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ABSTRACT

Experimental results on-the production of the elements Fm to 107 in heavy ion
fusion reactions of “°Ar, 5°Ti, or *“Cr with isotopes of Pb or Bi are pre-
sented. The fusion products were separated from the projectile beam in-flight
with their full energy as they recoil from the target. For identification
they were implanted into an array of position sensitive surface barrier de-
tectors, where a-decay or spontaneous fission were measured.

This new experimental method permitting the identification of unknown a-
emitters by genetic relationship has been extended to the heaviest nuclei.
The analysis of single decay chains starting from individual implanted nuclei
allows to identify unknown isotopes with formation cross sections down to the
100 pb region and lifetimes down to 107° s.

A11 previously reported deexcitation channels for the fusion of “OAr and
208ph characterized either by spontaneous fission or by a-decay were observed
for the first time in one experiment. We investigated the isotope 2°°104,
which is important for spontaneous fission halflife systematics of the trans-
actinides. The possibility to form cold compound nuclei close to the fusion
barrier is discussed in the view of our recent experiments with respect to
the fusion of “®Ca and 2“®Cm.

We report the first identification of element 107 by genetic relationship.

KEYWORDS

Heavy ion fusion, velocity filter, position sensitive m=1wmnw barrier detec-
tor, genetic relationship; identification, element 107; new isotopes 239¢Cf,
2u3Fy  247Md, 253y, 254 p, 258105, 262107; halflife 2°104; fusion barrier.

INTRODUCTION

The investigation of the heaviest nuclei in the region of fermium and beyond
does not only require more and more sensitive detection methods to identify
isotopes with production cross-sections of 1073% cm® and below but also de-
mands the extension of the range of halflives to be investigated to regions
far below seconds.

The well established techniques used so far for the identification of short
lived nuclei with Z 2 100 from heavy ion fusion reactions, as the He-jet,
rotating drums, or moving tapes have been developed to a high state of art
and, hence, approached the limits of their possibilities. Their main restric-
tions are due to the fact that the nuclei to identifiy have to be stopped in
the gasflow or solid material before they are moved to the detector positions.
Isotopes with short halflives can only be detected to a limit of some tenths
of seconds with. the He-jet or some parts of milliseconds with the rotating

drum, the latter one being only applicable to reaction products undergoing
spontaneous fission.

Due to momentum transfer from the projectiles the evaporation residues formed
by heavy ion fusion reactions leave the thin target with a well defined veloc-
ity. In the stopping process useful information from reaction kinematics are
lost. Hence, in-flight separation seems the most suitable method to separate
evaporation residues from the projectile beam or other nuclear reaction pro-
ducts, especially for the short Tived nuclei far from stability.

With a velocity filter, separation times of 107 s and high background
suppression, combined with a high efficiency for evaporation residues, are
possible. The separated nuclei are implanted into position sensitive surface
barrier detectors with their full recoil energy. They are identified by their
a-decay or spontaneous fission. ’ .

We also have developed this experimental technique for the last five years at
the velocity filter SHIP for the investigation of the heaviest nuclei.

The uommﬂcidﬁndmw of the rotating drum, He-jet, and velocity filter are com-
pared in Table 1. )

TABLE 1 Main Characteristics of Different Approaches to
Detect the Heaviest Nuclei with Z 2 104

v

Rotating Drum He-det Velocity Filter

Efficiency 50 % 30 % 20 %
Separation Time 10-3 s 0.1s 10-% s
Efficiency Reaction no no yes
Dependent

Lowest Cross Section 0.1 nb 0.2 nb . 0.2 nb
Detectable Decay Mode sf © a,sf a,sf
Genetic wmdmﬁﬁosmsﬂm. no yes yes
Detection of Evaporation no no yes

Residue
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Fig. 3. Energy spectrum taken at the exit of
SHIP for “°Ar on *“Sm.
5.0 6.0 ,
This spectrum shows a strong peak of evaporation residues, the Tines from Daughter Energy / MeV
their a-decay, and also a small peak of scattered Ar projectiles. Time-of- X L sou
flight measurements show that the scattered particles have the same average Fig. 4. a-a coincidence spectrum for °*°Ni on 1°Cd,
velocity as the evaporation residues, which is expected for a velocity filter. Excitation energy of the compound nucleus *©°0s
Consequently, the relation between the energies of evaporation residues and is 83 MeV; Time window : 200 ms; Position win-
scattered projectiles correspond to their masses. Sources for scattering are dow : + 0.45 mm. The plot shows 10 new iso-
target frames, diaphragms, and also target inhomogeneities. In the reported topes.
experiments, the suppression of scattered projectiles is 10'°-10%2, Projec- . .
tiles with original energy were rejected by more than 16 orders of magni- True correlations can be found easily by an accumulation of events. Ana-
tude.

lyzing projected spectra onto the energy axis obtained with additional
energy windows, positions, and intensities of correlated events can be
Implantation depth for evaporation residues is (3 - 6) um and small compared measured very accurately even in cases of unresolved lines in complicated
to the 60 um range of the a-particles from their decay. Therefore, half of singles spectra. Maximum correlation time is limited by random events, e.g.
the a-particles escape the detector and the response is 50.%. Efficiency for - evaporation residues per time and detector area.

spontaneous fission is 100 %, as at least one fragment is stopped in the

active detector region. For good efficiency we use an array of seven position sensitive surface

barrier detectors with a total area of 2000 mm?. Figure 5 shows a two-
The low background in the a-spectra is completely eliminated by gating be- dimensional plot of the spatial distributions of a-decays from a certain
tween the UNILAC beam bursts, which have a length of 5 ms and are followed
by 15 ms intervals (macro structure).

Position and Time now«mdoﬂdoz

Counts

Unambiguous identification of new a-emitting isotopes is best performed in
establishing decay chains leading to known transitions. A technique of posi- N
tion and time correlation measurements between subsequent decay signals was I
developed. The main point of the method described here is that for any inci-

dent nucleus, its subsequent chain of alpha decays must be observed at its i
position of implantation within the 1imits of the resolution of the detector I
(Hofmann, 1979,1981a,b). Such correlations can easily be determined from two
dimensional plots of parent energies on the ordinate and of daughter energies,

Vertical Position / mm

T T T T - —
Counts -40 -30 -20 -10 0o 10 30 40

following within a certain time window and a position window relative to the . Horizontal Position / mm
parent position, on the abscissa. An example of such a plot is shown in Fig. 5. Intensity distribution of 62W a-decays across
Fig. 4.

the detector array (horizontal distribution for
each detector artificial).
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*9Ar and °°Ti on Pb Irradiations - Neutron Deficient Fm Isotopes

The investigation of Fm isotopes from fusion of Ar and Pb is a good start to
enter the region of the heaviest elements. Targets near the double magic
208ph permit the production of cold compound systems, formation cross sec-
tions are in the nanobarn region, the dominating decay modes are a-decay or
spontaneous fission, and halflives range from ms to s. These are the experi-
mental conditions also expected for the heavier nuclei.

Moreover, special deexcitation channels have been investigated carefully by
various authors : 2°98Pb (*°Ar, 3n) 2*5Fm (Nitschke, 1979), and 2°®Pb (*°Ar,
2n) 2%*Fm (Gaggeler, 1979).

With our experimental setup, observation of all deexcitation channels is
possible for the first time. In 2°8Pb irradiations the isotopes 2%®,2%SFm
were identified by their a-decay energius, halflives, and by correlations

to daughter decays, the spontaneous fissioning 2**Fm by its halflife. In this
experiment the finding of the 2n deexcitation channel by Oganessian (1975a),
‘who only observed the spontaneous fission of 2%%Fm, was confirmed (Miinzenberg,
1981b), and also his suggestion to obtain cold heavy compound nuclei from
fusion reactions with targets around the double magic ?°°Pb. We will follow
this method also for the synthesis of heavier systems.

Irradiating 2°Pb with “°Ar we found the new isotope 2*3Fm. Figure 9 shows
an a-spectrum without correlation conditions but taken between the UNILAC
beam bursts, irradiation time was 20 h, projectile dose 8 x 10%°. The spec-
trum shows the a-decay assigned to 2“°Fm and the daughter decays of 23°Cf
which could also be correlated. The measured cross section for 2*3Fm pro-
duction is (1.3%¥3:3) nb.

The spectrum also shows a-decays from transfer products. Comparison of our
data for the 2°®°Pb irradiations to those of Nitschke shows that transfer pro-
ducts are suppressed by SHIP more than three orders of magnitude. Time-of-
flight measurements show that they have the same velocity as the evaporation
residues. This only can be explained by scattering processes.

T T T T T
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7500 8000 8500 E/keV N I

Fig. 9. a-spectrum and time correlation between implantation of the eva-
poration residue and subsequent a-decay for “®Ar (194 MeV) on 2°¢Pb
to produce 2“3Fm.

Our cross sections, which are strongly influenced by the efficiency calcu-
lations, agree to experimental data from Gaggeler, Nitschke, and Oganessian
within the error bars and indicate the reliability of our calculations, even
for the region of the heaviest nuclei, where most of the parameters necessary
for the ion optical calculation are extrapolated.

Figure 9 also shows the logarithmically scaled distribution of time distances
between implantation and a-decay of 2“°Fm. The solid line is the fitted dis-
tribution from which halflife has been taken.

Spontaneous fission halflife of 25%104. One interesting aspect to investi-
gate eTement 104 is the systematics of spontaneous fission halflives for
even-even nuclei, which changes abruptly between No and element 104 according
to experiments of Oganessian (1975b). The enhancement of halflives on the

zuﬁmmmccm:mddaﬁmmvummxw.moxa:m*moeovmnmmaoan:mm*ﬁmnﬁ*mmuocnﬁo:x
orders of magnitude (Fig. 10). :
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Fig. 10. Spontaneous fission halflife sys-
tematics for even-even nuclei.

qcﬂm.mﬁxm:u@ qm:m<mo:1 gave rise to discussions, whether the spontaneous
fission activities observed in irradiations of targets near Pb with beams

of *°Ti and heavier might belong to actinide isomers, formed in transfer
reactions (Viola, 1980).

We irradiated 2°®Pb targets with S°Ti of (4.75 - 5.15) MeV/u. At the lowest
energies the 1n channel was identified by observation of the well known a-
decay of 2°7104, which also was found in correlations to decays of -:No.
With 4=oxwmm*=m projectile energy the expected ms spontaneous fission acti-
vity, assigned to 2°¢104, appeared. The width of the excitation function is
about 10 MeV (Fig. 11), so we can exclude that this spontaneous fission ac-
tivity originates from a transfer. Another proof is the agreement of our
measured cross section to that given by Oganessian, which is about 6 nb in
both cases. Similar arguments hold for a,xn channels. We do not observe any
other decays in question for the isotope 2°¢104. Our halflife of (8.1%1:3) ms
is in agreement to that measured by Oganessian (Fig. 12). At the highest
energies we observed few spontaneous fission events with seconds halflife,
which might belong to the isotope 2°5104 and indicate the 3n channel.

This isotope also can be formed in the reaction 2°7Pb (5°Ti, 2n) 255104, We
observed a-decays of 2°5104 correlated to decays of 25No and also spon-
taneous fission with corresponding halflife (Table 2).
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Fig. 14. Excitation function for 3°Ti on 2°%pb;
Upper curve : Evaporation residue cross
section, taken from Fig. 11;
Lower curve : Fusion cross section from
fusion fission.

From the symmetric mass component, also measured in our experiment, we get
the excitation function for the total fusion cross section, Fig. 14. As the
measured mass distribution cannot be assigned unambiguously to the various
types of nuclear interactions, we put a comparatively narrow window on the
symmetric peak. Consequently, our fusion cross sections may be underesti-
mated by a factor of two. The maximum of the evaporation residue cross

section corresponds to a fusion cross section of 30 mb, similar to that
for “°Ar on 2°8pp, :

50Ti and 5*Cr on Bi Irradiations, Element 107

Element 105 isotopes, daughter decays of 107. In irradiations of 2°°Bi with
SUTT we expect the formation of 2°/»2°°105. The isotope 237105 is of special
interest : In jrradiations of *“Cr on 2°°Bi to produce element 107,
Oganessian (1976) observed two spontaneous fission activities. One with a
halflife of (1 - 2) ms was assigned to 261107, the other one with 5 s was
explained by an unobserved a-decay of 262107 leading to mquom. which was
regarded to undergo spontaneous fission with the corresponding halflife. From
the relative intensities of observed spontaneous fission events in both

cases, for 261107 as well as for 2°7105 strong a-decay branches were postulated.

We irradiated 2°°Bi with 3°Ti beams between 4.65 MeV/u and 4.95 MeV/u with

an integral ion dose of about 10® per energy. The 2n channel was observed

at 4.85 MeV/u and 4.95 MeV/u by decay chains from 237105 ending in the se-
quence 2%°Md-2“5Es. Due to the 50 % detector efficiency, most of them are
incomplete. At 4.95 MeV/u we found the decay chain of Fig. 15, in which de-
cays of 8940 keV and 8750 keV are correlated to the known transition of 2“°Md.
The statistical error probability of this chain is less than 10-°. So we can ~
assign the decays to-the isotopes 257105 and 2°%Lr. This chain represents

the decay pattern of a single implanted nucleus of 257105, therefore, we

have to consider that the given decay energies and time distances straggle
around the exact values of a-decay energies and halflives.

moam ¥ moomwm
(4,92 MeV/u) —
8940 keV,
80 ms
mmu_L.
8750 keV,
15 s :
ﬁwZQ
7 980 keV,
10s
wsmmw

Fig. 15. a-decay: chain of mﬁsmdm im-
planted nucleus of 2°7105,
observed in 5°Ti on 2°9Bj
irradiation (2n).

At 4.75 MeV/u we observed decay chains, two examples of which are shown in
Fig. 16. For the odd-odd nuclei o-decay as well as electron capture is ex-

pected. The electron capture decay of 25°105 would lead to the spontaneous
fissioning 258104,

S07; . 2093 :
258105/259105; 258105/259105:
(475 MeV/u) . et 9198 kev S—
[t CN L3ls CN
254 :
8 449 keV, -
_\S.w s . B
2500 o
7 761 keV
88 s
7 418 keV
UsEg MOZETPIN
mamﬂﬁ

Fig. 16. Decay chains of two implanted nuclei of 258105 observed in 5°Ti on

29984 jrradiations (1n).
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Fig. 18. Time correlation for
- the events found in the
two-dimensional window
of Fig. 17.

One of the observed events is correlated to a decay chain ending in 25%Lr,

two of them end in 2%°Fm decay, and one ends in 23°Md. An example of a com-
plete decay chain is shown in Fig. 19.

9 :
Cr -+ 2% 2621y7| 2831071

(485 MeV/u) 10367 key e zwr;

258105

9176 xm*
36 s

254

21s

8 439 keV,

7 457 ke

V
_\w 030 s
246Cf

Fig. 19. o-decay chain of a single nucleus of element 107.

irradiations are collected in Table 3. The a-decay energy
MwmwmmMMWﬁmewaMM measured ‘to (10.37635) keV. One of the ocmmx<mm aMnm<m .
connected to a correlation chain has an energy of (9704+50) keV and i w amw.
probable halflife differs considerably from that @* the oﬁ:wx amom<m..,ﬁ ﬁww
case we have to consider that the m<muoxmﬁao:.1wwda=mm are implante dﬁz 0
detector close to its surface, hence the possibility that not the fu c.mamsn<
of an a-decay is measured, cannot be excluded. For our case the wsowmxd ity
for a decay with degraded energy between 9 and 10 MeV is less than .

.

At 4.85 MeV one spontaneous fission with a time distance of 4.3 s to the im-
plantation of the evaporation residue was observed.

The cross section calculated from our noczﬂﬁzm rate is of the order 0.2 nb,
the integral dose of irradiation was 1.2 x 1017 particles.

DISCUSSION

The identification of the isotopes 2°5,256104 by their spontaneous fission
and their assignment (Oganessian, 1975) is supported by our results. The
change in spontaneous fission halflife systematics when dmm<¢=m the actinide

region, as found by Oganessian and calculated by Randrup (1973) could be
confirmed. .

The assignment of the spontaneous fission observed in the 5°Ti on 2°9B4
irradiations is not facilitated by our experimental results, as we have to
take into account also the 1n channel as possible source for this activity.

Spontaneous fission halflife of odd nuclei is hindered by a factor of about
103 for each odd nucleon (Swiatecki, 1955). From the 8.1 ms halflife of
25€104, we expect a partial spontaneous fission halflife of more than 10° s
for the odd-odd 25%105. From this point of view this isotope will not under-
go_spontaneous fission itself. The predicted g halflife is 16 s (Kolesnikov,
1975), so it may have a strong electron capture branch leading to the spon-
taneous fissioning 2°%104, which has a halflife of tens of milliseconds.
Consquently, its fission would be observed with the halflife of 255105.

The nuclide *°7105 is expected to undergo spontaneous fission. Our opinion
is, that the spontaneous fission activity in °Ti on 2°°Bi irradiation could
originate as well from the {n as from the 2n channel as we observed it to-
gether with a-decay from 2°2105 as well as from 257105.

In this experiment the first identification of element 107 by genetic rela-
tionship is performed. Spontaneous fission of the identified odd-odd isotope
262107 is not expected, electron capture leading to 262106 which is supposed
to undergo spontaneous fission can be excluded from g halflife predictions.

The one spontaneous fission event is Tikely to belong to a daughter decay,
as the lifetime agrees with that measured in the 5°Ti in 29°8j irradiations.

The odd mass nucleus, 2°1107 which might be formed by 2 neutron evaporation
could not be found, possibly due to the low excitation energy of the com-
pound systems produced.

Our experimental results show that the use of targets near the double magic
29%ph makes it possible to form cold compound nuclei close to fusion barrier
even for the heaviest systems known up to now. This is advantageous
especially for the production of nuclei with Z = 105, as shown in Fig. 20.
Here, the maximum cross sections obtained experimentally fer the production
of the heaviest elements are plotted for the combinations actinide target

and Tight projectile, Pb-like target and heavy beam, and, for comparison,
also for o induced reactions.

The effective Coulomb radius of (1.42:0.02) fm describes the position of the
maximum of the excitation function for all investigated reactions, so we can
hope to produce even heavier compound systems with low excitation energies.
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