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Abstract. Isotopes of dubnium (element 105) with mass numbers A = 256, 257, and 258 were produced
by the reaction 2°°Bi(°*Ti,an)***~*Db (z = 1,2, 3) at projectile energies of (4.59-5.08) AMeV. Excitation
functions were measured for the 1n, 2n and 3n evaporation channels. The same position of the excita-
tion function was observed for the 1n channel as for the previously measured 1n channel of the reaction
208p}(59T4,1n)?°"Rf. The measured a-decay data of 2> Db and its daughter products resulted in the iden-
tification of a-decaying isomeric states in 2*’Db and 2**Lr. Two new isotopes, 2°°Db and 2°2Lr, were
produced at the highest bombarding energies of 4.97 AMeV and 5.08 AMeV. They were identified by
delayed a-a coincidences. The measured half-lives are (1.6705) s for *Db and (0.361501) s for 2*Lr.

Besides a-decay, a spontaneous fission activity of T}/, = (2.3:1]:%) s was observed and attributed to an

electron-capture branch of ?*Db, which feeds the fissioning nucleus **°Rf. A branching ratio of 0.3640.12
was obtained. The isotope 2*Rf was produced by the reaction 2°"Pb(°Ti,2n)?*°Rf. Improved decay data
have been obtained by means of a- and a-v spectroscopy.

PACS. 23.60.4e Alpha decay — 25.70.Jj Fusion and fusion-fission reactions — 25.85.Ca Spontaneous fission

—23.20.Lv Gamma transitions and level energies

1 Introduction

The present investigation of evaporation residue produc-
tion in irradiation of 2°9Bi targets with °°Ti projectiles
was laid out to study the nuclear decay properties of
258,257:256D] and their decay products and to measure
excitation functions for 1n, 2n and 3n evaporation chan-
nels. The enhanced sensitivity of our experimental set-up
compared to previous studies [1] allowed for a more de-
tailed investigation of the decay properties of the produced
isotopes. New results have been obtained for the prod-
uct from 2n de-excitation (**’Db) and its a-decay prod-
ucts 2°3Lr and 24°Md. Alpha-decay of the 3n de-excitation
product (2°°Db) and its daughter product 252Lr have been
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observed for the first time. The spectroscopic results on
the product from In de-excitation (*®Db) are not unam-
biguous and demand further studies. The nucleus 2°°Rf
was produced in a previous study [2] by the reactions
208ph(50T4,3n)25°Rf and 2°°Pb(°9Ti,n)?*>Rf. The analy-
sis of a-ar correlations to its daughter product 2°'No gave
indication for an isomeric state decaying by a-emission [2].
This result was insofar unexpected since on the basis of
calculated level sequences [3] no isomeric state with a half-
life of ~ 1 s was predicted at excitation energies E* <
1 MeV. To clarify this situation we studied more precisely
the a-decay of this isotope. Instead of the reactions used
in ref. [2] the more efficient reaction 2°"Pb(°0Ti,2n)?55Rf
was selected. A cross-section of opax(2n) ~ 10 nb was ex-
pected. The region of isotopes investigated in this study
is shown in fig. 1.

“Cold” fusion reactions of lead and bismuth tar-
get nuclei with projectiles in the range Z, = (24-30)
have been shown up to be successful for the produc-
tion of heavy nuclei with Z > 106 [4]. Production
rates, however, decrease rapidly with increasing proton
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Fig. 1. Excerpt from the chart of nuclei, Z = 100-105, N = 146-153.

number of the compound nuclei, and, moreover are ex-
tremely sensitive to the excitation energy. To optimize
the bombarding energy for the production of new ele-
ments [5-7] extrapolated values from measured excita-
tion functions 2°8Pb(%°Ti,a)?%8~2Rf (x = 1,2, 3) [2] and
208ph(8Fe,n)?5Hs [5] were used. However, it was ques-
tionable if the extrapolated “optimum” excitation ener-
gies obtained from projectile-target combinations lead-
ing to even-even compound nuclei could also be used
for odd-Z compound nuclei. A first rough estimation ob-
tained from 2°9Bi(°®Fe,n)?°°Mt [8] agreed with the re-
sult from 20Pb(58Fe,n)?¢5Hs, but the data suffered from
low counting rate. It therefore seemed meaningful to
measure in more detail an excitation function over a
wide range of excitation energies for a reaction using
bismuth targets. Because of the sufficiently high cross-
sections [1] and the vicinity to the already precisely mea-
sured system 2°8Pb(°°Ti,an)?°8~%Rf, we chose the reac-
tion 2%9Bi(°Ti,an)?%*=*Db.

2 Experiment

The experiment was performed at the velocity filter SHIP
at GSI, Darmstadt, using an intense °°Ti-beam of up to
3.1x10'2 ions/s (~ 500 pnA) delivered from the UNILAC
accelerator. Since the standard technique for identification
of heaviest nuclei was used, which is described in detail

elsewhere [5], we will point out here only some specific
features relevant to the data analysis.

The evaporation residues were implanted into a
position-sensitive 16-strip PIPS detector (“stop detector”)
with an active area of (80 x 35) mm?, where their kinetic
energies as well as subsequent a-decays or spontaneous
fission (sf) were measured. Six silicon detectors of equal
shape and size were mounted in the backward hemisphere
(“backward detector”) facing the “stop detector”. They
were used to measure a-particles or products from sf es-
caping the “stop detector” with a solid angle of 85% of 2.

Calibration was performed using « energies of isotopes
in the range from radon to thorium produced by the re-
action °°Ti + '""Er — 220Th*. The energy resolution
for individual strips was (18-20) keV (FWHM). For «-
lines obtained by summing the energy loss signal from the
“stop detector” and the “residual” energy signal from the
“backward detector” (“sum events”) the resolution varied
within (40-120) keV depending on the individual strip
of the “backward detector”. A systematic uncertainty of
+10 keV was added quadratically to the error obtained
from the fitting procedure of Gaussian curves to the data
points.

Genetic relationship between implanted evaporation
residues (ER) and succeeding a-decays or spontaneous fis-
sion (sf) events was established by the method of ER-a-«
or ER-sf correlation: after stopped in the detector an im-
planted nucleus will remain at the position where it came
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to rest. Since dislocation due to recoil energy transferred
to the residual nucleus by an emitted a-particle (typically
some pm) and the range of a-particles or fission products
(typically some ten pm) are considerably smaller than the
position resolution of the detector (=300 ym (FWHM)),
the implanted evaporation residues and succeeding decays
will be characterized (within the detector resolution) by
the same vertical position within the detector. In our ex-
periment 95% of the events were found within an inter-
val (Ya1-Ya2) < £0.5 mm (a-a correlations), or (YEr-Yo)
< £1.2 mm (ER-a correlations). The larger value in the
latter case was due to the fact that signals for evaporation
residues and a-particles were stored in different ADCs us-
ing also different main amplifiers for the corresponding
detector signals.

255Rf was produced in two experimental runs. In the
second one we used a High Purity Germanium (HPGe)
Coaxial Detector mounted directly behind the “stop de-
tector” to measure coincidences between a-particles and
~y-rays. Energy calibration and estimation of the rela-
tive efficiency was performed using known transition en-
ergies and intensities of y-lines from a 33Ba and a '°?Eu
source. A measurement of the absolute efficiency of the
Ge-detector was not performed, it was, however, roughly
estimated from the number of 2'*Ra a-decays into the
first excited level of 2Rn (E* = 110.1 keV) [9,10]
and the number of a-y coincidences E, = 6624 keV—
E., = 110.1 keV. Internal conversion was taken into ac-
count using K-, L- and M-conversion coefficients for F2-
transition according to [11]. (*'*Ra was produced by a
“test reaction” 208Pb(12C,7n)?!3Ra.) Scaling the result
with the relative values from the source measurements we
obtained ¢ = 0.06 at £, = 140 keV and e¢ = 0.055 at
E, = 200 keV. We believe these values reliable within a
factor of two.

Table 1. Compilation of reaction data; experimental data for
50T 4 298Ph were taken from refs. [2,12]. The given error bars
of the cross-sections result from statistical uncertainties only;
systematic uncertainties may change all cross-section values
up to a factor of two. The errors of E(01n,max); F(02n,max),
AE(01n,max) (FWHM), AFE(02n,max)(FWHM) represent the
uncertainty of the fit procedure and do not include the uncer-
tainty of the binding energies of the compound nuclei which
were taken from [13].

50 4 208p}, 50 4 209B4
O1n,max 10+ 1 nb 4.34+0.4 nb
O2n,max 12+ 1 nb 24 +0.3nb
E(01n,max) 15.6 £0.1 MeV  15.8 £0.1 MeV
AE(01n,max) (FWHM) 4.3+£0.2 MeV 3.44+0.2 MeV
E(02n,max) 21.5+0.1 MeV  22.3+0.2 MeV
AE(01n,max) (FWHM) 6.2 £ 0.6 MeV 5.5+ 0.5 MeV
Q value —169.5 MeV —171.9 MeV
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Fig. 2. Experimental excitation functions for *°Ti 4 2°°Bi (a)
and *°Ti + 2°Pb (b). The full lines are the results from fit-
ting Gaussians to the data (see text); the dashed lines are to
guide the eye. Error bars represent statistical errors only. If not
visible, error bars are smaller than the size of the symbol.

3 Excitation functions

The production of evaporation residues (ER) was mea-
sured for excitation energies of the compound nuclei rang-
ing from E* = 11 MeV to 31 MeV. The excitation en-
ergies were calculated using mass excess data published
in ref. [13] for a reaction in the center of the target
thickness. The energy loss of the projectiles in the up-
stream target backing and the first half of the target
was AE ~ 2.8 MeV according to ref. [14]. The exci-
tation functions are shown in fig. 2. Maximum produc-
tion cross-sections of o(In,max) = (4.3 + 0.4) nb and
o(2n,max) = (2.4 £ 0.3) nb were measured. For the 3n de-
excitation channel a cross-section o(3n) = (0.19 £+ 0.04)
nb was measured at E* = 30.8 MeV. This value can be
regarded as close to o(3n,max), although the 3n excita-
tion function is incomplete. Gaussian curves were fitted
to the data points for a comparison with the results from
20T 4 208PY [2,12]. We obtained for the positions and
widths of the curves E*(01nmax) = (15.8 £ 0.1) MeV,
AE*(o1n) = (3.4£0.2) MeV (FWHM) and E* (021, max) =
(22.3 £ 0.2) MeV, AE*(02,) = (5.5 £0.5) MeV (see also
table 1).
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Fig. 3. a) a-« correlation plot for 2*"Db — 2%3Lr; b) spectrum
of a-events attributed to 2°"Db, 2°°Lr and 2*°Md.

A comparison of the Gaussian fits with those obtained
for 59T + 208Pb resulted in an agreement for E* (01, max)
within the error bars, while for E* (02, max) an increase of
AE* ~ 0.8 MeV was obtained for %°Ti 4 299Bi. Since
this value is considerably smaller than the energy loss
AEcym = 3 MeV of the projectiles in the target [14], it
remains unclear if this is a real effect or an artefact due
to target inhomogeneities.

4 Decay properties of 25"Db, 2%3Lr and ?*Md
4.1 Analysis of the a-decay chains

The isotopes 2°"Db and 2%3Lr were first observed in a bom-
bardment of 2°9Bi with 59Ti at SHIP [1]. They were identi-
fied by delayed a-a coincidences with the decays of 24°Md
and 2%Es. Three equally intense a-lines of 9160 keV,
9071 keV and 8970 keV were assigned to 2°"Db, two a-
lines of 8800 keV and 8722 keV were assigned to 2°3Lr;
half-lives were (1.470%) s for 2°"Db and (1.3%55) s for
253Lr. These data were obtained on the basis of only
ten observed events. In the present experiment we ob-
served about 120 a-decays of 2°"Db followed by decays

of 253Lr. While the previously reported energies of 2°"Db
and 23Lr could be reproduced within the error bars (see
table 2), the a-a correlations between 2°’Db and 2°*Lr
resulted in new information on the decay properties: a-
decays of 9163 keV [?*"Db(1)] were only followed by a-
decays of 8722 keV [*53Lr(1)], while a-decays of 9074 keV
and 8967 keV [25"Db(2)] were only followed by a-decays of
8794 keV [?3Lr(2)] as shown in fig. 3a. Upper probability
limits for “cross correlations” are p[>"Db(1) ¢, 253Lr(2)]
< 0.02 and p[**"Db(2) ¢, 2°3Lr(1)] < 0.01.

The analysis of the linewidths showed a striking dif-
ference between 2°"Db(1) and 2°"Db(2) (see fig. 3a and
b). The width of the 9163 keV line of 2"Db(1) is AE =
17.5 keV (FWHM). This value is, within the uncertain-
ties, in agreement with the results for 2°*Lr(1): E, =
8722 keV, AE = 25.3 keV, for 2°3Lr(2): E, = 8794 keV,
AE = 20.8 keV (see fig. 3b), for 2°Fm: E,, = 7448 keV,
AE = 21.9 keV, produced by the decay of 2°®Db, and for
216Th: B, = 7923 keV, AE = 21.5 keV, produced by a
“calibration reaction” 5°Ti + "°Er. The two a-groups of
257Db(2), however, have significantly broader linewidths;
we obtained AE = 41.9 keV for the 8967 keV group and
AFE = 44.6 keV for the 9074 keV group. This indicates
that the latter two are strongly influenced by energy sum-
ming of a-particles and conversion electrons. For the same
reason it is not unambiguous, if the accumulation of events
at E, =~ 9021 keV represents a single transition or is also
produced by energy summing of a-particles and conver-
sion electrons.

For ?*°Md, the a-decay daughter of 2%3Lr, two a-
lines were measured (see fig. 3b): a transition of E, =
8023 keV, i; = 0.79 + 0.12, already known from the lit-
erature, and a weaker new transition of F,s = 8080 keV,
i5 = 0.21 £0.05. The common half-life is T} ;o = (1973) s.
However, also another interpretation seems possible since
two differences between a-decays following 2°3Lr(1) or
2531r(2) are indicated: a) a-particles of E,; following
a-decay of 23Lr(1) have a mean energy of E,j3 =
(802542) keV, those following 253Lr(2) a value of Fq12 =
(8022 + 2) keV (the errors denote the accuracy of the fit-
ting procedure only); while both energies still agree within
the error bars, the line E,12 is definitely broader. We ob-
tain AF,10 = 40.1 keV (FWHM) and AE,11 = 26.3 keV
(FWHM). b) a-decays E, > 8060 keV following the decay
of 253Lr(1) show a half-life of T}/, = (1.57§%) s, which is
one order of magnitude lower than the common half-life
of all a-decays in the range 7.95 MeV-8.15 MeV following
a-decays of 253Lr(1) or 2°3Lr(2).

In the case that the differences could be confirmed by
more sensitive measurements, we then must conclude, that
an isomeric state decaying by a-emission also exists in
249Md.

4.2 Isomeric states in 25’Db and 253Lr

The lack of cross correlations between the different clus-
ters shown in fig. 3a and discussed in the previous section
suggests that besides the ground state 2°79Db also an iso-
meric state 25" Db is populated by the reaction process.
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Table 2. Summary of decay properties: ¢ tentative line, ® this isotope has probably some more weaker a-lines, ¢ energy probably

influenced by summing of a-particles and conversion electrons.

Isotope E./keV Trel T2 /s HF
#1No 8621 + 10 0.9670 05 0.76 + 0.03 bt < 0.003 1.4
8578 + 10 0.04 £ 0.015 ba = 0917059 24
B2y 9018 4 20 ~ 0.75 0.3670 05 6.9
8974 + 20 ~0.25 15
23y 8794 + 10 0.571007 bst = 0.01315-936 2.3
253my 8722 + 10 1.497930 bst = 0.08 £ 0.05 2.4
255Rf 8722 + 10 ~ 0.94 1.6440.11 bst = 0.52 + 0.06 1.9
8924 + 15° <0.05 > 194
8670 + 10° <0.05 > 31
8583 + 10° <0.05 > 16
#6ph 9014 + 20 ~ 0.67 1.610:5 brc = 0.36 & 0.12 11
9120 + 20° ~0.11 114
9075 + 20° ~0.11 86
8891 + 20° ~0.11 22
BTDh? 9074 4 10° ~ 0.5 1.507912 bst < 0.06 11
8967 + 15° ~ 0.5 5.1
25Tm P 9163 + 10 0.76791% byt < 0.13 5.1

Both states decay by a-emission. The low hindrance fac-
tors for the a-decays of 257Db(1), 2**Lr(1), 253Lr(2) and
the 9109 keV transition of 25"Db(2) indicate that they rep-
resent favoured transitions into analogous Nilsson levels in
the daughter nuclei. (In agreement with fig. 4 we use in
the following discussion the @, values instead of the ener-
gies E,.) The lack of cross correlations further proves that
also 2°3™Lr predominantly decays by a-emission, while
a possible decay into the ground state by ~vy-emission or
internal conversion is a rare process with p(?**™Lr 71C
2539Lr) < 0.02. Under these circumstances it seems rea-
sonable to assign 2°"Db(1), 253Lr(1) to the isomeric states
and 2*"Db(2), 2°Lr(2) to the ground states. Otherwise
the 9217 keV transition of 2"Db(2) would represent the
decay into a nuclear level of 2°3Lr below the isomeric state.
In such a case correlation of both, the 9109 keV and the
9217 keV transition to 2°Lr a-decays of the same energy
would not occur. Whether the level in 2*Md populated
by a-decay of 2°>™Lr is an isomeric one is unclear so far.
As discussed in subsect. 4.1 there are some indications
of differences in a-decays following those of 2°3Lr(1) and
2531r(2), respectively, but the quality of the data does not
allow a definite statement on the existence of an isomeric
state decaying either by a-emission or, having a half-life
Ty < To (?4°Md), by ~-emission or internal conversion.

Support for the existence of isomeric states in 2°“Db
and 253Lr is obtained from calculations of Cwiok et al. [3].
Their results for 2°"Db, 2%3Lr, and 2*°Md at excitation
energies below one MeV are shown in fig. 4a. Using Weiss-
Kopf estimations for lifetimes of ~-transitions [9], the
1/27[521] level in 25"Db and ?*3Lr is a candidate for an

isomeric state decaying by a-emission, provided that the
energy difference to the lower-lying 7/27[514] level is lower
than 150 keV and that in 25"Db the 5/27[512] level lies
above the 1/27[521] level.

A possible decay scheme on the basis of the predictions
of [3] is shown in fig. 4b. Attributing 1/27[521] levels to the
isomers in 2°"Db and 253Lr, the assumption of a 1/27[521]
level as the ground state in 24°Md as predicted in ref. [3]
is in contradiction to our data, regardless if we attribute
257Db(2), 2°3Lr(2) to the isomeric levels and 22"Db(1) and
2531r(1) to the ground states, or vice versa. As can be seen
from the decay scheme in fig. 4b the Q, values for the
isomeric and ground-state decays (favoured transitions)
in 2°”Db and 253Lr have to fulfill the relations:

QB = (mpb® + Efy) — (mue® + Ef) —mac®, (1)
Qb = mppc® — (mrec® + Ef) — mac?, (2)
Qrs = (er02 +Ef) — maac® — mac?, (3)
Qi = mirec® — (maac® + Efrq) — mac?. (4)

Here Q. Q. QT QF . denote the @, values for the
favoured transitions of isomeric and ground-state decays
of 2°"Db and 2°3Lr, mpy, and my, the ground-state mass
excesses of 2°"Db and 2%3Lr, m, the mass excess of the
a-particle, E,, B} the energy of the isomeric levels in
257Db and *3Lr, Ef, Ef;4 the energy of excited states in
253Lr and ?*Md possibly populated by the ground-state
decays of 25"Db and ?**Lr.

From (1) to (4) one obtains an energy balance of the
a-decay sequences 2°"™Db @, 253y @ 249M\d and 2°79Db
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Fig. 4. a) Level schemes predicted for *°Md, ?**Lr, ?*"Db according to [3]; b) symbolic decay scheme for **"Db using level
sequences as predicted in ref. [3]; c) tentative decay scheme suggested for *°7?*""Db on the basis of the observed a-decay
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@ 2539Ty @ 249)\[d: Our proposed decay scheme is shown in fig. 4c. Yet,
. . we want to point out that this scheme is tentative and
Epy, = (Qp, + Q1) — (@b, + QF,) — Efy — Efra (5)  needs to be confirmed by more detailed measurements,

since it still exhibits a not understood peculiarity. Inter-
and from (3) and (4) an energy balance for the a-decays preting the 9109 keV line of 257Db(2) as decay into the

299mLr 2, 249Md and *%9Lr 2, 299Md: 9/2%[624] level of 23Lr and the 9217 keV line as decay
o (om 9\ _ pr ) mto the 7/27[514] level of 23Lr, the transition 9/27[624]
Lr = (QL — QL) — Bua- © - 7/27[514] would be E1, for which conversion coeffi-

Assuming 257Db(2), 2%3Lr(2) as the decays of the isomeric cients kz, ~ 0.1 and kys ~ 0.03 are expected [11]. So the
levels and 27Db(1) and %3Lr(1) as the ground-state de- a-lines could not be noticeably influenced by energy sum-

cays we obtain for (5) using the measured energies for the ming of a-particles and conversion electrons. One may
favoured transitions of course speculate that decay of the 9/2%[624] level in

253Lr populates the excited 9/2~ more strongly than the

ET = —127 keV — Ef, — By .7/2*[514] grqund state. The transition 9/27 — 7/2’[514]
is M1 and will be highly converted. Such a behavior has
and hence a negative value for F[, . been observed for the decay 9/27[734] — 7/2%(624], 9/2*

Assuming, on the other hand, "Db(1), 2%*Lr(1) as the in 247Cf, populated by a-decay of *'Fm [15] (see also
decays of the isomeric levels and 257Db(2) and 253Lr(2) as sect. 6). Yet the amount of data does not allow to draw

the ground-state decays and a lower limit Ef, = 108 keV' definite conclusions. More sensitive measurements are nec-
T )

i.e. the energy difference between the two a-lines at- €S58y
tributed to 2°"Db, we can fulfill (5) by
Epy, <19 keV — Eyyq 4.3 Spontaneous-fission properties of 25’Db and 253Lr

but obtain from (6
©) Four spontaneous-fission events following a-decays within

E" = —72 keV — Ef1y At = 5 s were observed in this experiment. Based on the

energies of the preceding a-particles three of the fission

and hence E™ < 0. We therefore assign the 7/27[514] events were attributed to 2°*Lr(1) and one to 253Lr(2),

level to the ground state of 24°Md, as it was done also for resulting in spontaneous fission branchings by = 0.08 +
heavier mendelevium isotopes [9]. 0.05 for 253 Lr and by = 0.01315-930 for 25391,
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Search for spontaneous fission of 2°’Db was difficult.
Due to “background” of fission events of 256Rf (produced
by EC-decay of 2°°Db (see sect. 5 and fig. 1)) and 258Rf
(produced by EC-decay of 2°®Db) we had to restrict the
search to the bombarding energies £ = 4.85 AMeV and
E = 4.92 AMeV at which the production cross-sections
of 256Db (3n channel) and ?5®Db (1n channel) were lower
than 10% of that for 25"Db (2n channel). At these en-
ergies the observed number of five fission events was re-
duced by two events, the numbers of fission events ex-
pected for the 1n and 3n channels, respectively, on the
basis of the number of the observed a-events and the EC-
branchings measured in this experiment, by = 0.264+0.03
for 258Db and bgc = 0.35 £ 0.12 for 2°°Db (see sect. 5).
Under these conditions we obtained an upper limit of
three spontaneous-fission events that could be attributed
to 2579Db or 257" Db. A definite assignment to one of these
states is not possible due to the similar half-lives. So, as an
upper limit we took the ratio of the total number of fission
events that could be attributed to 2°"Db (3 events) and
the number of observed a-decays; the results are bss < 0.13
for 257™Db and bg < 0.06 for 2°79Db.

5 Identification of 2°°Db and 252Lr

The identification of the isotopes 2°Db and 2°2Lr was
based on a total of 16 a-decay chains, that were followed
down to 2*4Cf according to the sequences 2°6Db ¢, 252Lr
a 248Md a 244ES EC 244Cf a 24OCm or 256Db oz 252Lr
0‘ 248Md EC 8Py o 244Cf @, o 2400, Three chains con-
51sted only of decays of 256Db and 252Lr, while in 13 cases
they were followed by decays of 24¥Md, 248Fm or 244Cf
(fig. 5). In 4 cases either the energy of 2°°Db (1 event) or
25211 (3 events) was smaller than 5 MeV. These events are
regarded as a-particles escaping the “stop detector” but
not being registered in one of the strips of the “backward
detector”. They are marked by arrows in fig. 5. It should
be noticed that due to its long half-life, to avoid random
correlations, only ?44Cf a-decays with full energy release
in the “stop dectector” and occurring between the beam
pulses were considered. Therefore, about 40 per cent of
the 244Cf-a-decays were lost.

Eight a-events assigned to 2°6Db were registered with
full energy release in the “stop detector” (small squares
in fig. 5). They can be divided into four groups: each one
event with an energy of E, = 8891 keV, 9075 keV and
9120 keV and five events in the interval E, = (8996
9039) keV resulting in a mean energy of E, = 9014 keV.
The decay pattern of this isotope might be more com-
plex since a) the energy interval E, = (8996-9039) keV
is rather large, so the events may represent a line dou-
blet, and b) two of the “sum events” (F, = 8681 and
9251 keV) are definitely outside these groups also with re-
spect to the limited energy resolution. Yet, on the basis of
the poor statistics, we presently will not postulate addi-
tional lines. Due to the limited energy resolution the six
a-decays which were registered as “sum events” and the
one escape event were only included in the half-life deter-
minations but not respected in the estimates of the decay
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Fig. 5. Plot of the observed decay sequences of 2°°Db; small
symbols: full energy release in the “stop detector”; large sym-
bols: energy taken as the sum of the energy losses in the “stop
detector” and the “backward detector”; arrows: only energy
loss in the stop detector registered; the lines in the plot refer
to the a-energies, the lines at the top of the plot refer to the
line intensities; 244Cf, 248Fm, 2*¥Md literature values, 2°°Lr,
256D} this work. In order to separate the a-decays of °°Db
and 252Lr, we interrupted the abscissa at 9100 keV.

energy. The half-life determined from the time differences
between implantation and decay is T} /o = (1.67073) s

From the a-decays of the daughter 2°2Lr five a-events
were registered as “sum events”. For three cases the en-
ergy value fits quite well to the energies for particles reg-
istered with their full energy in the “stop detector”. For a
fourth event of 8999 keV it was not clear to which of the
energy intervals discussed below it should be attributed,
while for the third event at 8557 keV only an energy signal
in the “backward detector” was observed. Therefore these
two events will not be respected in the further discussion.
The remaining decays can be divided in two groups: three
events in the interval E, = (8956-8991) keV resulting
in a mean energy of 8974 keV, and eight events in the
interval E, = (9008-9044) keV resulting in a mean en-
ergy of 9018 keV. The half-life calculated from the time
differences between the a-decays of 2°6Db and 2°2Lr is
Ti/2 = (0.362047) .

Besides the 16 a-decays nine sf events were observed.
Seven events at a beam energy of 5.08 AMeV and two
events at 4.97 AMeV. The half-life deduced from these
nine sf events is T} ;o = (2.3%]7§) s including all events. A
somewhat lower value, but still agreeing within the error
bars, is obtained when only the events at 5.08 AMeV are
respected: T /» = (1.770%) s. Due to its half-life and pro-
duction characteristics this activity is attributed to the 3n
channel, 2°6Db.

Spontaneous fission of nuclei having unpaired nucleons
is known to be hindered compared to neighbouring even-
even nuclei. To get a rough estimate of the sf half-life
of 2°6Db we calculated an “unhindered” fission half-life,
which was obtained as the geometric mean of the values for
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the neighbouring even-even nuclei, and multiplied with the
hindrance factors (HF) for the neighbouring odd-mass nu-
clei having the same neutron number, 2°Rf (N = 151), or
the same proton number, 2°"Db, according to the follow-
ing relations: Ty (*°°Db) = Tyt unn. (2°°Db) x HF (*5°Rf) x
HF(?SDb), using Tifunn. (**°Db) = [Ty (**Rf) x
Ty (?°5Rf) x Ty (?°5Sg) x Ty (?°%Sg)]Y/* and HF =
Tijp % [bss X Tt unn. ]! for both 25°Rf and 25"Db
with Tyt unn. (2°°RE) = [T (P*RE) x Ty (**SRf)]/2 and
Tsf,unh.(257Db) — [Tsf(256Rf) x Tsf(2588g)]1/2.

T (54Rf), Ty (*°°Rf), Ti(?%%Sg), bsr(*°°Rf) and
Ti/2(**Rf) are experimentally known and were taken
from [2] or from this work (table 2); for Ty (*55Sg) the
calculated value from [16] was taken. For 2"Db the sit-
uation is more complicated. Our experiments showed the
presence of two decaying levels with half-lives different
by roughly a factor of two. We took for our estimation
the longer half-life of the assumed ground-state transition,
Tij2 = 1.5 s (**"™Db) and as fission branch the ratio of
fission events to the total number of a-events assigned to
2579Db, bsr &~ 0.06. Resulting values are Tyt ynn. (*°°Db) ~
0.2 ms, HF(?5°Rf) ~ 7000, HF(?**"Db) a2 6000 and hence
T (?°°Db) ~ 8000 s, which results in an expected fis-
sion branch b (?°°Db) ~ 0.0002. On the basis of this re-
sult it is not justified to attribute the observed events
to sf of 2°6Db. We therefore assume a strong EC branch
leading to 256Rf. Since the half-life of the former isotope
Ty = (6.240.2) ms [2] is much shorter than that of 255Db,
the observed half-life obtained from the time difference be-
tween implantation of the evaporation residue and decay
by sf will be equal to that of 2°6Db. On the basis of the
number of the observed a-decays and sf events a branch-
ing value of bgc = 0.36 +0.12 was obtained. A notable EC
branch is also expected from theory; recent calculations of
Méller et al. [17] result in Ty /5 3 = 22.9 s.

6 Decay properties of 25°Rf

An indication for the existence of a low-lying isomeric
state in **Rf decaying by a-emission with T/, ~ 0.9 s
was obtained in a previous study of evaporation residues
from °0Ti + 206208Ph  where 2°°Rf was produced in
In and 3n evaporation channels. In these experiments
an abnormally low number of a-decays in the interval
E., = (8720-8730) keV was followed by daughter de-
cays (*°*No) [2]. However, neither from theoretical predic-
tions [3] nor from the known levels of lighter N = 151 nu-
clei with even-Z numbers (21Fm, 249Cf, 247Cm, 24°Pu) [9)
which have a similar structure the existence of an isomeric
state of Ty, ~ 1 s could be expected. To clarify this
problem we used the more efficient 2°7Pb(59Ti,2n)2%5Rf
reaction to produce an order of magnitude more events of
255Rf. The result is shown in figs. 6a and b. On the basis
of the considerably improved statistics no “abnormal low”
correlation rate for E, = (8720-8730) keV is evident.

In addition, a few y-events in coincidence to the a-
decays of 2°°Rf were observed. Two different groups are
indicated (fig. 6¢), a) nine y-events with a mean energy
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attributed to the decay of 2°°Rf.
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of Ey1 = (203 £ 3) keV are essentially in coincidence to
a-decays of E, = (8722+10) keV (Q, = (8904+10) keV),
while b) seven events of E.o = (142 £ 3) keV are coinci-
dent to E, = (8773£10) keV. For a) the sum Q.+ E1 =
(9107+10) keV is equal to the value Q, = (9109£15) keV
for a group of a-decays in the interval E, = (8908-
8936) keV having a mean energy E, = (8924 + 10) keV
(Qo = (9109 £ 10) keV). These are the a-decays with
the highest energies followed by decays of 2*!No. So we
conclude that the v;-transitions leads to the ground state
of ?!No (fig. 7). Due to the lowest hindrance factor of
HF = 3 the E, = (8722 £ 10) keV transition is as-
signed to the “favored” transition. According to the calcu-
lations of Cwiok et al. [3] and the assignments for lighter
N = 151 and N = 149 isotones, we tentatively set the
ground state of 25°Rf as 9/27[734] and that of ?5!1No as
7/2%[624]. Striking, however, is the low hindrance factor
of HF = 7 for the E, = (8773 + 10) keV transition. In
the lighter N = 149 isotones (*4"Cf, 245Cm, 2*3Pu [9])
the first excited Nilsson level is settled as 5/27[622]. Rel-
ative intensities of decays into this level (or the first ex-
cited member of the rotational band built up on it) are
<0.05, hindrance factors are typically >100. Therefore,
the properties of the E, = 8773 keV line do not sug-
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gest a transition 9/27[734] (?5Rf) — 5/2%[622] (**1No).
On the other hand, its linewidth of AEF = 39 keV hints
at an energy summation of a-particles of 8722 keV and
conversion electrons. Paying attention to the known a-+-
decay patterns of lighter N = 151 isotones 2°'Fm, 24°Cf,
247Cm [9], we therefore interpret the E., = 142 keV line as
the transition 9/27[734] — 9/2%, the first excited mem-
ber of the ground-state rotational band of 2*!No. The suc-
ceeding transition 9/2% — 7/27[624] is preferably M1 and
highly converted (kas ~ 14, kz ~ 60 [11]). Thus the a-line
at 8773 keV is interpreted as due to energy summing of -
particles from the favored transition 9/27[734] (**Rf) —
9/27[734] (**'No) and conversion electrons from the 9/2F
— T7/2%7[624] transition. Hence the excitation energy of
the 9/27 level is E* = (61 +4) keV.

Whether the a-events above the E, = 8773 keV line
represent just signals from energy summing or a single «
transition cannot be stated with certainty so far on the ba-
sis of the present data: the accumulation of events around
8831 keV and the small peak indicated at F, = 8797 keV
might be due to energy summing with conversion electrons
connected to the transitions (a) 9/27[734] 7, 11/2+ €
7/211624] or (b) 9/27[734] ¥, 11/2+ 1€ 9/2+ 1C 7/2+[624].
The transition 11/2% — 7/2%[624] is preferably E2 for
which a K-conversion coefficient ~ 0.1 is expected, which
results in only a small number of events. The transitions
11/2% — 9/2% and 9/2% — 7/27[624] are preferably M1
and are expected to be highly converted. Total summa-
tion of both conversion electrons with a-particles will
also contribute to the E, = 8831 keV line, while par-
tial summation may be the reason for the line indicated
at B, = 8797 keV.

The transitions 9/27[734] — 7/27[624], 9/2F, 11/2+
are F1 for which conversion coefficients <0.02 are ex-
pected. Although the probability for energy summing is
therefore low, a few events can be expected. Especially
the peak indicated at E, = 8897 keV is most likely due
to energy summing with L conversion electrons. This as-
sumption is supported by a) an energy difference of AF =
27 keV to the supposed ground-state transition, which

is about the L-binding energy of nobelium (E(L1) =
29.22 keV, E(L2) = 28.26 keV, E(L3) = 21.85 keV [9])
and b) a conversion coefficient of 0.05 + 0.03 estimated
from the number of a-decays, which is close the theoreti-
cal value of kr,(E1) = 0.022 according to [11].

From comparison to 2°'Fm, 24°Cf, and ?*"Cm also
weak transitions 9/27[734] (?°°Rf) — 11/2= (**!No)
can be expected. Since typical energy differences AF =
E(11/27) — E(9/27[734]) are AE ~ 50 keV, we would
expect a weak line at E, ~ 8670 keV (Q, =~ 8861 keV)
where indeed some a-decays are present in both, the single
and the coincidence spectrum. Predominantly the 11/2~
level, however, will decay by internal conversion into the
9/27[734] level, so the a-decays into the 11/27 level will
be strongly influenced by energy summing with conver-
sion electrons and have resulting energies close to the
E, = 8722 keV line; possibly its small shoulder at E <
8700 keV is effected by these “sum events”.

We finally want to remark that on the basis of the ~
efficiencies obtained in sect. 2 and the number of observed
a-decays in the intervals E, = (8700-8740) keV and E, =
(8740-8840) keV we would expect nine a-y coincidences
with E, = 203 keV and six events with F, = 142 keV,
which is in good agreement with the observed numbers of
nine and seven events. The discussion above is summarized
in table 3.

7 Decay properties of 25!No

251No was first identified in irradiation of 244Cm with 2C
by Ghiorso et al. [18], who reported two a-energies of
Eop = 8.60 MeV, ig1 ~ 0.8, Ean = 8.68 MeV, gy = 0.2,
and a half-life of (0.8 £ 0.3) s. In our experiment it was
produced by a-decay of 2°°Rf. We observed the main a-
transition at F,; = (8621 + 10) keV and a low intensity
line at Eqo = (8578 £10) keV. An a-line at 8680 keV was
not observed at a level of 4e1 5680 < 0.03 (68% confidential
limit). Our measured half-life is (0.76 4= 0.03) s. Hints for
EC-decay of 251 No could be obtained in principle from a-«
correlations of the type 2°°Rf @, 291No EC 251\ @ 247Es,
where a-decay of 2°°Rf and ?*'Md are observed. How-
ever, the a-branch of 2°'Md is expected to be b, < 0.1;
no correlations of the above type have been observed. An
estimation for the a-branching of 2°!No is 0.917099 ob-
tained from the total number of 2°°Rf-a-decays and the
number of correlations 2°°Rf @, 2°!No ¢, ?4"Fm. Sponta-
neous fission of 2°'No can be identified by correlations of
the type 2°°Rf @ 2°INo *{. No correlations of this type

—

were observed, giving a limit by < 0.003.

8 Summary and conclusions

The complete fusion reaction °Ti + 299Bi — 25°Db* was
used to measure excitation functions for the 1n and 2n
de-excitation channels. Of principal interest was to study
—with respect to the reaction *°Ti + 208Pb — 258Rf*—
the change of the cross-section ratio o1y max/02n,max and
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Table 3. Decay properties and most probable decay mode of the daughter level populated by a-decay of 2°°Rf; © = a-lines are
most probably due to energy summing of a-particles and conversion electrons. Note that for reasons of discussion (see text) the
division into lines here is somewhat different to the summary in table 2; consequently, relative intensities and hindrance factors

are also different.

E./keV Trel HF Decay (of daughter levels)
8583 0.0125 67 ?
8684 0.0094 145 ?
8670 0.0094 173 11727 7, 7/2%[624]
8692 0.0406 47 11/27 9 7/27[624]
8722 0.57 4 9/27[734] 2, 7/2%[624]
8773+ 0.26 13 9/27[734] 2, 9/2% 1€ 7/27[624]
8797 0.0313 131 9/27[734] 2, 11/27 1§ 9/2+ 19 7/2% [624]
8831+ 0.0313 163 9/27[734] 7, 11/2% 1€ 7/27[624]
8897+ 0.0156 509 9/27[734] 'S 7/2%[624]
8924 0.0188 520 9/27[734] 'S 7/2% [624] 77

the influence of the additional, unpaired proton in the tar-
get nucleus on the position of the maximum of the 1n
de-excitation function. The latter is of specific interest
for the extrapolation of the optimum bombarding ener-
gies for the production of odd-Z isotopes in the region of
heaviest nuclei at Z > 110. Within our experimental lim-
its no change in E*(01n,max) Was observed compared to
208ph(5074,1n) 257 Rf.

A careful analysis of the observed a-spectra revealed
the existence of an isomeric state in 2*’Db decaying by
a-emission into an isomeric state in 2*3Lr, which again
decays by a-emission. Possible spin assignments for the
ground states of 25"Db, 253Lr, and ?*Md and the isomeric
states 2°7"Db and 2°3"Lr were discussed on the basis of
the observed a-decay characteristics and theoretical pre-
dictions. The results are, however, not free of ambiguities.
More detailed measurements are necessary. At the high-
est bombarding energies the new isotopes 2°°Db and 2°?Lr
could be identified. Two a-lines of (9018 £ 20) keV and
(8974 4 20) keV were attributed to 252Lr. The spectrum
of 2°6Db appears more complicated. Besides a strong a-
line at (9014 + 20) keV some weaker transitions in the
energy interval E, = (8.89-9.12) MeV are indicated. The
half-life of 25°Db is (1.6703)s. Fission events of a similar
half-life of (2.37§§)s were also attributed to 2°Db. They
are interpreted as spontaneous fission of 2°5Rf, produced
by electron capture decay of 2°6Db. It is likely that this
spontaneous-fission activity is identical to those of simi-
lar half-lives that were observed in bombardments °'V +
27Ph, Tyjp = (1.279%) s [19], 51V + 206207pp Ty =
1.5 s [20], and 8T + 299Bi, T} j» = (1.6705) s [21]. While
no assignment of this activity was made in ref. [19], it was
attributed to 2°°Db in ref. [20], and to 2°°Db in ref. [21].

Motivated by the hint for a low excited isomeric state
in 2°°Rf decaying by a-emission in a recent experiment [2],
which was not expected on the basis of a calculated level
scheme [3], we studied the decay of this isotope in more
detail by means of a- and a-vy-spectroscopy. A first level

scheme of ?*!No was obtained. The existence of an iso-
meric state, however, could not be confirmed.

With respect to the necessity to study the nuclear
structure of transactinide nuclei in more detail to obtain
a reasonable basis of experimental data as support for
theoretical prediction of properties of superheavy nuclei,
our experiments show that despite low cross-sections of
o ~ (1-10) nb, using improved experimental techniques,
counting rates and sensitivity are high enough for detailed
investigation of decay properties.
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