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Neutron-rich Y to 4TcC isotopes have been produced by fission of uranium with a 50 MeV
H,* beam. Beta-decay half-lives, delayed neutron-emission probabilities, and production yields have
been measured and compared with theory. Beta decay of 4 new isotopes is reported, #d the
delayed neutron-emission mode has been discovered for 12 isotopes of the elements niobium and
technetium. The results compared to quasiparticle random phase approximation predictions indicate
the increasing importance of fag transitions to high-lying states of nuclei with large neutron
excess. [S0031-9007(96)00640-0]

PACS numbers: 23.40.Hc, 21.10.Tg, 25.85.Ge, 27.60.4j

The study of nuclei with extreme neutron to proton ratiosnuclear-structure features associated with high neutron ex-
is of growing interest due to indications of new nuclear-cess. In addition, the systematics of experimental observ-
structure phenomena near the drip lines [1] unpredicted bgbles such ag, ,, P,, andS, values provide an important
models mainly adopted for nuclei in the valley of stability, basis for reliable extrapolations up to thgrocess path,
as well as due to strong connections with astrophysicghich is not well understood in th&l0 =< A < 120 re-
[2,3]. From recent attempts to reproduce the isotopigion considered here [2].
abundance distribution in the solar system, constraints Production cross sections of neutron-rich nuclei very
on the nuclear structure of very neutron-rich nuclei werefar from the valley of stability are in general very low,
derived [2]. For example, as a consequence of quenchingp that experimental techniques have to be stressed to
of theN = 82 magic neutron shell [1], nuclei arourd=  their limits. For medium-heavy nuclei witld > 70,

120 were “requested” to be less bound and less deformefission of heavy actinides is still the preferred production
than predicted by recent macroscopic-microscopic modelsiode. In the past, most of the studies applied low-energy
[4,5]. This has, indeed, been observed for a number diission with the strongly asymmetric mass distribution.
neutron-rich even-even Ru nuclides [6—8]. Identification and detailed studies of a large number of

A consistent description of the restoration of defor-new neutron-rich nuclei have been possible with charged-
mation in theZ > 38, N > 60 transitional region still particle-induced fission [12], and more recently using
demands further insights into the proton-neutron residugbrojectile fission of high-energy U beams [13].
interaction which determines the development of nuclear In this work, we report on the production and tge
structure. In particular, dramatic changes in the position oflelayed-neutron decay mode of highly neutron-rich iso-
single-particle states depending on the occupancy of spirepes of yttrium, niobium, and technetium lying at and be-
partner orbitals have been revealed in recent years leadingnd the boundary of previously known nuclei. The iso-
to new subshell closures with correlated changes in nuopes under investigation were produced in fusion-fission
clear ground states and lower neutron separation energiesactions [14] by bombarding a U target with a 50 MeV
S, (see, e.g., discussion in [9]). H,* beam of 6—8uA intensity from thek = 130 MeV

Gross B-decay properties, such as tiedecay half- cyclotron at the University of Jyvaskyla. The newly up-
life (T1,,) and the delayed neutron-emission probabilitygraded ion guide separator (IGISOL) was used to pro-
(P,), are the easiest measurable quantities for isotopes veduce and separate isobarically pure beams of primary fis-
far from stability produced with low production yields. sion products with delay time of the order of milliseconds
Although being integral parameters, they do contain im-only [15]. Because of nonselectivity with respectZp
portant nuclear-structure information; i.€;/, is sensi- the detection of the most neutron-rich species of each iso-
tive to the low-lying 8 strength, whereas thg, value bar byg-andy-spectroscopic methods is difficult because
carries information on the strength just beyafid (see, of copiously produced isobaric contaminants. The highest
e.g., [10]). In comparing experimental results with pre-sensitivity to identify these exotic isotopes is provided by
dictions from shell models, such as the quasiparticle ranspectroscopy oB-delayed neutrons. Because of odd-even
dom phase approximation (QRPA) for Gamow-Teller (GT)effects inS, values, a high sensitivity is obtained especially
B decay [11], one obtains first indications on possiblefor oddZ precursors (with “low’s,,’s) compared to neigh-
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boring evenZ elements (with “high”S,’s). The combi-
nation of the usually higtP,, values of very neutron-rich
isotopes and high-efficiency neutron counting provided by
the neutron long-counter technique offers excellent means
to probe the decay characteristics of exotic nuclei produced
in fission.

The 40 keV beam of mass separated short-lived nuclei
was implanted into a collection tape positioned inside the
47 neutron long counter. The implantation position was
also viewed by a thin plastic scintillator (NE110) for de-
tecting B particles or by a planar Ge detector for detecting
v rays. To reduce thgg and y background of longer-
lived isobaric activities, the collection tape was moved in
preset time intervals. Each, B8, or v signal collected
was associated with the time of occurrence after the puls-
ing of the separator beam. The neutron long counter con-
sisted of 423He ionization chamber tubes, which were
arranged in two concentric rings in a polyethylene block
surrounding the implantation point. The efficiency of the
counter was determined with the calibrated Armand 1001
252Cf neutron sources to b@4.9 + 0.2)%. It is nearly }{{{H
energy independent due to the thermalization of the neu- 5o {
trons. The neutron background rate was 0.7 c@antin 109 +109Tc{
order to further reduce the background, delayed coinci- ob—
dences between neutrons afidparticles were taken, fol- 00 10 20 80
lowing the technique of Reedet al. [16]. The efficiency
of the B detector was determined repeatedly from fhe
neutron coincidence rates 8fRb and ®°Rb, which have
well-known P,, values [17]. Depending on the exact ge-
ometry of theB detector, its efficiency varied between
5.2% and 12.0%.

The half-lives of the3-delayed neutron precursors were
determined from bothB-gated and neutron singles mul-
tiscaling curves by fitting the total growth-in and de- . )
cay periods of the time spectra. In all cases, a conE!G: 1. ~Singles neutron growth-in and decay curves fey,

. . ' 108\b, 1°Nb, and *2Tc. The solid curves represent the fit
stant neutron background was included in the fit. l:Oli‘unction::, taking into account one decay component and a

A =104, 109, and110, two components had to be con- constant background. In the case/of= 109, a superposition
sidered in the fit. Data sets with collection-decay cyclesf two independent components fdfNb and 1°°Tc was

adapted to each of the components were accumulated &pplied. No neutron activity corresponding to the decay of the
disentangle the complex time spectra. In all other casedtermediate’*Mo could be observed.
only one component was required. As an example, singles
neutron growth-in and decay curves f&ty, 10810Np,
and 2Tc are shown in Fig. 1. tivities had been obtained as decay products of primar-
Neutron branching ratiosP(, values) were determined ily separated RiSr activities with much higher delayed-
from the absolute intensities of neutrogs particles, and neutron yields. Hence, fitting yttrium as a third weak
Bn coincidences from the unfolded decay curves. Theomponent led to large systematic uncertainies (for dis-
T\, and P, values, as measured in this work, are givencussion, see, e.g., [16—-18]). At IGISOL, however, also
in Tables | and Il, respectively. For the isotop@® and  refractory elements such as yttrium are obtained as pri-
108-11p, the B-decay half-lives are reported for the first mary ion beams. For the heavy yttrium isotopes, the
time. In all other cases, the half-lives are compared witHission yields of their Rb and Sr isobars are negligible.
earlier values determined §-y counting. On the aver- Hence, the unfolding procedure of the neutron spectra has
age, good agreement is observed. Altogether 13 Agw to take into account only one decay component, thus re-
values have been measured in this work. In addition, sewsulting in P,, values for yttrium with higher reliability.
eral earlier known branching ratios for yttrium isotopes The experimental’;, and P, values are compared to
were remeasured with improved statistics and are conpredictions of the QRPA model in Tables | and Il. For
pared with literature values [17] in Table Il. It should be these calculations, the masses and ground-state deforma-
mentioned that in the former experiments the yttrium actions were taken either from the FRDM model [4] or from
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TABLE I. List of T/, results. The QRPA predictions are TABLE Il. List of P, results. The QRPA predictions are

calculated with masses and deformations from both the FRDMalculated both with masses and deformations from the FRDM
[4] and ETFSI [5] mass models. Experimental masses fronf4] and ETFSI [5] mass models. Experimental masses from
[23] replaced the predicted ones whenever known. Thg23] replaced the predicted ones whenever known. The
literature values are taken from the Nuclear Data Sheets unlediterature values are taken from the most recent compilation

otherwise stated. of [17].
Isotope T;e/xzp TSI;PA TIQ/I;PA THy Isotope poP PORPA  pORPS pLit
FRDM  ETFSI FRDM ETFSI
(s) (s) (s) (s) (%) (%) (%) (%)
94KI‘58 0.33 = 0.10 0.56 0.34 0.20 = 0.01 99Y60 25+ 0.5 0.2 0.3 19 + 04
PYeo 148 +£0.02 017 017 1470 * 0.007 1008 Y g, 1.8 £ 06 0.2 0.2 1.02 = 0.07
100gy, 071 =003 035 0.18 0.735 = 0.007 1Y 6 15*05 0.6 1.1 2.9 0.7
oy, 040 =002 014  0.13  0.448 * 0.019 028y 40= 15 1.6 25 6.0 + 1.7
102gy . 029 =002 020 017 030 = 0.01 1Y g4 83+3 4.2 8.0
8Byg 023002 009 012 104¢Nbe;  0.06 = 0.03 0.0 0.2
057rs  06=01 010 009  10%42[12] 1041Nbg; 005 * 0.03
104 l05Nb§4 1.7 £ 0.9 0.3 0.3
¢Nbg; 5.0 = 0.4 3.1 40.8 48 + 0.4 106 n

lO4mNb‘ 1.0 = 0.1 0.92 + 0.04 Nb65 45 *+03 0.3 0.8

o e o P 7Npgs 6.0 = 1.5 5.7 7.3

105\Be, 2.8 +0.1 42 392 295 * 0.06

108
0Npes 090 + 002 019 016  1.02 + 0.05 Nby ~ 62+05 156 56

109 +
Wb 030 =003 078 068 033%005[2] nt® 2 ia 190 930
18\be;  0.19 + 0.02  0.47 0.28  0.2009" [24] 69 - : :
19Nhe  0.19 + 0.03  0.46 0.18 109Tc . 0.08 =0.02 0.01 0.01
110Nbe  0.17 + 002  0.35 0.19 0Te.  0.04 +0.02 0.22 0.09

MTge 085 £020 0.38 0.58

109
Tees 082 +010 036 038 086+ 0.08 e hes0s 000 111

W0Te, 078 =015 0.32 028 092 + 0.03
HTe, 029 +002 019 018 030 + 0.03
2Te, 023 =002 0.6 015 0.28 *+ 0.03 [6]

transitions in theV = 66 midshell region are obviously
not properly described in macroscopic-microscopic theo-
ries (see, e.g., discussion in the first part of [2]).

the ETFSI approach [5]. On the average, the predicted The systematically larger experiment®) values (see
values follow the general trend of decreasifig, and in-  Table Il) seem to indicate a steeper decrease ofSthe
creasingP, values with increasing neutron number, butvalues beyondv = 60 than predicted. This trend is,
differ in the absolute values. The Y and Tc nuclei as We"however, requested from nuclear-structure arguments in
as'*Nb and**Nb, but excluding'*°Tc, have longef;»  the frame of theN,N, systematics [21,22] as well as
and higherP, values than predicted, whereas the heavyfrom astrophysical considerations [2]. The slightly better
isotopes withV = 66, excluding*®Nb, show the inverse performance of the ETFSI model for the most neutron-
behavior. The longer experimentd,, together with the  rich isotopes investigated in this work is due to the
larger P, value of %Y ¢, are understood as being due to prediction of somewhat highaps and lowers, values

the coexistence of spherical and deformed shapes in th&smpared to the FRDM approach, thus leading to shorter
N =59 B-decay daughte®Zr [19]. The treatment of T, and higherP,’s. The striking difference between
shape coexistence is not foreseen in the standard QRPfe two theoreticalP, values for 'Nb, for example,
However, when simulating this effect by neglecting thoses due to the fact that the intense GT transitions (with
calculateddeformedGT transitions to low-lying states in |ogfs = 4.3-4.8) involving the mg9, and the vg;/

%%Zr which are experimentally known to tspherical,we  partner orbitals are situated just below (FRDM) or just
obtainTlleUDA = 2.2 sandPQRPA = (2-3)%. The calcu- above (ETFSI) the predicted neutron separation energy
latedT , of 1%Zr¢s and°Nbgs are too short by a factor of (see Fig. 2). In general, the rather high, values

5. This is observed for alV = 65 isotones withZz = 40  observed indicate the increasing importance of fast
and may be due to an incorrect placement of the,  transitions to high-lying states of nuclei with large neutron
level in the folded Yukawa potential which becomes theexcess.

valence orbital aiv = 65, thus dominating the low-lying The mass range covered in this work extended from
GT strength. However, as is indicated by #ffe= 1/2* A = 99 (Y)uptoA = 112 (Tc). This allowed us to obtain
ground states of th& = 57 isotones™Sr, 9Zr, and®*Mo  the isotopic yield curves for fission products over this mass
[20], the vs;/, level lies below therg;, shell. In any range. By unfolding the observed counting rates of the
case, a perfect agreement between the experiment and ttelayed neutron precursors for detection efficiency of the
above predictions [4,5] cannot be expected, since shageng-counter and?,, values determined in this work and
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Folded-Yukawa potential, _ Lipkin-Nogami pairing yields given by the model of RL_chhenya described in
M0 e ST M0us Qg S, &5 from (3 FROM [14]. The errors of the production rates of the most
17 42 e (B ETFSI

neutron-rich isotopes, especialf’®Nb and b, are

L I LT R A T R R based on minimum-maximum yields deduced from the

Oy
T@ s, 1 calibration of the detection efficiencies with tBedelayed
i ' neutron precursor¥Rb and**Rb mentioned above. The
150 " [#0g.z: ¥3rc) . production rate for''Nb of 1 ion/s represents at present

] the lowest limit of observation for neutron-rich nuclei at
] the new IGISOL facility.
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