96-MeV 0 + Cf. A similar conclusion was reached for the rotating-

drum experimental data in reference NIT81. Fits with the Dubna inter
pretation have probabilities of 9 and 2 per cent, respectively, for 
the reactions 80-MeV 1 5 N + 2 4 9Bk and 92-MeV 1 6 0 + 2 4 8Cm. A casual 
comparison of the fit in Figure 15 with Figures 13 and 14 shows a poor 
fit with a chi-square value having a 2-per-cent probability, assuming 
that a -19-ms component is present. This indicates that there may be 
unknown systematic effects in these data for the reaction 
96-HeV 1 8 0 + 2 4 9Cf. 
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Also in the reaction 93-HeV 1 6 0 + 2 4 8 C m a cross-section upper limit 
of 200 nb was established by Ghiorso and Lee for the production of the 

Am(16 hr) ground state (GHI80a). Polikanov et al. and GangrskiY et 
242 al. have shown that the ratio of the Am isomer-to-ground-state 

production cross sections of ~4xl0 is nearly independent of the 
projectile within a factor of three for d, p, and 14 MeV-n projectiles 
(P0L68), and for the reaction n B + 2 3 8 U (GAN67a). Exceptions are 
single-nucleon transfer reactions (GAN67b) with lower ratios and the 
very heavy-ion reaction 2 3 8 U + 2 3 8 U with a ratio of 2xl0~ 5 (GAG80). 
The ratio also seems nearly constant with bombarding energy in the 

11 238 reaction B + U (GAN67a) for energies slightly above the Coulomb 
242f barrier. These facts can be understood if Am has a low spin so 

that it is populated readily in both light- and heavy-ion reactions 
with varying angular momentum (FLE68, P0L68). Therefore, it would be 

242f very surprising if the production cross section for Am could be 
-4 4 

much larger than 200 nb x 4x10 - 0.1 nb, assuming the ratio -4x10 
is also correct for the reaction 92-HeV 0 + Cm. As shown in Table 
1, a cross-section upper limit of 0.4±0.2 nb for an 80-ms SF activity 
and an estimated upper limit of -0.1 nb for 13.7-ms Am make the 
Dubna interpretation highly improbable that the -20-ms SF activity 
with a production cross section of 6 nb could be composed of a mixture 
of 13.7-ms and 80-ms SF activities. In the rest of this thesis the 
-20-ms SF activity is treated as a single SF activity in each nuclear 
reaction. 
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?fif) IV.C.S.b. Evidence Supporting the Possible Assignment of Rf to a 

-20-ms SF Activity 

A ~20-ms SF activity has been found which could be due to 
2 6 0 R f . It is produced in the reactions 80-MeV 1 5 N + 2 4 9 B k and 
92-MeV 1 6 0 + 2 4 8Cm, both with compound system 2 6 4Rf*, with cross 
sections in Table 1 close to those calculated to produce Rf. The 
decay curves from these bombardments are shown in Figures 13 and 14. 
We hope to test whether or not the -20-ms SF activity is also produced 
in another reaction 0 + Cm with the same compound system Rf* 
in future experiments. 

2 6 0 R f would be produced in the reaction 2 4 9Bk( 1 5N,4n) 2 6 0Rf. 
The excitation functions for the -20-ms SF activity obtained from the 
tape apparatus in Figure 5 and from the rotating-drum system of 
Figure 4 (NIT81) agree well with the calculated excitation function 
for production of Rf for N ion energies between 82 and 88 MeV; 
but for lower energies the measured cross sections are much larger 
than the calculated values. The experimental excitation function 
appears to be broader than the calculated one. While it is true that 
taking into account the unknown extent of beam energy straggling would 
narrow this excitation function, it is doubtful whether the corrected 
excitation function would be as narrow as the calculated one. 
However, other ( N,4n) experimental excitation functions in Figures 
6a-c (GHI70b, ESK71, D0N66) are also broader than calculated by the 
JORPLE code. But as discussed in the appendix section VIII.A. (The 
JORPLE Code for Calculating (Hl.xn) Cross Sections and Comparison With 
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Experimental Cross Sections) and shown in Figure 6a-c, the OORPLE code 
does not predict the shape of any ( N.4n) reaction excitation 

2fifi function very well. Thus, Rf is still a possible assignment for 
this ~20-ms SF activity. 

The -20-ms SF activity has also been produced in a reaction with 
18 2 249 

96-MeV 0 ions bombarding a 640-pg/cm CfF, target. A cross 
section of 9±1 nb was determined from the data of Figure 15 assuming 
that the recoil range is at least as long as the target thickness plus 

2 the -25-ug/cm aluminum covering over the target. Should the recoil 
range for the unknown SF activity be less than this amount as in some 
non-compound-nucleus reactions (HAH74), the cross section would be 
correspondingly higher. In this bombardment Rf could be produced 
in the reaction 9Cf( 0.o3n) 2 6 0Rf. The 9-nb cross section for 
possible production of Rf with a Cf target is consistent 
with some other known cross section data. 

(1) It is lower, as expected, than the cross section of 20 nb for 
the similar ( 0,o3n) reaction using a 2 4 8 C m target with 93-MeV 18 0 ions (SIL73). This is explainable by increased fission 
competition for a compound nucleus with 106 protons compared to 104 
protons. 

(2) It is higher than the 2 4 9Cf( 1 80(~95 HeV),a4n) 2 5 9Rf reaction 
cross section of -0.5 nb derived from the data of reference GHI74a. 
The maximum (HI,s3n) reaction cross section has also been found to 
exceed the maximum (HI,o4n) reaction cross section for the reactions 
1 6 0 + 2 4 8 C m and 1 2 C + 2 4 9 C f (GHI69). 

The cross section of 9 nb is most probably too high for any 
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isotope of element 105 or 106 based on the small 0.3-nb cross section 
measured by Ghiorso et al. for 106 (GHI74a). However, there may 
be a serious inconsistency in a 9-nb cross section for the reaction 
2 4 9Cf( 1 80,o3n) 2 6 0Rf compared to other ( 1 80.o3n) reaction cross-
section data. This will be discussed in the following section. 

Absence of the ~20-ms SF activity in the cross bombardments with 
negative results listed in Table 2 is also consistent with the pos-

260 
sible assignment of Rf. 

?fiO 
IV.C.5.C. Passible Inconsistencies in the Assignment of c°"Rf to a 

~20-ms SF Activity 

?fifl 
The assignment of Rf as the isotope responsible for the 

~20-ms SF activity appears to be inconsistent with the set of data 
18 24ft obtained from the reaction 109-MeV 0 + Cm. For this reaction 

the measured cross section of -9-10 nb is ~50 times larger than cal-
1ft ?fiO 

culated for the ( 0,6n) reaction to produce Rf. Furthermore, 
the excitation function is considerably broader than calculated for 
2 6 0 R f . 

Two separate measurements of the half-life of -22.4±2.3 ms (decay 
curve in Figure 16) and 17.1±2.2 ms have been made in preliminary 

ID 

measurements at this 0-ion energy. Since the probability is only 
4 per cent that these half-life measurements are two normally-
distributed measurements of the same true half-life, there is some 
evidence for an unknown systematic error, ?s discussed in the 
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section II. Experimental Procedure. Future half-life measurements 
with good statistics will be necessary to determine the -20-ms half-
life more precisely. But at this stage the half-life appears to be 
quite close to the ~20-ms half-life measured in the reactions 
80-MeV 1 5 N + 2 4 9Bk, 92-HeV 1 6 0 + 2 4 8Cm, and 96-HeV 1 8 0 + 2 4 9Cf. If 

15 ?4Q the SF activity produced in the reactions 80-MeV N + Bk and 
92-MeV 1 6 0 + 2 4 8 C m and the ~20-ms SF activity produced in the reaction 
109-HeV 1 8 0 + 2 4 8Cm are identical, the single -20-ms SF activity could 
not be Rf unless the ( °0,6n) reaction cross section is enhanced by 
some, as yet unknown, mechanism. This unknown mechanism would also 
have to explain why the excitation function of Figure 10 is consid
erably broader than calculated. No evidence for an enhancement has 

18 been observed for quite similar ( 0,6n) reactions with up to 100 
protons in the compound system (D0N66a). Also the very similar 
2 4 8 C m ( 0,5n) 2 6 1Rf reaction cross section shows no enhancement (GHI70c). 

Another possible, but less serious inconsistency concerns the 
~19-ms SF activity produced in the reaction 96-HeV °0 +' 3Cf with a 
cross section of 9±1 nb. If this SF activity is truly 2 6 0 R f , it would 
be produced in the reaction 2 Cf( 1 80,t»3n) 2 6 0Rf. The cross section 
for the quite similar reaction 2 4 9Bk( 1 80,a3n) Z 6 0Lr is 6±2 nb with 
93-MeV 1 8 0 ions, based on unpublished data of Ghiorso et al. (GHI71b). 

18 The comparison is made at 0-ion energies near the calculated peaks of 
the excitation functions for evaporation of four neutrons. But due to 

18 increased fission competition one would expect the ( 0,a3n) reaction 
249 cross section to be smaller using a Cf target with higher atomic 

249 number compared to using a Bk target. This is the trend which 
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248 249 already seems to be established from Cm to Bk targets, i.e., 
248 18 259 

the maximum Cm( 0,a3n) No reaction cross section near the peak 

of the ( 1 80,4n) excitation function is 20 nb (SIL73) but only 6±2 nb 

for the reaction 2 4 9Bk( 1 80,t»3n), both with 93-MeV 1 8 0 ions. This 

trend could also be checked by measuring the cross section for the 

reaction 2 4 4 P u ( 1 8 0 , a 3 n ) 2 5 5 F m (GHI82). 

It is well known that fission barriers generally decrease with 

atomic number so that fission competition increases, thereby lowering 

the cross sections for similar reaction types. A further reduction in 

cross section occurs due to an increase in the Coulomb barrier as the 

product of projectile and target atomic numbers increases. In 
lo 
( 0,«3n) reactions, assuming for the above reasons that the 249 reduction in cross section is at least as severe going from Bk to 

Cf targets as from 2 4 8 C m to 2 9Bk targets, a cross-section upper 

limit for the reaction 2 4 9Cf( 1 80,a3n) 2 6 0Rf can be very roughly 

estimated from this assumption directly as follows: 

a[ 2 4 9Cf( 1 80(96 MeV),«3n)]<o[ M 9Bk( 1 80(93 MeV),03n)] 

x o[ 2 4 9Bk( 1 80(93 MeV),o3n)]/<r[248Cm(180(93 MeV),o3n)] 

= (6±2 nb) 2/20 nb =2*1 nb .(1) 

In addition, the ratio of the 2 4 8Cm( 1 60,a3n) and 2 4 8Cm( 1 60,a4n) 

cross sections is -3 for 92-MeV 0 ions near the of the peak ( 0,4n) 

reaction cross section (GHI70a). As mentioned in the previous section, 
?4Q 1ft 25Q 

the cross section for the reaction " rCf( l o0,o4n)'""Rf is -0.5 nb near 
18 the peak of the ( 0,4n) reaction cross section. Thus, for similar ions 
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0 and 0, If one makes the assumption that 

, [ 2 4 9 Cf( 1 8 0 ,a3n)] / o [ 2 4 9 Cf< 1 8 0 ,< i4n) ] 

= I[ 2 4 8Cm( 1 60, o3n)l/-T[ Z 4 8Cm( 1 60,c.4n)] ,(2) 

the cross section for the reaction 2 4 9Cf( 1 80,a3n) 2 6 0Rf with 96-MeV 1 8 0 
ions might be estimated as follows: 

,[ 2 4 9Cf( 1 80, a3n)]=o[ 2 4 9Cf( 1 80,a4n)] 
x <T[ 2 4 8Cm( 1 60,o3n)]/c.r 2 4 8Cm{ 1 60,c.4n)] 

=0.5 nb x 3 =1.5 nb 

Although experimental data are not available to justify an assumption 
of the type in equation 2 with the use of actinide targets, the esti
mated cross section of 1.5 nb for 2 6 0 R f in the 2 4 9Cf( 1 80,o3n) 2 6 0Rf 
reaction is close to the independently-derived estimate of <2±1 nb in 
equation 1. Note that these estimates are considerably below the 
9±l-nb cross section measured for the ~19-ms SF activity. Thus, 
because the measured cross section may be too high compared to the 
estimated values, the assignment of the -13-ms SF activity in the 
reaction 96-MeV 1 8 0 + 2 4 9 C f to 2 5 0 R f might not be correct. 
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IV.C.5.d. The Possibility of One or More SF Activities With Z<104 and 
With Half-Lives Between 14 and 24 ms 

IV.C.S.d.i. General 

A second possible interpretation is that Rf may still be 
the assignment for the ~20-ms SF activity produced in the reactions 
80-MeV 1 5 N + 2 4 9 B k and 92-MeV 1 6 0 + 2 4 8 C m but one or more SF 
activities with similar half-lives and atomic numbers less than 
104 are produced in the reactions 109- to 119-MeV 1 8 0 + 2 4 8Cm, 
88- to 100-MeV 1 5 N + 2 4 9 B k , and 96-MeV 1 8 0 + 2 4 9 C f . If so, none of 
these SF activities with half-lives between 14 and 24 ms could be 

248 249 dup to nuclides close to the Cm or Bk targets, unless they 
are very neutron-rich nuclides, because no SF activity with a 
half-life in this range was observed in the bombardment 
97-MeV 1 5 N + 2 4 8 C m (see Tables 1 and 2). 

The shape of the excitation function for the reaction 
15 N + 2 4 9 B k 

in Figure 4 suggests that either one SF activity is produced in two 
different mechanisms or_ two distinct SF activities are produced. The 
large half-life error bars are 90-per-cent confidence limits, not 
standard deviations. The probability that all five half-life measure
ments are due to a single SF activity is only 3 per cent, unless there 
are large unknown systematic errors. Stated another way, the proba
bility that the -14-ms SF activity observed with 88- to 100-MeV 1 5 N 
ions is the same SF activity as the 23±l-ms SF activity produced with 
78- to 86-MeV N ions is only 3 per cent. Although there may be 
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unknown systematic errors, this difference in half-lives also suggests 
that there may be two distinct SF activities—(1) possibly Rf with 
a half-life of 23±1 ms for 1 5N-ion energies from 78 to 86 HeV and 
(2) an unidentified 14±3-ms SF activity for 88- to 100-MeV 1 5N-ion 
energies. 

Possible assignments for this ~14-ms SF activity will now be 
discussed. The fission isomer Am (13.7 ms) is considered quite 
an unlikely assignment based on the low cross section of 0.8 yb 
measured for the analogous product Th in a separate bombardment 
99-MeV 1 5 N + 2 3 3 U (GHI81). In the reaction 100-MeV 1 5 N + 2 4 9 B k the 
production cross section for the analogous product ^Am(16 hr) 
ought to be lower than 0.8 lib due to increased fission competition.-
Assuming the nearly projectile-independent, energy-independent 

-4 242 isomer-to-ground-state production ratio of ~4xl0 for Am 
discussed in section IV.C.5.a., the cross section for producing 
2 4 2 f A m in the reaction 100-MeV 1 5 N + 2 4 9Bk should not be larger than 
0.8 yb x 4x10 = 0.3 nb. However, the measured cross section for the 
14-ms SF activity that was observed was ~9 nb. Clearly, another nu-

242f elide besides Am is required to »xplain the -14-ns SF activity 
produced in the reaction 100-MeV 1 5 N + 2 4 9Bk. 

In the reaction 100-MeV 1 5 N + 2 4 9Bk a measured half-life of 15^ms 
(90-per-cent confidence limits) is consistent with the possible half-
life of 13±2 ms for 2 5 8 R f (NUR74), which in this reaction would be 
produced with the emission of six neutrons. However, in the reaction 
15 249 I + B k the excitation function for production of the 14-ms SF 

258 
activity iv. considerably broader than ca lculated for "°Rf. The 
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cross section also exceeds the calculated one by a factor of ~130i 
In order for the unknown isotope No to be one of the SF 

activities with half-lives between 14 and 24 ms it would have to 
249 18 fi ?fil 

be produced in one or more of the reactions Cf( 0, Be) No, 
2 4 8 C m ( 1 8 0 , a n ) 2 6 1 N o , 2 4 9 B k ( 1 5 N , 3 H e ) 2 6 1 N o , or 2 4 8 C m ( 1 6 0 , 3 H e ) 2 6 1 N o . 
These reactions are expressed in a purely formal manner and are not 
meant to imply the ejection of a particular light fragment. In short, 
none of these reactions is expected to have a cross section large 
enough to"explain any one of the SF activities with half-lives between 
14 and 24 ms. and 2 6 1 M d are also considered unlikely because 
the estimated cross sections for the required reactions are markedly 
lower than the measured cross sections for production of the -20-ms 
SF activity. 

A possible isomeric transition with a ~20-ms half-life in 
No(1.2 ms) has also been considered. But a measured cross-

section upper limit of 0.4 nb for -20-ms SF events in the reaction 
2 4 4Pu( 1 80(~95 HeV),4n) 2 5 8 mNo is only 1/200 of the calculated pro
duction of the ground state. On the other hand, in the reaction 
92-MeV 1 6 0 + 2 4 8 C m the cross section was -6 nb for the -20-ms SF ac
tivity; Ghiorso's data in reference GHI70a would imply a cross 
section of -1 nb for 2 5 8No(1.2 ms) with 94-MeV 1 6 0 ions. Consequently, 
the cross-section ratio for production of the 20-ms and 1-ms SF ac
tivities is ~6, which is very different from <l/200 obtained from the 
reaction 2 4 4Pu( 1 80(95 MeV),4n) 2 5 8 mNo. Such a small isomer-to-ground-
state ratio of <_l/200 and such widely-differing ratios in the two 
reactions 2 4 4 P u ( 1 8 0 , 4 n ) 2 5 8 m > 9 N o and 2 4 8 C m ( 1 6 0 , a 2 n ) 2 5 8 m > 9 N o make 
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the hypothesis of a -20-ms isomeric transition in 2 5 8 N o (1.2 ms) a 
very unlikely explanation of any of the -20-ms SF activities observed 
in this work. 

As discussed in reference NIT81, if the 14-ms 'SF activity wlich 
is produced with 88- and 100-HeV N ions is also produced to sour 
extent with 80- to 82-MeV 1 5 N ions, the half-life of the 23±2-ms 
component in Figure 4 could be a few milliseconds longer. Whether 
the SF activities made in the reactions 109-Mev 1 8 0 + 2 4 8Cm, 88- to 
100-MeV 1 5 N + 2 4 9Bk, and 96-MeV 1 8 0 + 2 4 9 C f are identical is another 
open question. 

For the above reasons nuclides with masses very close to the 
2 4 8 C m and 2 4 9 B k targets, 2 4 2 fAm(13.7 ms) (except possibly in the 
reaction 113-MeV 2 2Ne + 2 4 4 P u ) , and 2 5 8Rf(13 ms), as well as the 

?fii ?fin ?fii undiscovered isotopes No, Md, and Md have been shown to 
be unlikely assignments for the SF activities with half-lives be
tween 14 and 24 ms that have been observed in the reactions 88- to 
100-MeV 1 5 N + 2 4 9 B k , 109- to 119-MeV 1 8 0 + 2 4 8Cm, and 
96-MeV 0 +' Cf. The actual identities of these activities arc 
at the present time unknown. 

pel 

IV.C.5.d.ii. Evidence Supporting a Possible Lr Assignment to a SF 
Activity With a Half-Life Between 14 and 24 ms 

Interpreting Lr as the ( N,p2n) reac*ion product with a half-
life between 14 and 24 ms in the reactions 88- to 100-MeV 1 5 N + 2 4 9 B k 
would be consistent with the fact that in the reaction 
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96-HeV 1 5 N + 2 4 4 P u » 2 5 6 F m + p2n, the ( 1 5N,p2n) reaction product was 
ODserved at high bombarding energies. The possible assignment 
of Lr to this ~14-ms SF activity would also be consistent with 
all the negative results from the cross bombardments of Table 2. 
A cross-section upper limit of 0.7 nb for the reaction 
93-MeV 1 8 0 + 2 4 9 B k » 2 5 1 L r + a2n is not unexpected, based on the 
following data. 

(1) The cross-section upper limit for the reaction 
2 4 4Pu( 1 80(~95 MeV),o2n) 2 5 5Fm is 3 nb, based on the unpublished 
data of Ghiorso (GHI80b). One would expect the cross section for 

18 249 
an ( 0,a2'i) reaction with a Bk target to be even lower due to 
increased fission competition. A cross-section upper limit for the 

Bk( 0,o2n) Lr reaction cross section of 0.7 nb or lower might 
not be unreasonable. 

(2) Also in the similar reaction 1 6 0 + 2 4 8 C m the ratio of the 
cross sections for the ( 0,a2n) and ( 0,a3n) reactions is ~0.1 
with ~9E-MeV 0 ions (GHI70a). The cross section for the reaction 
2 4 9Bk( 1 80,a3n) 2 5 0Lr is ~6±2 nb with 93-HeV 1 8 0 ions, based on 
unpublished data of Ghiorso et al. (GH!71b). These data suggest 
that a very rough estimate for the 3EJ.( 0,a2n) Lr reaction 
cross section might be 

o[ 2 4 9Bk( 1 80,e,2n)] = c[ 2 4 8Cm( 1 60,c,2n)]/a[ 2 4 8Cm( 1 60,o.3n}] 
x a[ 2 4 9Bk(18 0, a 3n)] 
=6 nb x 0.1 = 0.6 nb ,(4) 
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18 with 93-MeV 0 ions, assuming a similar rat io between (HI,a2n) and 
Ifi to 

(HI,o3n) reaction cross sections for 0 and 0 ions with actinide 
targets. Unfortunately, no experimental data are available to justify 
this assumption. But since the measured cross-section upper limit for 
a 20-ms half-life of 0.7 nb lies in this range, the possiblilty of 

Lr having a half-life between 14 and 24 ms for SF decay cannot be 
excluded. 

IV.C.5.d.ill. Evidence Against 2 6 1 L r Being a SF Activity With a 
Half-Life Between 14 and 24 ms 

pel 

Lr could not be the -20-ms SF activity produced with 
cross sections of 14 nb and 6 nb, respectively, in the reactions 
SO-MeV 1 5 N + 2 4 9 B k and 92-MeV 3 5 0 + 2 4 8Cm, based on the low cross 
sections for very similar (HI,p2n) reaction products in the 
bombardments 81-MeV 1 5 N + 2 4 9 C f » 2 6 1 R f + p2n (<p.4±0.2 nb, GHI70) 
and 96-HeV 1 5 0 + 2 4 3 A m » 2 5 6 N o + p2n (~3±3 nb, GHI70). 

Whether Lr could be produced with a cross section of -10 nb 
in the reaction 109-HeV 1 8 0 + 2 4 8Cm» 2 6 1 L r + p4n is unknown. But 
according to Oganessian et al. (0GA69) the ratio of the cross section 
for the similar reaction 2 4 1Am{ 1 60,p4n) 2 5 2No to the 2 3 9Pu( 1 80,5n) 2 5 2No 
reaction cross section is only 1/50. Although the bombarding energies 
were not quoted in refference 0GA69, this would imply a cross section of 
-0.8 nb for the reaction 2 4 1Am( 1 60,p4n) 2 5 2No, assuming a calculated 
37-nb maximum cross section for the reaction Pu( 0,5n) No with 

18 
97-HeV 0 ions. Thus, the data of Oganessian et al. suggest that the 
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?Aft 1ft ?fil 

Cm( 0,p4n) Lr reaction may have a cross section much less than 

-10 nb and that the ~20-ms SF a c t i v i t y produced in the reaction 

109-MeV 1 8 0 + 2 4 8Cm might not be 2 6 1 L r . 

Lr would be produced in the reaction ( 0 , L i ) using a Cf 

target , a reaction which Ghiorso et a l . (GHI81a) found had a cross 

section of -300 nb using a 2 0 8 P b target and 110-MeV 1 8 0 ions. The 
•jo c 

notation ( 0 , Li) used here does not necessarily imply that a 
Li light fragment is ejected, but rather that a net reaction with 
any combination of three protons and three neutrons released takes 
place. But using a Pu target only an upper limit of 3 nb could 
be established for the ( 1 80, 6Li) reaction product 2 5 6 E s (GHISOb) with 18 -95-MeV 0 ions. It is evident from the factor of at least 100 
reduction in cross section for (^80,^Li) reactions from 2 0 8 P b to 2 4 4 P u 
targets that fission competition plays an important role. The cross 
section for the ( 0, L*J reaction using a Cf target would then 
be expected to be much lower than 3 nb. But the maximum cross section 
for the production of the ~20-ms SF activity in the reaction 
96-HeV 1 8 0 + 2 4 9 C f is -9 nb. Thus, 2 6 1 L r , the ( 1 80, 6Li) product 
using a Cf target, could not be the -20-ms SF activity in that 
reaction. 

A SF h a l f - l i f e as short as 14-24 ms may seem un l ike ly fo r Lr , 

especial ly since a SF branch has not been observed fo r any known 

isotope of element 103. Also the known odd-mass isotopes of element 

103 have h a l f - l i v e s of 0.6 to 22 seconds which also do not change 

d ras t i ca l l y with neutron number. But one might argue that a 

catastrophic decrease in pa r t i a l h a l f - l i f e for SF occurs in crossing 
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the 157-neutron line as has been observed in the Isotopes of elements 
100 to 102 (NUR81). As discussed in the next section, there is 
evidence that Rf may have a SF half-life of -50 ms. If that is 

261 the case, it might be argued that Lr, which ought to be hindered 
262 against SF relative to Rf due to an odd number of protons, could 

not have a SF half-life as short as -20 ms. 

IV.C.5.e. Concluding Summary of the SF Activities With Half-Lives 
Between 14 and 24 ms 

Interpreting the available data for SF activities with half-lives 
between 14 and 24 ms is an extremely complex task. But certain 
conclusions about these SF activities can be drawn. 

(1) The Dubna interpretation that the -20-ms SF activity produced 
in the reactions 92-HeV 1 6 0 + 2 4 8 C m and 82-MeV 1 5 N + 2 4 9Bk is actually 
a mixture of 13.7-ms Am and the 80-ms SF activity has been shown 
to be very improbable. 

(2) Probably none of the the SF activities are due to nuclides 
very near the 2 4 8 C m or Z 4 9 B k targets, Z 4 2 fAm(13.7 ms) (except 
possibly in the reaction 113-MeV 2 2 N e + 2 4 4 P u ) , 2 5 8Rf(13 ms), 2 6 1 N o , 
2 6 0 M d , 2 6 1 H d , or a -20-ms isomeric transition in 2 5 8No(1.2 ms). This 
coriclusion is based on the fact that the measured production cross 
sections differ markedly from the estimated ones. 

(3) If all of these SF activities are, in fact, a single -20-ms 
SF activity, assigning this SF activity to Rf would not be 
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consistent with all of the data. For example, the measured 
cross sections in the reactions 109- to 119-HeV °0 + 2 4 8 C m and 
96-MeV 1 8 0 + 2 4 9 C f are much larger than expected for 2 6 0 R f , sug
gesting assignment to a nuclide with Z<104. However, the assign
ment of °Rf would he consistent with production of the -20-ms SF 
activity in the reactions 80-MeV 1 5 N + 2 4 9Bk and 92-MeV 1 6 0 + 2 4 8Cm, as 
well as with the negative results from seven other cross bombardments 
in Table 2. Thus, 2 6 0 R f might still be a -20-ms SF activity if one 
or more SF activities with Z<104 are produced in the reactions 109- to 
119-MeV 1 8 0 + 2 4 8 C m and 96-HeV 1 8 0 + 2 4 9Cf, or if the cross sections to 
produce Rf in the latter reactions are grossly underestimated. 

(4) In the reaction 1 5 N + 2 4 9Bk a half-life analysis shows that the 
purely statistical probability of only one SF activity is only 3 per 
cent. The presence of as yet, unknown systematic effects could alter 
this statement, however. The shape of the excitation function could 
be explained by production of two SI-' activities with similar half-
lives or by production of one SF activity in two different mechanisms. 

(5) It is unlikely that 2 6 1 L r could be any of the -20-ns 
SF activities produced in the reactions 80-MeV 1 5 N + 4 9Bk, 
92-MeV 1 6 0 + 2 4 8Cm, and 96-MeV 1 8 0 + 2 4 9Cf. It might be the 
-14-ms SF activity produced in the reactions 88- to 
100-MeV 1 5 N + 2 4 9Bk; however, the low cross section measured by 
Oganessian et al. (OGA69) for the reaction 2 4 1Am( 1 60,p4n) 2 5 2No 
would suggest that a -10-nb cross section measured for the -20-ms 
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SF activity might be too high for the similar reaction 
2 4 8Cm( 1 80(109 MeV),p4n) 2 6 1Lr. 

IV.C.6. -50-ms SF Activity 

IV.C.6.a. Possibly 2 6 2 R f 

The 55-ms SF a c t i v i t y shown in the decay curve of Figure 8 was 
18 248 produced in the reaction 0 + Cm with an exc i ta t ion funct ion 

ID 
which for 0 ion energies up to 95 MeV agrees reasonably well with 

262 
the calculated excitation function for production of Rf, as shown 
in Figure 17. The maximum cross section of -6 nb for the reaction 

18 248 -91-MeV 0 + Cm is close to the calculated maximum cross section 
of 9 nb. But although the large error bars make it difficult to lo
cate the peak precisely, the experimental excitation function may peak 
slightly below the maximum of the calculated excitation function. As 
discussed in the appendix section VIII.A., since discrepancies of up 
to ±3 HeV between experimental and calculated peak positions have been 

18 observed for carbon and 0 ions bombarding actinide targets (LEI77), 
262 

a small energy difference is not considered contradictory to the Rf 
assignment, however. There were indications for production of a 
50±16-ms SF activity in a single bombardment of 113-HeV 2 2 N e + 2 4 4Pu. 
The measured production cross section of -1 nb, although based on only 
77 SF tracks, is close to the calculated cross section of 1.5 nb to 

262 
produce Rf. There might also be a short-lived component in the 
data with a half-life close to 14 ms, although a longer bombardment is 
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necessary to be sure. Since the ~50-ms SF activity was produced only 
in the reaction 0 + Cm» °Rf* and possibly also in the reaction 
2 2Ne + 2 4 4Pu» 2 6 6Rf*, absence of this SF activity in the other cross 
bombardments of Table 2 is consistent with the possible assignment of 

Rf. The weighted-average half-life from our data for the 
reaction 1 8 0 + 2 4 8 C m is 52±5 ms. 

IV.C.6.b. Consideration of Other Possible Assignments for the -50-ms 
SF A c t i v i t y — 2 6 2 ' 2 6 3 L r , 2 6 1 N o , and 2 6 0 M d 

Lr and Lr would also be possible assignments for the 
~50-ms SF activity consistent with the cross bombardments with 
negative results in Table 2. However, Lr would be expected to 

18 have a small production cross section with 0 ions of energies 89 
to 95 MeV, based on the 3*3-nb cross section for the similar reaction 
with less fission competition 96-HeV 1 6 0 + 2 4 3 A m > 2 5 6 N o + p2n (GHI70). 
Whether 2 6 2 L r , the 2 4 8Cm( 1 80,p3n) reaction product, could have a 
production cross section as large as ~6 nb between 89 and 95 MeV is 
not known. But (HI,p3n) reactions have been shown to take place more 
readily at bombarding energies greater than for the energy of the 
calculated peak cross section for the reaction 2 4 9Cf( 1 3C,4n) 2 5 8Rf 
(ESK81). 

2 6 1 N o would be produced in a 2 4 8Cm( 1 80,an) 2 6 1No reaction. For 
both C and 1 4 N ions bombarding a 2 4 9 C f target the (HI,an) reaction 
cross sections are at least an order of magnitude below the maximum 
( N,o2n) and ( 1 2C;a2-3n) reaction cross sections (GHI69). For both 
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1 2 C (GHI69) and 1 5 N (ESK71) ions bombarding a Z 4 9 C f target the 
maximum (HI,o2n) and (HI,a3n) reaction cross sections are nearly equal. 
In addition, Lee et al. (LEE82) measured a cross-section upper limit 
for the 2 4 8Cm( 1 60(98 MeV),an) 2 5 9No reaction of 1 nb. For the reactio,) 
2 4 8Cm( 1 80,a3n) 2 5 9No the maximum cross section is 20 nb (SIL73). Thus, 
if (HI,an) reaction cross sections are generally small and an order of 
magnitude lower than (HI,a2-3n) reaction cross sections, the cross 

OMQ ID pel 

section for the reaction Cm( 0,an) No would be expected to be 
roughly an order of magnitude or more lower than 20 nb, or less than 
5 nb measured for the ~50-ms SF activity. 

The possibility that Md could be the -50-ms SF activity has 
•to c 

also been considered. It would be produced in the reaction ( 0, Li) 
using a Cm target. However, as discussed in the previous section, 
a cross-section upper limit of 3 nb has been established for the 
( 1 80, 6Li) reaction using a 2 4 4 P u target with ~95-MeV 1 8 0 ions 
(GHI80b). The fact that this cross section is 100 timer, lower than for 

208 the same reaction using a Pb target shows that fission competition 
increases with the atomic number of the compound nucleus. The cross 

1ft fi ? 4 8 
section for the ( 0 , Li) reaction using a Cm target is expected to 

244 be even lower than the 3-nb cross section obtained using a Pu 
target due to further increased fission competition. This implies 
that the -50-ms SF activity, which is produced with a maximum cross 

?48 18 6 

section of -6 nb, is probably not the Cm( 0, Li) reaction product 
2 6 0 M d . 
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IV.C.6.C. Concluding Statements About the -50-ms SF Activity 

The ~50-ms SF activity was produced in the reaction 
18 Q + 248 C m a | ) d p o s s i b 1 y a 1 s o i n t h e r e a c t i 0 n H3_HeV 2 2 N e + 2 4 4 P u 

with cross sections close to those calculated to produce Rf. In 
addition, from the data accumulated thus far for the reaction 
18 248 °0 + Cm the excitation function in Figure 17 appears to have a 
maximum and shape close to the same parameters calculated for 

Rf. No evidence from all the cross bombardments of Table 2 has 
been found that contradicts the possible assignment of this ~50-ms 
SF activity to 2 6 2 P f . 

IV.D. SF Properties of Element-104 Nuclei 

IV.D.l. Present Status of Experimental Half-Life Investigations 

As mentioned at the beginning of the discussion section, the 
identity of none of the SF activities mentioned in this thesis, with 

pec 

the exception of Fm(2.6 hr), is known with certainty. Of the 
possible element-104 SF activities discussed in this paper the 8-ms 
SF activity has been shown experimentally to be an isotope of element 
104 or element 103 by Munzenberg et al. (MUN80, HUN81b, MUN82). 
Miinzenberg et al. (MUN80a, Ml)N82) assigned this activity to 2 5 6 R f , 
supporting the previous assignment by Oganessian et al. (0GA74a) for 
the following three reasons: (1) lawrencium (element 103) nuclei are 
usually highly hindered for SF decay, i.e., SF decay has not been 
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observed for any isotopes of lawrer.cium; (2) other decay mooes from 
Rf were absent; and (3) the narrow width of 10 MeV for the exci

tation function would tend to exclude transfer reaction products. 
Oata from nine cross bombardments in Tables 1 and 2 are consistent 
with a ~20-ms half-life for 2 °Rf. However, the -20-ms SF activity 
produced with a cross section of -50 times the calculated cross 
section for producing 2 6 0 R f in the reaction 109-HeV 1 8 0 + 2 4 8 C m is 
an unsolved puzzle. Also the cross section of ~9 nb for the ~19-ms 
SF activity in the reaction 96-MeV °0 + 2 4 9 C f appears to be too 
high for the ( 0,a3n) reaction product Rf, based on comparisons 

18 with other ( 0,o3n) reaction cross sections. 

IV.D..2. Future Directions for Experimental Investigations 

IV.D.2.a. Half-Life Measurements for SF of Element-104 Isotopes 
IV.D.2.a.i. Future Cross Bombardments Using the Tape System 

Future experiments must show whether the SF activities produced 
in the reactions 109- to 119-MeV 1 8 0 + 2 4 8 C m and 96-MeV 1 8 0 + 2 4 9 C f 
with half-lives between 14 and 24 ms are the same or different 
from the -20-ms SF activity produced in the reactions 
76- to 86-MeV 1 5 N + 2 4 9 B k and 92-MeV 1 5 0 + 2 4 8Cm. If they are, 
in fact, all the same activity, the single activity could not be 

Rf. But if they are different, there would then be no incon-
260 sistency in Rf being a -20-ms SF activity. And more precise 

half-life measurements with good statistics might reveal a small 
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difference in half-li.as. 
A remote possibility is that the ~20-ms SF activity produced in 

the reactions 109- to 119-MeV 1 8 C + 2 4 8 C m is 2 6 0 R f . But if so, the 
2 8Cm( 0,6n) Rf reaction would have to be enhanced by an unknown 
mechanise. This possibility could be checked by performing the 
reaction 1 8 0 + 2 4 6Cm» 2 5 8Rf(13 ms) + 6n and measuring the production 
cross section and half-life with good statistics. By chemical means 
(GHI76a) it can be verified that the cross section for producing the 

242 ground state of Am(16 hr) is small, and using the assumed ratio 
of -4x10" (see section IV.C.5.a. The Dubna Interpretation: The 
-20-ms SF Activity Is a Mixture of Am(13.7 ms) and the 80-ms SF 
Activity) for the isomer-to-ground-state production cross sections, 
the possible confusing SF activity '" Am (13.7 ms) with similar 
half-life can be ruled out. With data from several new cross 
bombardments using the tape system, including the use of new targets 
such as Cm and Es, more precise half-life measurements, and a 

18 
knowledge of whether the Cm( 0,6n) reaction cross sections are en
hanced or not, the question of whether one or more SF activities with 
half-lives between 14 and 24 ms are required to fit the data should be 
answerable. 

However, even if all the data from many cross bombardments are 
consistent with the assignments 2 5 8Rf(13 ms), 2 6 0Rf(~20 ms). and 

Rf(~50 ms), we will not have performed any experiment which shows 
positively that these fission activities originate from element-104 
nuclei. The difficulties of making firm identifications of these new 
SF activities based on the tape experimental data alone were discussed 
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at the beginning of the discussion section. Four possible ways that 
firm identifications could be made will now be discussed. 

IV.0.2.a.ii. Four Possible Ways to Hake Firm Identifications 

IV.D.2.a.1i.(lj Mass Measurements Using a Mass Separator 

One approach to positively identifying these SF activities would 
be to determine the mass numbers using an on-line mass separator. 
Mass separators such as SHIP (MUN81a, 79) at GSI in Darmstadt, West 
Germany, and SASSY (LEI81) and OASIS (NIT81a, SIT82) here in Berkeley 
are already being used in the identification of new isotopes. 
However, since it is not possible to produce Rf with currently-
measurable cross sections by using a very heavy ion (A>40), neither 
SHIP nor SASSY could presently measure its mass number (GHI82). For 
OASIS the half-life of ~20 ms is too short and the vapor pressure for 
rutherfordiurn is quite low at the ion-source operating temperatures. 
But with modifications OASIS might be capable of measuring the mass 
number in the future (NIT82a). Ghiorso has a proposal called RAMA II 
to mass analyze singly-charged recoils which have been magnetically 
separated frcm the beam and stopped in helium gas (GHI82). This 
technique offers the advantages of both high efficiency and rapid mass 
analysis so that the masses of millisecond-lived SF activities could 
be measured. If the mass of the -20-ms SF activity produced in either 
of the reactions 80-MeV 1 5 N + 2 4 9Bk or 92-MeV 1 6 0 + 2 4 8 C m is determined 

260 
to be 260, It would be sufficient evidence for assigning Rf to this 
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activity. A low cross-section upper limit of 0.7 nb has already been 
measured for possible -20-ms SF events from Lr in the cross 
bombardment 2 4 9Bk( 1 80(93 MeV),a3n) 2 6 0Lr; but data from unpublished 
results of Ghiorso et al. (GHI71b) show that the cross section for the 
three-minute 8.03-MeV alpha particles from Lr is ~6±2 nb. The 
~20-ms SF activity was produced in the reactions 80-MeV N + Bk and 
92-MeV 1 6 0 + 2 4 8 C m with the compound system 2 6 4 R f * . In this system 
lower-atomic-number mass-260 nuclei such as 2 6 0 N o , 2 6 V and 2 6 0Fm 
would not be produced with measurable cross sections, based on fie 
unlikely emission of an alpha particle with no neutrons; n,3p; and 4p; 
respectively. Mass-260 nuclei with atomic numbers less than 100 have 
more than 160 neutrons and consequently, are unreachable in reactions 
for which the compound system is Rf*. 

IV.D.2.a.ii.(2) Element-lO^ X-Rays 

Another approach to identification becomes possible if Ha or 
?60 

Ha has an c-'lectron-capture branch. Bemis et a l . have suggested 

that Ha may have an electron-capture branch (BEM77a). They have 

established an upper l i m i t of 5 per cent on the electron-capture 

branch of 2 6 2 H a i f 2 6 2 R f has a h a l f - l i f e of 150us or less (BEM77b). 

But as th i s work shows, Rf might have a -50-ms h a l f - l i f e . In the 

electron-capture decay of Ha coincidences between I. or K x-rays 

of element 104 and subsequent SF events of Rf could easi ly have 
?fi? been missed in thosi experiments i f Rf had a h a l f - l i f e as long as 

-50 ms, due to thf. large gamma-ray background associated with such a 
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long coincidence t ime. Calculations by Kel ler and Miinzel (KEL69) 

imply an electron-capture branch of ~6 per cent. The experimental 

estimate fo r the to ta l branching to SF is 78 per cent (BEM77a). 
?fifi 

The electron-capture branch in Ha is experimentally known to 

be less than or equal to 2.5 per cent, assuming an 80-ms h a l f - l i f e f c 
Z 6 0 R f , or less than 0.2 per cent, assuming a h a l f - l i f e fo r Z 6 0 R f that 

is less than or equal to IOOMS (BEM77b). This i s consistent w i th the 

calculat ions by Kel ler and Hlinzel which imply a 1.5-per-cent e lec t ron-

capture branch (KEL69). 

I f " i t h e r L Ha or Ha does have an electron-capture branch, then 

one could search fo r element-104 K x-rays followed by SF events from 

Rf or Rf. From the d i s t r i bu t ion of x--ray-f ission coincidence 

times the h a l f - l i f e fo r SF could be determined. Recoils could be 

stopped in helium gas and transported by potassium-chloride or sodium-

chlor ide aerosol par t ic les (STE80) to a low-background region where 

x-rays ai.d SF events could be detected in coincidence using x-ray and 

so l id -s ta te detectors. However, since the required coincidence time 

of 20 to 50 ms is r e l a t i v e l y long, the background from other i n t e r 

fer ing gamma rays of f i ss ion fragments in the element-104 x-ray region 

mus* be quite low fo r th i s technique to be successful. 
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IV.D.2.a.ii.(3) Laser-Excited Optical Transitions of Element 104 

A third approach would be to use a dye laser tuned to a frequency 
for optically exciting atoms of element 104. The excited element-104 
atoms could then be separated from the recoils stopped in gas by the 
most efficient of several techniques used in laser isotope separation 
(ZAR77). Bemis et al. (BEH79) have already demonstrated that a 
tuned dye laser can be used to saturate an atomic transition in 

Am(0.94 ms) atoms and that subsequent coincident SF fragments 
from the nuclei of those excited atoms were detectable with an over
all efficiency of ~2.5 per cent, calculated from the data of that 
reference. The appropriate optical frequency could first be calcu
lated for the initial search and then determined by producing and 

?fil exciting Rf(65 s) atoms. From there the calculable optical 
isomer shift needed to excite 2 6 0 R f or 2 6 2 R f could determine the 
mass number to be 260 or 262. Measurement of the half-life for SF 
from these separated Rf or Rf atoms could then be made. 

IV.D.2.s.ii.{4) A Possible Alpha-Decay Branch in 2 6 0 R f 

A fourth approach, which is perhaps the most accessible, would be 
to identify Rf by alpha-particle-decay branching. The alpna-
particle decay energy would be -8.6 MeV (GHI82). But a difficulty 
would be the estimated low branching ratio of -1/150 if Rf has a 
-20-ms half-life. Also since Rf cannot be produced with a 
measurable cross section using a very heavy ion (Av30), no detecting 
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system presently exists for possible ~20-ms alpha particles from 
Rf. But once a detecting system is developed the reaction 

72-MeV 1 2 C + 2 5 2 C f » Z 6 0 R f + 4n might he used to searcfr for -20-ms 
260 alpha particles from Rf with a -0.3-nb cross section for 

production of these alpha particles. 

IV.D.2.b. Fission-Mass Distribution and Total-Kinetic-Energy 
ML jrements for SF of Isotopes of Element 104 

In addition to measuring the half-liv=s . J see if there is a 
change in the SF half-life systematics at element 104, other Sr" prop
erties of element-104 isotopes can be investigated, in particular, 
the fission-mass distribution predictions for element-104 nuclei 
discussed in section IV.D.3.b. can be tested. The SF properties of 
OCT P'lQ 

Rf(4.8 s) and Rf(3 s) can be measured. As opposed to the pos
sible mil'isecond-lived even-even rutherfordium isotopes, these nuclei 
have half-lives long enough to permit separation from the accelerator 
beam region and alkali-chloride aerosol transport to pairs of solid-
state detectors with 4ir-geometry for detection of SF events. An exper
imental setup of this kind is described in reference H0F81. If the 
possible SF branches measured in this work are correct, the reactions 
75-MeV 1 2 C + 2 4 9Cf» 2 5 7 R f + 4n and 93-MeV 1 8 0 + 2 4 5Cm» 2 5 9 R f + 4n 
can be used to produce and measure SF events from these nuclei with 
cross sections of ~2 nb and ~0.6 nb, respectively. The actual pro
duction of these nuclei can be monitored by measuring the well-known 
alpha-particle energies of "'Rf(4.8 s) and 2 5 9Rf(3 s) using the same 
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detectors which record the 3F events. 
Hulet et al. (HUL81) have developed a system of thin rotating 

catcher foils in which the fission-mass distribution for possible 
millisecond-lived rutherfordium isotopes can be measured. For 
2 6 0 R f and 2 6 2 R f both Randrup et al. (RAN76) and Mustafa and Ferguson 
(MUS78) predict that the second barrier should be below the ground 
state in energy. Thus, measurements of the fission-mass distribution 
for these nuclei would serve as tests of whether the fission-mass 
distribution is determined at the last saddle point, as suggested by 
MBller and Nilsson (Mi5L72, M6181), or whether the fission process is 
adiabatic with the entire potential-energy surface from the second-
saddle regior to scission being important, as suggested by Mustafa 
and Ferguson (MUS78) (see section IV.D.3.6.}. 

To reach the region A^266 in rutherfordium nuclei, where Mustafa 
and Ferguson predict a transition to symmetric fission (MUS78), very 
exotic reactions are required. Heavy-ion- (HI) transfer reactions 
such as 2 5 7Fm(HI,HI- 9Be) 2 5 6Rf and 2 5 4Es(HI,HI- 1 2B) 2 6 6Rf, where the HI 
could be 1 8 0 , 2 2Ne, 4 0 A r , or 4 8Ca. could be attempted if either 2 5 7 F m 
or " Es targets were available. 

The following section discusses the theoretical reasons why even-
even isotopes of element-104 nuclei may have millisecond half-lives, 
the odd-mass isotopes may have low hindrance factors, and why element-
104 nuclei might fission symmetrically or asymmetrically. 
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IV.D.3. Theoretical Predictions of the SF Properties of Element-104 
Nuclei and the Relationship to the Present Experimental Data 

IV.D.3.a. Half-life Predictions 

In Figure 18 the tentative half-lives for even-even element-104 
nuclei have been plotted for comparison with the predictions of 
Randrup et al. (RAN76). They fitted the partial SF half-lives for 
even-even nuclei up to element 102 bv adjusting one parameter in their 
inertial masc function and then extrapolating to elements 104 and 
beyond. For nuclei with poorly-known potential barriers that extend 
to large deformations such as for uranium and plutonium r.->clei, both 
for the ground-state and isomeric-state {insert of Figure 18) half-
lives the agreement between calculation and experiment is not as good 
as for heavier nuclei with less extended barriers. Note that the 
half-lives for tentative element-104 isotopic assignments fit remark
ably close to the predictions of Randrup et all Baran et al. have 
also predicted the partial half-lives for SF of even-even nuclei from 
first principles using n£ adjustable parameters (BAR81). However, the 
agreement with the tentative element-104 half-lives is not as good 
compared to the calculations by Randrup et al. 

Randrup et al. suggested that there may be a weakening of the 152-
nautron sub-shell effect and a disappearance of the second hump of a 
double-humped fission barrier at element 104. However, Figure 19 shows 
that a 152-neutron sub-shell effect is observed in the alpha-decay 
energies for odd-mass element-104 nuclei. There is a significant drop 
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in the maximum alpha-decay energy from Rf (9.00 MeV) with 153 
neutrons to the newly-observed Z55Hf (8.726 HeV) (MU*N81, H1JN82) with 
151 neutrons. However, since the alpha-decay energies can be affected 
by shell effects both in the parent and the daughter nuclei, Figure 19 
does not necessarily imply a 152-neutron sub-shell effect in the parent 
rutherfordium nuclei. 

For this purpose the shell correction, defined as the ground-state 
mass minus the droplet-model mass (HYE77) has been plotted in Figure 
20 for nobelium (element 102) and rutherfordium (element 104) nuclei. 
The masses of nobelium and rutherfordium nuclei for making these olots 
were determined from: 

(1) experimentally-measured values (square points), as quoted in 
the Table of Isotopes (T0I78); 

(2) alpha-decay energies in a chain leading to an experimentally-
known mass (circled "x" points); 

(3) alpha-decay energy of the parent and the daughter mass, known 
from systematic plots (WAP77) (triangled points); 

(4) systematics plots, as discussed in reference WAP77 (soild 
dots). 

Ground-to-ground state transitions were assumed for the maximum 
alpha-decay energies for each of the nuclides: the possible presence 
of unknown isomers undergoing alpha decay in the parent or daughter 
nuclei would lead to masses and shell corrections which are incorrect 
under this assumption, 

Figure 20 shows a clear 152-neutron sub-shell effect in nobelium 
nuclei of -0.75 HeV. Unfortunately, none of the rutherfurdium masses 
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are experimentally known; precision TOSS measurements using a r„ass 
spectrometer would be very useful in determining the precise magnitude 
of a 152-neutron sub-shell effect in these nuclei. Nevertheless, from 
the masses determined by methods 2 to 4 above, it appears from con
necting any set of points in Figure 20 that the 152-neutron sub-shell 
effect is probably <0.3 MeV, or much weaker (if it is present at all) 
for rutherfordium nuclei than for nobelium nuclei. This weakening of 
the 152-neutron sub-shell effect was predicted by Randrup et al. But 
Ghiorso (GHI70a) assumed a continuing strong 152-neutron sub-shell ef
fect upon the even-even SF half-lives in extrapolating an empirical 
fit for elements 98-102 to element 104 (Figure 2a). 

As shown in Figure 18, ths theoretical calculations of Randrup et 
al. have underestimated the effect of the 152-neutron sub-shell on the 
SF half-lives for Z<102 nuclei. What would be the effect of a 152-neu
tron sub-shell correction of £0.3 MeV upon the element 104 SF half-life 
predictions of Randrup et al? 

The shape of the distribution of half-lives versus neutron number 
is very sensitive to whether the second barrier is above or below the 
ground state in energy for each isotope of element 104. For thorium 
to curium nuclei (elements 90 to 96) the second hump of the fission 
barrier has been jbserved to monotonically decrease with increasing 
proton number (BAC74). This trend would suggest that for some proton 
number the second barrier might drop below the ground state in energy, 
in agreement with the theoretical predictions. A possible example of 
this effect can be seen in Figures 18 and 21. For feimium (element 
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100) isotopes the drastic decrease in partial SF half-life from 
2 5 6 F m (T 1 / 2>2.86 hr) to 2 5 8 F m (T 1 / 2-0.38 ms) may be the result 
of a lowering of the second barrier below the ground state in energy. 
With one barrier to penetrate instead of two barriers the fission 
probability is drastically increased, which, in turn, decreases the 
half-life by a factor of ~10 7 (RAN73.76). As shown in Figure 21, 
Randrup et al. have predicted this effect to occur between Fm and 

Fm, whereas the drastic experimental drop in half-lives occurs 
pee P'ift 

between Fm and Fm, as shown in Figure 18. A 152-neutron 
sub-shell effect might lower the ground state below the second bar
rier in energy, which would drastically increase the half-life. As 
mentioned earlier, from Figure 20 the 152-neutron sub-shell effect is 
quite probably <0.3 MeV for element-104 nuclei. But according to the 
calculations of Randrup et al. the second barrier is below the ground 
state in energy by one or two MeV for all even-even eleme ,t-104 
isotopes with neutron numbers between 150 and 158 (M'dL81). Thus, the 
calculated half-lives are determined mainly >y the penetration of only 
one barrier and show no dramatic increase at neutron-number 152. 

Mustafa and Ferguson (MUS78) have predicted that the second 
barrier would be below the ground state for even-even rutherfordium 
nuclei with A >260. These predictions were made using the asymmetric 
two-center shell model, which minimizes the potential energy during 
the fission process with respect to the neck radius, the volume ratio, 
and other dimensions for the portions of the nucleus on either side of 
the neck plane. If these barrier predictions are correct, for A<260 
with a second barrier above the ground state, if a weak 152-neutron 
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sub-shell effect is present at element 104, it might have some effect 
on the SF half-lives. However, probable assignments of an 8-ms 
half-life to 2 5 6 R f and a 13-ms half-life to 2 5 8 R f would suggest 
that the 152-neutron sub-shell effect on these SF half-lives is not 
very strong. 

The experimental half-lives with tentative element-104 assignments 
in Figure 18 would disagree with the predictions of Ghiorso (GHI70a) 
shown in Figure 2a. An exception is Rf, for which Ghiorso used an 
11-ms half-life from experimental results (NUR71, 70; GHI69, 70a) to 
normalize the element-104 half-life systematics. This value is quite 
close to our current half-life of 13 ms (NUR74). But for 2 6 0 R f and 

Rf, for example, tentative experimental half-lives are -20 ms and 
~50 ms, respectively, while the Ghiorso predictions would be 
microseconds or less. 

The possibility of even-even isotopes of element 104 having milli
second ordinary isomers with either direct fission branches or isomeric 
transitions to short-lived fissioning ground states cannot be excluded. 
In such cases, the ground states might still obey the systematics of 
Ghiorso. For example, Rf might have a -20-ms isomer and a micro
second-lived ground state which decays by SF. Other even-even actl-

250 254 nide nuclei such as Fm and No have isomeric states decaying by 
isomeric transitions to fissionable ground states (GHI73). However, 
these possibilities are considered unlikely because, of the known 
nuclei, only one case of an ordinary isomer with a fission branch is 
known ( A m (152 yr), shown in blue in Figure 1). Also there is 
no case of any isomer decaying by fission with a partial SF half-life 
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longer than for the ground state. 

Another piece of evidence against the millisecond-lived isomer 

hypothesis comes from the production cross sections for the SF 

activities. The JORPLE code calculates only the total production 

cross section for a given neutron-evaporation product without con

sidering whether the nuclide is produced in its ground state or iso

meric state. The JORPLE code calculations agree to within a factor 

of three or better with a large sample of peak cross sections when 

four neutrons are evaporated. Assuming the JORPLE code calculations 

are correct, the sum of the ground-state and all isomeric-state pro-

ducf'in cross sections should be equal to the JORPLE value. Then 

since the measured peak cross sections for production of the 13-ms 

(NUR70), ~20-ms, and ~50-ms SF activities all agree with those calcu

lated by the JORPLE code, for these millisecond-lived SF activities to 

be due to ordinary isomers of element-104 nuclei, the isomers would 

have to be populated preferentially instead of the ground states in 

nearly every case that even-even element-104 nuclei are produced. 

Still another piece of evidence against the isomer hypothesis 

comes from the energy dependence of the cross sections. In the TP-

action 2 9Si( 1 80,p2n) 4 4 m' 9Sc the ratio of the high spin 6 +-iso-

meric-state to the 2 -ground-state production cross sections at 

first increases with bombarding energy due to increasing angular 
18 

momentum carried by the 0 projectile, and later decreases due to 

the onset of a different reaction mechanism (GR082). An isomer-to-

ground-state ratio which changes with bombarding energy has alr.o been 
149 observed for production of the moderately high-spin isomer of Tb 
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(11/2 -, Tj,2«4.2 min.) compared to production of the lower-spin 
ground state (3/2 or 5/2 , T,,2«4.15 hr) in the reaction 
1 3 3Cs( 2 2Ne,5n) 1 4 9Tb by Moody (M0081). Another changing ratio has 
bee.i noticed in the production of the 12" isomer of Au compared to 
the 2" ground state in the reaction 1 9 Z0s( nB,o3n) 1 9 6 mAin (FLE68, 
McGA81). Presumably a changing isomer-to-ground-state ratio would 
also be observed in production of moderately high-spin isomers of 
heavier nuclei. Since the isomers 2 5 4 mNo(0.28 s) and 2 5 0 mFm{1.8 s) 
are predicted to have moderately high spins (GHI73), the systems 
2 4 0 P u ( 1 8 0 , 4 n ) 2 5 4 m ' 9 N o and 2 3 6U( 1 80,4n) 2 5 0 m'9Fm might be used to test 
whether a changing isomer-to-ground-state ratio persists among the 
heaviest nuclei. The excitation functions for production of the 13-ms 
(NUR70) and ~50-ms (Figure 17) SF activities, however, agree roughly 
with the excitation functions calculated by the OORPLE code for the 

pep ?fi? 

total production of Rf and Rf nuclei, whether in isomeric or 
ground states. Thus, it is unlikely that the 13-ms and -50-ms SF 
activities are due to ordinary isomers with moderately high spin. 
This is because one would expect the ratio of the experimental cross 
section for the isomer to the calculated total production cross 
section (isomer plus ground state) to change with bombarding energy. 
But this argument does not exclude the possibility of a low-spin 
ordinary isomer, however. In heavy-ion reactions such a low-spin 
ordinary isomer would probably have a relatively projectile-energy-
independent (GAN67a) isomer-to-grourd-state ratio as in the case of 
the probable low-spin (P0L68.FLE68) fission isomer Am produced 
in the reaction Z38lHnB,a3n)Zt[ZfPm. 
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In Figure 18 the tentative partial half-lives for SF of odd-
mass isotopes of element 104 are plotted as solid triangles. It 
is possible that the odd-mass isotopes ot element 104 may have 
hindrance factors relative to the even-even isotopes of 
-10 4 ( 2 5 5Rf (1.4 s, 45±20-per-cent SF) (MUN81, MUN82)); ~4xl0 3 

( 2 5 7Rf (4.8 s, -14-per-cent SF); ~?xl0 3 ( 2 5 9Rf (3 s, 7-per-cent SF); 
and >~10 4 ( 2 6 1Rf (6o s, <10-per-cent SF) (GHI70c). And if the 
observation of SF branching in 2 6 3 1 0 6 by Druin et al. (DRU78) is 
correct, the hindrance factor would be -10 relative to the even-
even half-life predictions by Randrup et al. Ghiorso et al. did not, 
however, observe SF branching in 106 (GHI74a); but the sensi
tivity in these experiments for SF events was limited by abundant 

256 production of the 2.6-hour SF-emitter Fm. 
These hindrance factors are generally less than the hindrance 

factors ob- erved for odd-mass nuclei of lighter elements such as 
nobelium, firmium, and californium. This can also be understood 
in terms of the disappearance of the second barrier. In first order 
the barrier of t!ie odd-neutron-number nucleus is obtained by raising 
the entire potential barrier for the even-even nucleus by a "special
ization energy" associated with the energy of the cJd neutron (RAN73). 
As Figure 22 shows, the increase in both the thickness and height V(r) 

iff of the barrier (i.e., the barrier integral # y 2MV (r)/fi dr ) which must 
be penetrated in order to fission is much greater when starting with a 
double-humped fission barrier than with a single-humped barrier. This 
means that relative to the corresponding even-even nucleus, the odd-
mass nn-leus with a single-humped fission barrier such as 106 
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will be hindered less compared to an udd-mass nucleus with a double-
257 humped fission barrier such as Fm. Since Randrup et al. predict 

that the second barrier which is present for lighter elements may 
disappear at element 104, the reason why the odd-mass element-104 
isotopes might have lower hindrance factors than odd-mass isotopes of 
lower elements with even atomic number can now be understood. 

As seen from Figure 18 the upper limit of 10 per cent on the SF 
261 branching of Rf may imply some added stability associated with 

157 neutrons relative to the other isotopes of .lenient 104. This 
lK/-neutron effect, as it affects alpha-decay half-lives, has long 
baen noted in our laboratory for elements 101 to 106. 



78 

IV.D.3.b. Fission-Mass Distribution and Total-Kinetic-Energy 
Predictions 

IV.D.3.b.i. Introduction 

Besides examining the predicted effect of the disappearance of the 
second fission barrier at element 104 on the half-lives, it would be 
very interesting to measure the fission-mass distributions for these 
nuclei. MSller (MUL81) has suggested thcit the fissions might be 
symmetric, while Mustafa and Ferguson have argued that the fissions 
would be ^symmetric (MUS78). The theoretical arguments for symmetric 
and asymmetric fission will be discussed separately. 

IV.D.3.b.ii. Arguments for Symmetric Fission 

M'o'ller and Nilsson (M'dL70) have suggested that the fission-mass 
distribution is directly correlated with the nuclear potential-energy 
surface. MBller argues that the mass distribution is decided at the 
saddle point distortions (M(5L72). The calculations from references 
M*0L72 and MCL70 have shown that the second saddle point is unstable 
with respect to asymmetric distortions for many actinide nuclei, which 
explains the asymmetric mass distributions observed for SF of most 
heavy nuclei of uranium or above. In the calculations by M'dller and 
Nilsson the reduction in height of the second barrier due to 
asymmetric distortions decreases from uranium to fermium. This 
corresponds well to the empirical fall-off in mass asymmetry from 
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uranium to fermium and to the known decrease in height of the second 

barrier from thorium to curium nuclei (BAC74). Mosel and Schmitt 

(M0S71) have argued that the preference for asymmetric or symmetric 

fission both in the calculations by Moller and Nilsson and in the 

empirical mass distributions is due to fragment shell effects whicr, 

affect the second barrier height when one or both of the fragments 
132 

are close to the doubly-magic nucleus cnSn. 

Cn the other hand, the f i r s t saddle point is predicted to be 

stable against asymmetric d is tor t ions for even-even nuclei lower than 

element 106 (M0L72). I f then for element 104 the second bar r ie r has 

disappeared, one would expect the f i ss ion propert ies to be largely 

determined by the f i r s t saddle point . Consequently, the f i fsion-mass 

d i s t r i bu t i on for SF of element-104 nuclei might be symmetric (M*0L81). 

The charged l iquid-drop model predicts that the t o t a l - k i n e t i c -

energy release is a maximum for symmetric f i s s i o n . I t i s noteworthy 
2b9 that the nucleus with the probable assignment of Fm has a f i ss ion 

to ta l k ine t i c energy that is considerably higher than for l i gh te r 

fermium and lower Z nuclei (HUL80). But to ta l -k inet ic -energy pre

d ic t ions are more ccmplicated than t h i s , depending upon other ef fects 

such as the internuclear separation and re la t i ve ve loc i ty at the 

unknown point of scission (RAN82). 

I V . D . 3 . b . i l i . Arguments for Asymmetric Fission 

Mustafa and Ferguson (MUS78) have argued that the fission-mass 
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distribution is not necessarily determined by the second saddle point, 
as suggested by Holler and Nilsson (MBL72), but rather it is cor
related with the potential-energy surfaces between the second-saddle 
region and the scission point. From this point of view the fission 
process is adiabatic, i.e., the asymmetric two-center shell model 
applies at any point on the pathway to fission. According to this 
model, the primary reason for transition from asymmetric to symmetric 
SF is due to fragment shell effects, not to the second barrier drop
ping below the ground state in energy. 

This model also explains the symmetric fissions observed for 
pro ?RQ 

Fm and for tin. probable assignment of Fm as due to the for-
132 mation of two fragments, each close to the doubly-magic cgSn system. 

But Fm <ioes not make a good test between the two arguments presented 
pep 

here for symmetric or asymmetric fission because for Fm the second 
barrier may have disappeared. Randrup et al. (RAN73, 761 predict a 

pep ?fifl 

disappearance between Fm and Fm, although they feel that the 
transition has most probably occ 'rred between Fm and Fm 
due to the sudden -10 decrease in half-life; Mustafa and Ferguson 

pep 

(MUS78) predict a disappearance of the second barrier for Fm as 
well. 

A better test case is Z 6 2 H a . Bemis et al. (BEM77a) have observed 
SF events which are most probably asymmetric and possibly due mostly to 
" D iHa(34 s). They admit that "'Ha may have an electron-capture 
branch, in which case some of the asymmetric SF events observed would 
be due to Rf. For 2 6 2 H a Mustafa and Ferguson also predict 
asymmetric SF events, in agreement with the present experimental data. 
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But the same asymmetric two-center shell model, which was successful 
in predicting the fission-mass distributions for fermium isotopes, 
2 5 2 N o , and 2 6 2 H a also predicts that the second barrier for Z 6 2 H a should 
not be above the •""ound state in energy. Under the assumption that 
the second barrier is below the ground state in energy, the notion of 
Moller that the mass distribution would then be determintl by the 
first saddle point, which is stable against asymmetric distortion, 
would not agree with the experimental observation of most probably 
asymmetric SF of Ha. 

Mustafa and Ferguson predict that rutherfordium nuclei with mass 
numbers less than 266 should have asymmi-tric SF while those with 
masses of 266 or higher should fission symmetrically. Unfortunately, 
rutherfordium nuclei with masses of 266 or higher are not reacheble 
with measurable cross sections in most conceivable reactions. The 
close of section IV.D.2.b. discusses ways in which the mass distri
butions for possible rutherfordium nuclei could be experimentally 
measured, testing whether the fission process is ao'iabatic, as sug
gested by Mustafa and Ferguson, or whether the mass distribution is 
determined by the saddle-point distortion properties, as suggested 
by M'dller and Nilsson. 
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V. Summary and Conclusions 

Several new SF activities have been found and possible assignments 
for them have been suggested in Table 1. None of the assignments are 
certain, unfortunately. In larticular, concerning the even-even iso
topes of element 104, no evidence was found to contradict a possible 
-50-ms half-life for SF decay of 2 6 2 R f . 2 6 0 R f might have a -20-ms 
half-life; but if so, there must be one or more SF activities with 
atomic numbers less than 104 which have similar half-lives in order 
to explain the large cross sections in the reactions 109- to 
119-MeV 1 8 0 + 2 4 8 C m and 96-MeV 1 8 0 + 2 4 9Cf. An enhancement of the 
( 0,6n) reaction cross section by a factor of -50 due to an unknown 
mechanism would be required if the -20-ms SF activity produced in the 
reactions 109- to 119-IIeV 1 8 0 + 2 4 8 C m is 2 6 0 R f . Otherwise, a single 
-20-ms SF activity must be a nuclide with atomic number less than 
104. We hope to answer this question in future cross bombardments 
using the tape system. A very important possible consequence of this 
work follows if the tentative assignments of half-lives of -50 ms to 

Rf and ~20 ms to Rf are correct: namely, there may be a drastic 
change in the SF half-life syctematics for even-even isotopes at 
element 104. This possible change i,i SF half-life systematics would 
also agree with the same suggestion by Miinzenberg et al. (M'UN80, 
MUN81b, MUN82) bas,.J on their measurement of an 8-..is half-life for 
pec 

Rf, and with the original statement of the change in systematics 
by Flerov et al. (FLE71). Randrup et al. (RAN76) have predicted this 
effect theoretically and have attributed it to a disappearance of the 
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second hump of a double-humped fission barrier. Baran et al. (BAR81) 
have also p-edicted a change in the SF half-life systematics at 
element 104 without the use of any adjustable parameters, but in this 
case the agreement with the tentative experimental half-lives for 
element-104 nuclei is not as close as for the predictions of Randrup 
et al. Mustafa and Ferguson (HUS78) have also predicted the disap
pearance of the second barrier for isotopes of element 104 with A>260 
using the asymmetric two-center shell model. 

Recent alpha-decay energy data indicate that the 152-neutron 
sub-shell effect is probably weaker for element 104 than for element 
102, as predicted by Randrup et al. In the Ghiorso SF half-life 
systematics a continuing strong 152-neutron sub-shell effect on the SF 
half-lives was assumed at element 104. Even if a small 152-neutron 
sub-shell effect is present at element 104. it is probably not strong 
enough to significantly alter the theoretical half-life predictions of 
Randrup et al. 

Two SF activities might be due to odd-mass isotopes of element 
104: (1) 20 SF events with a half-life of -3 s in the reaction 
93-MeV 0 + Z Cm might be due to an 8-per-cent SF branching in 
2 5 9Rf(3 s), as suggested by previous authors (DRU73, BEM81); and (2) a 
3.8±0.8-s SF activity produced in the reaction 75-HeV 1 2 C + 2 4 S C f is 
consistent with a possible ~14-per-cent SF branch in Rf{4.8±0.5 s, 
from alpha decay (RHI71)). If these possible assignments are correct, 
compared to the half-lives interpolated from the tentative assignments 
for the even-even isotopes of element 104, the odd-mass isotopes Rf 

257 3 
and Rf would be hindered by respective factors of -2x10 and 
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-4x10 against SF. These tentative hindrance factors would be much 
lower than for odd-mass isotopes of lighter elements with even atomic 
number. This surprising effect can also be understood in terms of a 
disappearance of the second barrier at element 104 (RAN73). The lower 
limit of ~10 4 on the hindrance factor for 2 6 1Rf(65 s) (GHI70c) may 
imply some extra stability associated with 157 neutrons as is known 
from the alpha decay of elements 101 to 106. 

Future measurements of the SF-mass distributions for the possible 
element-104 SF activities found in this work will be of great impor
tance. A measured asymmetric mass distribution from, for example, 
pen ?fi? 

Rf or Rf would suggest that the fission process is perhaps 
adiabatic, as suggested by Mustafa and Ferguson (MUS78), i.e., the 
asymmetric two-center shell model applies during the fission and the 
mass distribution is correlated to the potential-energy surfaces 
between the second-saddle region and scission; a measured symmetric 
mass distribution would suggest that the distribution is determined by 
the distortion properties of the saddle points above the ground-state 
energy, as suggested by MiJller (HHL81, 72). 

Although several new SF activities have been found in this work, 
some of which may be due to element 104, the 80-ms SF activity attrib-
uted by the Oubna group (DRU77) to Rf was not observed in the 
reactions 80-MeV 1 5 N + 2 4 9Bk, 92-MeV 1 6 0 + 2 4 8Cm, and 96-MeV 1 8 0 + 2 4 9Cf. 
The measured cross-section upper limit for this activity in our re-
action 80-MeV N + £ " B k is 1/24 of the cross section measured by the 
Dubna group for the same reaction using 82-MeV N ions; but the 
results of our experiments as well as the Dubna experiments agree on 
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the Md production cross sections (NIT81). For the reactions 
80-MeV 1 5 N + 2 4 9 B k and 92-HeV 1 6 0 + 2 4 8 C m the cross-section upper limits 
for the 80-ms SF activity listed in Table 1 are also far below the 
calculated production cross sections for Rf. And the JORPLE code 
used in making these calculations predicts other (HI,4n) maximum cross 
sections within a factor of three or better. Furthermore, the Dubna 
interpretation (0EM80) that the -20-ms SF activity produced in the 
reaction 92-MeV 1 6 0 + 2 4 8 C m is actually a mixture of the 13.7-ms fis
sioning isomer Am and 80-ms 104 is shown to be highly im
probable. This conclusion has been reached based on both comparisons 
of and absolute chi-square values for fits under the different 
assumptions and on the probable low upper limit for the formation 
cross section of the 13.7-ms Am (section IV.C.5.a.). 

The large number of new SF activities which have been observed in 
this work confirms that SF is a very probable decay mode for many of 
the heaviest known nuclei. Future developments in on-line mass 
separators will hopefully mafcs the task of assigning these SF activ
ities easier and will also permit us to investigate the SF-decay 
properties of the heaviest elements, such as total kinetic energy, 
mass distributions, and neutron multiplicities. This will further 
deepen our understanding of nuclear matter at the extreme reaches of 
stebility. 
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VI. Figure Captions 

Figure 1: Folding chart either located inside the back cover of this 
thesis or sent to you in a mailing tube. It shows all of the SF 
activities which have been assigned or for which probable assignments 
have been suggested in publications to date, including this thesis 
(February, 1982). Both total half-lives and partial half-lives for 5F 
are listed. For assignments which have not been proven, a single 
question mark following the half-life measurement indicates a probable 
assignment; two question marks indicate that insufficient evidence 
exists for making a definite isotopic assignment. In cases where a 
nuclide decays by electron capture to a daughter nuclide which is a SF 
activity, only the daughter nuclide is considered a SF activity on 
this chart. For example, SF events do arise from samples of 

Md(77 min) nuclei. But since Hd is known to electron-capture 
decay to the SF activity Fm(2.6 hr), the fission activity is 
associated with Z 5 6 F m , not 2 5 6 H d . 

Figure 2: SF half-life systematics for even-even nuclei extrapolated 
to atomic number 104 by Ghiorso (left, a) (GHI70a) and according to 
the experimental half-lives measured by the Dubna group (right, b) 
(FLE71, 0GA74a) for presumed even-even nuclei with atomic number 104. 

Figure 3: Recoil tape-transport system for investigation of short
lived SF activities with low SF background. The SF decays of the 
recoil nuclei transported by the tape are recorded by the mica as 
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diamond-shaped tracks. The ti acks are shown on the mica insert of 
the figure to decrease in frequency with the time after production. 
Knowing the tape speed, this time is measured by the distance from the 
target along the mica. 

Figure 4: Excitation functions for the short-lived components pro
duced in the rotating-drum experiments for the reaction N + Bk 
(NIT81). The values in parentheses give the half-lives observed at 
each energy. Note that the error bars for these half-life measure
ments represent 90-per-cent confidence limits, not standard devi
ations. The cross sections in this figure are 7- to 8-per-cent lower 
than those quoted in reference NIT81 due to small corrections in the 
calculation of recoil ranges (see section II. Experimental Procedure). 

Figure 5: Excitation function for the -ZO-ms SF activity in the 
15 249 reaction N + Bk, obtained from the tape experiments. The dashed 

curve is the excitation function calculated by the JORPLE code; the 
solid curve is meant to guide the eye through the points of the 
experimental excitation function. 

Figure 6: Experimental ( N,4n) reaction excitation functions. 
The dotted lines show the ( N,4n) excitation functions calculated 
by the JORPLE code and normalized to the peak cross sections for 
each of the experimental excitation functions. Notice how each 
experimental excitation function is. broader than calculated, 
a) 2 4 9Cf( 1 5N,4n) 2 6 0Ha, (GHI70b), b) 2 4 8Cm( 1 5N,4n) 2 5 9Lr (ESK71), 



c) 2 4 3 A m ( 1 5 N , 4 n ) Z 5 4 N o (D0N66). 

12 PflO 

Figure 7: Decay curve for the bombardment 75-MeV C + Cf. The 
3.8-s component might be a ~14-per-cent SF branch in Rf. The 
data also indicate that a 47-s or longer half-life component may be 
present; the assignment for this activity is completely unknown. 

Figure 8: Decay curve for the reaction 89-MeV 0 + Cm. The 
55-ros component might be due to Rf. The 1.3-s component is 
completely unknown; but a SF or electron-capture branch in Ir 
is a speculation for assignment of this SF activity. 

18 ?4fi Figure 9: Decay curve for the reaction 95-MeV 0 + Cm. The 
line represents the 1.6-s component only, which has not been 
identified. Addition of the background to the 1.6-s component line 
will give a resultant curve which will fit the experimental points 
better. A SF or electron-captur 
for assignment of this activity. 
better. A SF or electron-capture branch in ""Lr is a specu.ation 

Figure 10: Excitation functions for the SF activities observed in 
18 ''48 the reaction 0 + Cm. The number listed for each point indicates 

the half-life measured for that energy and cross section. The cross 
pec 

sections fo r Fm have been determined by measuring the SF decay 

rate from aluminum catcher f o i l s with the aid of a gas-proportional 

counter. The ~50-T,S SF a c t i v i t y might be Rf. The ~20-ms SF ac-
?60 t i v i t y could not be Rf unless the cross section is enhanced by 
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a factor of ~50; its assignment is unknown. The -1.3-s SF activity is 
completely unknown; but a SF or electron-capture branch in Lr is 
a speculation for assignment of this SF activity. 

13 249 
Figure 11: Decay curve for the bombardment 70-MeV C + Bk. A pos
sible assignment for the 4.5-s component is a ~l-per-cent eleCtrOn-
capture branch in Lr (4.35 s, from alpha-decay measu'-sments (BEM76)) 
to the SF activity 2 5 8 N o (1.2 ms). 

Figure 12: Decay curve for the bombardment 95-MeV 0 + Cm. A 
possible assignment for the ~13-ms SF activity is Rf. More 
realistic estimates for the cross-section error bars would be 
lO^g nb, including uncertainty in the integrated beam flux. 

Figure 13: Decay curve for the bombardment 80-MeV N + Bk. From 
this data a cross-section upper limit of 0.3±0.4 nb was established 
for the 80-ms SF activity, claimed by the Dubna group for the dis-
covery of element 104 and due to tlie isotope Rf. The -20-ms SF 
activity which is observed might be " Rf. 

Figure 14: Decay curve for the bombardment 92-MeV 0 + Cm. From 
this data a cross-section uppir limit of 0.4±0.2 nb was established 
for the 80-ms SF activity, claimed by the Dubna g.rup for the dis
covery of element 104 and due to the isotope 2 6 0 R f . The -21-ms SF 

?fiO 
activity which is observed might be Rf. 
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Figure 15: Decay curve fo r the bombardment 96-MeV 0 + Cf. Trom 

th i s data a cross-section upper l i m i t of 0.0*0.5 nb was established 

fo r the 80-ms SF a c t i v i t y , claimed by the Dubna group fo r the d i s -
?fiO covery of elenent 104 and due to the isotope Rf. The -19-ms SF 

a c t i v i t y which _rs observed is unknown because i t s 9-nb production 

cross section is probably too high fo r Rf. 

1 ft ?dft 
Figure 16: Decay curve fo r the reaction 109-HeV 0 +"°Cr<\ v-t 

~22-ms SF a c t i v i t y is unknown, but could not be Rf unless i t s 

production cross section is enhanced by a factor of -50 Hue to a.i 

unknown mechanism. Therefore, th is SF ac t i v i t y is more l i k e l y due 

to a nuclide wi th atomic number less than 104. I t presents a pos

s ib le inconsistency in the assignment of Rf to a -20-ms SF ac t i v 

i t y unless there are at least two SF ac t i v i t i e s with ha l f - l i ves 

between 14 and 24 ms. 

Figure 17: Exci tat ion funct ion fo r production of the -50-ms SF ac t i v -
18 248 ^ y in the reaction 0 + Cm. This SF ac t i v i t y might b° due to 

Rf. The long-dashed curve is the exci tat ion funct ion calculated 

by the JORPLE code. The so l id l ine and the extrapolated short-dashed 

curve are meant to guide the eye through the experimental po ints . 

Figure 18: Calculated pa r t i a l ha l f - l i ves for SF of even-even nuclei 

by Randrup et a l . (RAN76). These calculat ions were made by adjusting 

a one-parameter i n e r t i a l masr. iunct ion to give ha l f - l i ves that f i t 

experimental data or nuclei with atomic numbers less than or equal 



91 

to 102. The calculations were then extrapolated to nuclei with atomic 
numbers 104 and higher. None of the experimental points for either 
even-even (solid squaFes) or odd-mass (solid triangles) rutherfordium 
(element 104) nuclei are known with certainty. But the half-lives 
suggested Ly several experiments for element-104 nuclei in this work 
and also the work of Ter-Akopyan et al, (TER75) ( 2 5 4Rf (0.5 ms)); 
MUnzinger et al. (MUN81) ( 2 5 5Rf (1.4 ., 45±20-per-cent SF)), (MTJN80) 
( 2 5 6Rf (a ms)); Ghiorso et al. (GHI69, NUR74) ( 2 5 8Rf (13 ms)); 
Druin et al. (DRU73) ( 2 5 9Rf (3 s, 7-per-cent SF)); and Ghiorso et 
al. (GHI70c) ( 2 6 1Rf (65 s, <10-per-cent SF)) have been included for 
comparison with the theory. Since the possible 1.8-s SF activity 

Rf, based on the unpublished work of Oganessian et al. (0GA75) 
quoted in reference TER75 (see Figure 1), was not included by 
Oganessian (0GA80) in a recent figure showing SF half-lives for 
element-104 nuclei, it has also not been included in this figure. 
The insert at the lower left shows a comparison between calculated 
and experimental half-lives for fission isomers. 

Figure 19: Alpha-decay energy versus neutron-number sysiematics. 
The abrupt discontinuities in alpha-decay energies are due to the 
152-neutron sub-shell effect on the parent and/or daughter nuclei. 

Figure 20: The shell effect, defined as the mass minus the Myers 
droplet mass (MYE77), is plotted for nobelium (element 102) and 
rutherfordium (element 104) nuclei. The square points represent 
experimentally-measured masses quoted from the Table of Isotopes 
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(T0I78). Circled "x" points represent masses determined from 
alpha-oecay energies of parent, daughter, granddaughter, etc., nuclei 
down tc an experimentally-known mass. Solid dots represent masses 
(T0I78) determined from systematics plots, as discussed in reference 
WAP77. Triangle points represent masses derived from the alpha-decay 
.nergy of the parent and the daughter mass determined from systematics 
plots (T0I78). Ground-to-ground state transitions have been assumed in 
determining ground-state masses from the maximum alpha-decay energies; 
in cases with possible isomers in the parent and/or daughter nuclei, 
the masses derived in this way would be incorrect. The solid and 
dashed lines are meant to guide the eye through the points. An in
crease in shell effect of -0.75 MeV centered around neutron-number 

152 is clearly visible in nobelium nuclei. For rutherfordium nuclei, 
although the masses are less certain, the effect appears to be much 
weaker, if it is present at all. Connecting any set of points for 
rutherfordium nuclei, the 152-neutron sub-shell effect appears to be 
less than or equal to 0.3 MeV. 

Figure 21: Calculated fission barriers for heavy isotopes of fermium 
(element 100) (RAN73). Beyond Z 5 8 F m the second peak and second 
minimum are below the ground state in energy, leading to a drastic 
decrease in the SF half-lives. 

Figure 22: Calculated fission barriers for 2 5 7 F m (a) and 2 6 3 1 0 6 (b) 
(RAN73). The two upper barriers in each figure correspond to having 
the odd neutron in the 9/2+ and 3/2+ orbitals while the lower curve 
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represents the hypothetical even-even system as obtained by inter
polation between 2 5 o F m and 2 5 8 F m (a) or between 2 6 2 1 0 6 and 2 6 4 1 0 6 (b). 
In first order the barrier for the odd-mass nucleus is obtained by 
raising the entire potential barrier for the even-even nucleus by a 
certain "specialization energy." Note that when the second barrier 
is absent, as for 106 (b), the increase in thickness and height 
of the barrier caused by the odd neutron is less than for Fm with 
a double-humped fission barrier (a), resulting in a lower hindrance 
factor against SF for 2 6 3 1 0 6 than for 2 5 7Fm. 
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VII. Figures 

Figure 1 is a large chart either sent to you in a mailing tube or 
foldeo inside the back cover of this thesis. 
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VIII. Appendix 
VIII.A. The JORPLE Code for Calculation of (Hl.xn) Cross Sections 

and Comparison With Experimental Cross Sections 

The JORPLE code is an indispensable tool in considering possible 
assignments for the new SF activities of Table 1. Comparisons of the 
experimental cross sections with the cross sections calculated by the 
JORPLE code can be made to see if the SF activities might be neutron-
evaporation residues. The code uses a Jackson-Sikkeland-type model 
for predicting cross sections of compound-nuclear reactions followed 
by neutron evaporation (AL072, 73; RAS71; SIK). It makes use of an 
empirical formula of Sikkeland et al. (SIK68) for the reutron-to-
fission width ratio C/17 to account for competition between fission 
and neutron emission. Other adjustable parameters include the nuclear 
radius parameter r , the diffuseness parameter D, and the nuclear 
temperature T. The JORPLE-code calculations for the maximum cross 
sections with respect to bombarding energy for the evaporation of four 
neutrons have been compared to extensive experimental cross-section 

1? 18 data for heavy ions from C up to 0 bombarding actinide targets. 
With the parameters *" =1.25 fermis, D=0.50 fermis, and T=0.95 MeV the 
calculations agree within a factor of three or better compared to ex
perimental values. Certain exceptions among neutron-deficient nuclei 
have been noticed, however. Williams found that the JORPLE code 
overestimates the cross sections for some neutron-deficient isotopes 
in 1 0 B - to 12C-induced reactions (WIL78, 79), and that a change in the 
adjustable parameters, especially 17/ L, would be needed to fit the 



117 

cross sections. Borygreen et al. (B0R70) noticed a similar 
overestimation of the cross sections for the production of 
neutron-deficient neptunium nuclei in the reaction 
114-HeV 2ZUe + 2 0 9 B i . 

The JORPLE code also does reasonably well in predicting the 
snergies at which the excitation functions for neutron-evaporation 
products reach their maximum production cross sections, although 
discrepancies of up to ±3 MeV between experimental and calculated 

ID 

maxima have been observed for some carbon- and 0-induced reactions 
(LEI77) as well as one case with N ions (see Figure 6c, D0N66) 
bombarding actinide targets. 

The JORPLE code does not predict the shapes of (HI,4n) reaction 
excitation functions as well as the maximum cross sections or the 
bombarding energies at the maxima, however. Figures 6a-c sho,. a 

comparison of several experimental ( N,4n) excitation functions 
(GHI70b, ESK71, D0N66) with those calculated by the JORPLE code. In 
order to compare the excitation functions widths easily, the 
calculated excitation functions have been normalized to the peaks of 
the experimental ones. In every case the experimental excitation 
function is broader than calculated by the JORPLE code, and usually 
both on the low- and high-energy sides of the peak. These data 
indicate a weakness in the JORPLE code in predicting the shapes of the 
energy dependence of the cross sections. The fact that the shapes of 
excitation functions are not predicted well by the JORPLE code is 
important in discussing the excitation function for the -20-ms SF 
activity in the reaction 1 5 N + 2 4 9Bk in section IV.C.5.b. 
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VIII.B. Slight Corrections to the Existing Formulas for the Fraction 
of Activity Escaping a Target 

On page 343 of reference ALE68 formulas are presented for the 
fraction F- of activity escaping a target of thickness W if the 
recoil range is R and the straggling parameter is p; 1 - F F 

represents the fraction remaining in the target. The following 
formulas are nearly identical to those in reference ALE68, i.e., 
please note that the absolute value of y should be used in equation 
2. Without this the formula would be incorrect for W>R . Also in 
the older reference WIN61 the equation analogous to equation 2 is 
incorrect. 

1 - F F = -q MfeH4'(r^ (i) 

1 p 
with f(y) =—— expf-y') + l /2 |y | I (y) (2) 

2yT 

2 / 2 
and I(y) is the error function I(y) = -=- l exp(-u ) du .(3) 

0 

For compound-nucleus recoils R may be determined from the recoil 
energy using the Northcliffe and Schilling range tables (N0R70). The 
straggling parameter p=yp s

 + p. includes only two contributions 
from stopping in the target p and from neutron boil-off p if the 
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target foil is uniform in thickness. The formulas for p and p 
are given in reference WIN61. The fraction of activity escaping the 
target can then be calculated according to equation (1). 
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VIII.C. Detailed Arguments for Tentatively Assigning Three 5-s SF 
Activities 

In section IV.C.l. three 5-s SF activities were discussed. Here 
in the appendix detailed cross-section arguments are made to suggest 
what their identities might be. 

A possible assignment of the 4.5*0.5-s SF activity produced in 
13 ?4Q ?4Q 

the reaction 70-MeV i o C + 3 B k r Cf is a ~l-per-cent electron-capture 
branch in Lr(4.4*0.6 s) to the probable spontaneously-fissioning 
nucleus No(1.2 ms). This possible assignment is suggested based 
on the closeness of the measured half-lives for SF (4.5*0.5 s) and 
for alpha decay (4.4*0.6 s, BEM76) of 2 5 8 L r . The -1-per-cent value 
is obtained from the ratio of the measured -7-nb cross section for SF 
to the calculated total cross section of -1 pb to produce Lr from 

the 2 4 9 B k portion of the target in the 2 4 9Bk( 1 3C,4n) 2 5 8Lr reaction. 
Unpublished data from Eskola et al. (ESK81) show that the cross section 
for the 2 4 9Cf( 1 3C,p3n) 2 5 8Lr reaction is 50-per-cent larger than the 
cross section for the 2 4 9Cf( 1 3C,3n) 2 5 9Rf reaction with 70-MeV 1 3 C ions; 
but the calculated cross section for the 2 4 9Cf( 1 3C,3n) 2 5 9Rf reaction is 
only 2 per cent of the Bk( 1 3C,4n) Lr reaction cross section. On 249 this basis and considering the 20-per-cent Cf abundance in the 
target, the contribution to Lr production is probably mainly from 

?4Q 258 
the " B k portion of the target. The contribution to Lr production 
from the reaction 2 4 9Cf( 1 3C,p3n) 2 S 8Lr can then be neglected. At this 
low bombarding energy of 70 HeV, the excitation energy is insufficient 
to evaporate five neutrons in the reaction Cf( C,5n) Rf, accord-
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ing to JORPLE code calculations. 
According to Bemis et al. (BEM73) the production cross section 
257 for Rf and observation of subsequent alpha decay in the reaction 

73-MeV 1 2 C + 2 4 9 C f is -12 nb. Data from Eskola et al. (ESK71) for the 
same reaction 1 2 C + 2 4 9 C f indicate that 2 5 7 R f and 2 5 8 L r are produced 
with roughly equal maximum cross sections, based on assumptions that 
these nuclei undergo alpha decay only. The latter assumptions are 
probably good approximations based on the following data. (1) The 

257 
measured cross section is 12 nb for production of Rf and obser
vation of subsequent alpha decay with a 4.8-s half-life; for SF with 
the same half-life the measured cross section is only -2 nb. (2) An 
upper limit of 1 per cent can be set on the electron-capture branch of 
pep 25ft 

Lr. A maximum -12-nb total production cross section for Lr in 
12 249 the reaction C + Cf would imply a cross section of not more than 

0.1 nb for SF due to 2 5 8 L r production with 75-MeV 1 2 C ions if 7 5 8 L r has 
a -1-per-cent electron-capture branch to the spontaneously-fissioning 
nucleus No(1.2 ms). Since the experimental cross section of ~2 nb 
for ;F is much greater than 0.1 nb, the conclusion is that the SF events 

258 257 
are probably not due to Lr. If the SF events are due to Rf, 
however, comparing the -2-nb cross section for SF with tht ~12-nb cross 
section measured for alpha decay, the SF branch would be -14 per cent. 

258 257 From the preceding discussion Lr and Rf may give rise to -5-s 
SF activities. A 5.5-s SF activity (see section IV.B,3.) was produced 
in the reaction 98-HeV 1 8 0 + (S2-88X 249Bk/'12-18S 2 4 9 C f ) . Since 

Lr and Rf would be produced in the unlikely nuclear reactions 
M 9 B k ( 2 8 0 , a 5 n ) 2 5 8 L r and 2 4 9Bk( 1 80,p9n) 2 5 7Rf, 2 4 9Cf( 1 80,o6n) 2 5 7Rf and 
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2 4 9Cf( 1 80, 9Li) 2 5 8Lr, and considering the 12- to 18-per-cent abundance 
of 'Cf in the target, this activity is probably yet another nuclide 
different from 2 5 8 L r and 2 5 7 R f . 
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