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Neutron-rich 39Y to 43Tc isotopes have been produced by fission of uranium with a 50 MeV
H2

1 beam. Beta-decay half-lives, delayed neutron-emission probabilities, and production yields h
been measured and compared with theory. Beta decay of 4 new isotopes is reported, and thb-
delayed neutron-emission mode has been discovered for 12 isotopes of the elements niobium
technetium. The results compared to quasiparticle random phase approximation predictions indi
the increasing importance of fastb 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.+j
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The study of nuclei with extreme neutron to proton rat
is of growing interest due to indications of new nucle
structure phenomena near the drip lines [1] unpredicted
models mainly adopted for nuclei in the valley of stabili
as well as due to strong connections with astrophy
[2,3]. From recent attempts to reproduce the isoto
abundance distribution in the solar system, constra
on the nuclear structure of very neutron-rich nuclei w
derived [2]. For example, as a consequence of quenc
of theN ­ 82 magic neutron shell [1], nuclei aroundA .
120 were “requested” to be less bound and less deform
than predicted by recent macroscopic-microscopic mo
[4,5]. This has, indeed, been observed for a numbe
neutron-rich even-even Ru nuclides [6–8].

A consistent description of the restoration of def
mation in theZ . 38, N . 60 transitional region still
demands further insights into the proton-neutron resid
interaction which determines the development of nuc
structure. In particular, dramatic changes in the positio
single-particle states depending on the occupancy of s
partner orbitals have been revealed in recent years lea
to new subshell closures with correlated changes in
clear ground states and lower neutron separation ene
Sn (see, e.g., discussion in [9]).

Grossb-decay properties, such as theb-decay half-
life (T1y2) and the delayed neutron-emission probabi
(Pn), are the easiest measurable quantities for isotopes
far from stability produced with low production yield
Although being integral parameters, they do contain
portant nuclear-structure information; i.e.,T1y2 is sensi-
tive to the low-lying b strength, whereas thePn value
carries information on the strength just beyondSn (see,
e.g., [10]). In comparing experimental results with p
dictions from shell models, such as the quasiparticle r
dom phase approximation (QRPA) for Gamow-Teller (G
b decay [11], one obtains first indications on possi
0031-9007y96y77(3)y458(4)$10.00
s
r-
by
,
ics
ic

nts
re
ing

ed
els
of

r-

ual
ar
of
in-
ing
u-

gies

ty
ery
.

-

e-
n-
)

le

nuclear-structure features associated with high neutron
cess. In addition, the systematics of experimental obs
ables such asT1y2, Pn, andSn values provide an importan
basis for reliable extrapolations up to ther-process path,
which is not well understood in the110 # A # 120 re-
gion considered here [2].

Production cross sections of neutron-rich nuclei ve
far from the valley of stability are in general very low
so that experimental techniques have to be stresse
their limits. For medium-heavy nuclei withA . 70,
fission of heavy actinides is still the preferred producti
mode. In the past, most of the studies applied low-ene
fission with the strongly asymmetric mass distributio
Identification and detailed studies of a large number
new neutron-rich nuclei have been possible with charg
particle-induced fission [12], and more recently usi
projectile fission of high-energy U beams [13].

In this work, we report on the production and theb-
delayed-neutron decay mode of highly neutron-rich i
topes of yttrium, niobium, and technetium lying at and b
yond the boundary of previously known nuclei. The is
topes under investigation were produced in fusion-fiss
reactions [14] by bombarding a U target with a 50 Me
H2

1 beam of 6–8mA intensity from theK ­ 130 MeV
cyclotron at the University of Jyväskylä. The newly u
graded ion guide separator (IGISOL) was used to p
duce and separate isobarically pure beams of primary
sion products with delay time of the order of millisecon
only [15]. Because of nonselectivity with respect toZ,
the detection of the most neutron-rich species of each
bar byb- andg-spectroscopic methods is difficult becau
of copiously produced isobaric contaminants. The high
sensitivity to identify these exotic isotopes is provided
spectroscopy ofb-delayed neutrons. Because of odd-ev
effects inSn values, a high sensitivity is obtained especia
for odd-Z precursors (with “low”Sn ’s) compared to neigh-
© 1996 The American Physical Society
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boring even-Z elements (with “high”Sn ’s). The combi-
nation of the usually highPn values of very neutron-rich
isotopes and high-efficiency neutron counting provided
the neutron long-counter technique offers excellent me
to probe the decay characteristics of exotic nuclei produ
in fission.

The 40 keV beam of mass separated short-lived nu
was implanted into a collection tape positioned inside
4p neutron long counter. The implantation position w
also viewed by a thin plastic scintillator (NE110) for de
tectingb particles or by a planar Ge detector for detecti
g rays. To reduce theb and g background of longer-
lived isobaric activities, the collection tape was moved
preset time intervals. Eachn, b, or g signal collected
was associated with the time of occurrence after the p
ing of the separator beam. The neutron long counter c
sisted of 423He ionization chamber tubes, which we
arranged in two concentric rings in a polyethylene blo
surrounding the implantation point. The efficiency of th
counter was determined with the calibrated AmyLi and
252Cf neutron sources to bes24.9 6 0.2d%. It is nearly
energy independent due to the thermalization of the n
trons. The neutron background rate was 0.7 countys. In
order to further reduce the background, delayed coin
dences between neutrons andb particles were taken, fol-
lowing the technique of Reederet al. [16]. The efficiency
of the b detector was determined repeatedly from theb-
neutron coincidence rates of94Rb and 95Rb, which have
well-known Pn values [17]. Depending on the exact g
ometry of theb detector, its efficiency varied betwee
5.2% and 12.0%.

The half-lives of theb-delayed neutron precursors we
determined from bothb-gated and neutron singles mu
tiscaling curves by fitting the total growth-in and de
cay periods of the time spectra. In all cases, a c
stant neutron background was included in the fit. F
A ­ 104, 109, and110, two components had to be con
sidered in the fit. Data sets with collection-decay cyc
adapted to each of the components were accumulate
disentangle the complex time spectra. In all other cas
only one component was required. As an example, sing
neutron growth-in and decay curves for103Y, 108,109Nb,
and 112Tc are shown in Fig. 1.

Neutron branching ratios (Pn values) were determined
from the absolute intensities of neutrons,b particles, and
bn coincidences from the unfolded decay curves. T
T1y2 and Pn values, as measured in this work, are giv
in Tables I and II, respectively. For the isotopes103Y and
108 –110Nb, theb-decay half-lives are reported for the firs
time. In all other cases, the half-lives are compared w
earlier values determined byb-g counting. On the aver-
age, good agreement is observed. Altogether 13 newPn

values have been measured in this work. In addition, s
eral earlier known branching ratios for yttrium isotop
were remeasured with improved statistics and are co
pared with literature values [17] in Table II. It should b
mentioned that in the former experiments the yttrium a
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FIG. 1. Singles neutron growth-in and decay curves for103Y,
108Nb, 109Nb, and 112Tc. The solid curves represent the fi
functions taking into account one decay component and
constant background. In the case ofA ­ 109, a superposition
of two independent components for109Nb and 109Tc was
applied. No neutron activity corresponding to the decay of t
intermediate109Mo could be observed.

tivities had been obtained as decay products of prim
ily separated RbySr activities with much higher delayed
neutron yields. Hence, fitting yttrium as a third wea
component led to large systematic uncertainies (for d
cussion, see, e.g., [16–18]). At IGISOL, however, al
refractory elements such as yttrium are obtained as
mary ion beams. For the heavy yttrium isotopes, t
fission yields of their Rb and Sr isobars are negligib
Hence, the unfolding procedure of the neutron spectra
to take into account only one decay component, thus
sulting inPn values for yttrium with higher reliability.

The experimentalT1y2 and Pn values are compared to
predictions of the QRPA model in Tables I and II. Fo
these calculations, the masses and ground-state defo
tions were taken either from the FRDM model [4] or from
459



VOLUME 77, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 15 JULY 1996

e
D
o

t

u
e

t

s

f

h

d
a

M
m
he
on

o-

in

er
n-
e

ter

th

st
rgy

n

m

ss
he
he
TABLE I. List of T1y2 results. The QRPA predictions ar
calculated with masses and deformations from both the FR
[4] and ETFSI [5] mass models. Experimental masses fr
[23] replaced the predicted ones whenever known. T
literature values are taken from the Nuclear Data Sheets un
otherwise stated.

Isotope T
exp
1y2 T

QRPA
1y2 T

QRPA
1y2 TLit.

1y2

FRDM ETFSI

(s) (s) (s) (s)

94Kr58 0.33 6 0.10 0.56 0.34 0.20 6 0.01
99Y60 1.48 6 0.02 0.17 0.17 1.470 6 0.007
100gY61 0.71 6 0.03 0.35 0.18 0.735 6 0.007
101Y62 0.40 6 0.02 0.14 0.13 0.448 6 0.019
102gY63 0.29 6 0.02 0.20 0.17 0.30 6 0.01
103Y64 0.23 6 0.02 0.09 0.12
105Zr65 0.6 6 0.1 0.10 0.09 1.011.2

20.4 [12]
104gNb63 5.0 6 0.4 3.1 40.8 4.8 6 0.4
104mNb63 1.0 6 0.1 0.92 6 0.04
105Nb64 2.8 6 0.1 4.2 3.92 2.95 6 0.06
106Nb65 0.90 6 0.02 0.19 0.16 1.02 6 0.05
107Nb66 0.30 6 0.03 0.78 0.68 0.33 6 0.05 [12]
108Nb67 0.19 6 0.02 0.47 0.28 0.2010.03

0.02 [24]
109Nb68 0.19 6 0.03 0.46 0.18
110Nb69 0.17 6 0.02 0.35 0.19
109Tc66 0.82 6 0.10 0.36 0.38 0.86 6 0.08
110Tc67 0.78 6 0.15 0.32 0.28 0.92 6 0.03
111Tc68 0.29 6 0.02 0.19 0.18 0.30 6 0.03
112Tc69 0.23 6 0.02 0.16 0.15 0.28 6 0.03 [6]

the ETFSI approach [5]. On the average, the predic
values follow the general trend of decreasingT1y2 and in-
creasingPn values with increasing neutron number, b
differ in the absolute values. The Y and Tc nuclei as w
as 104Nb and106Nb, but excluding110Tc, have longerT1y2
and higherPn values than predicted, whereas the hea
isotopes withN $ 66, excluding109Nb, show the inverse
behavior. The longer experimentalT1y2 together with the
larger Pn value of 99Y 60 are understood as being due
the coexistence of spherical and deformed shapes in
N ­ 59 b-decay daughter99Zr [19]. The treatment of
shape coexistence is not foreseen in the standard QR
However, when simulating this effect by neglecting tho
calculateddeformedGT transitions to low-lying states in
99Zr which are experimentally known to bespherical,we
obtainT

QRPA
1y2 . 2.2 s andPQRPA

n ­ s2 3d%. The calcu-
latedT1y2 of 105Zr65 and106Nb65 are too short by a factor o
5. This is observed for allN ­ 65 isotones withZ . 40
and may be due to an incorrect placement of thens1y2

level in the folded Yukawa potential which becomes t
valence orbital atN ­ 65, thus dominating the low-lying
GT strength. However, as is indicated by theIp ­ 1y21

ground states of theN ­ 57 isotones95Sr, 97Zr, and99Mo
[20], the ns1y2 level lies below theng7y2 shell. In any
case, a perfect agreement between the experiment an
above predictions [4,5] cannot be expected, since sh
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TABLE II. List of Pn results. The QRPA predictions are
calculated both with masses and deformations from the FRD
[4] and ETFSI [5] mass models. Experimental masses fro
[23] replaced the predicted ones whenever known. T
literature values are taken from the most recent compilati
of [17].

Isotope P
exp
n PQRPA

n PQRPS
n PLit.

n

FRDM ETFSI

(%) (%) (%) (%)

99Y60 2.5 6 0.5 0.2 0.3 1.9 6 0.4
100gY61 1.8 6 0.6 0.2 0.2 1.02 6 0.07
101Y62 1.5 6 0.5 0.6 1.1 2.9 6 0.7
102gY63 4.0 6 1.5 1.6 2.5 6.0 6 1.7
103Y64 8.3 6 3 4.2 8.0
104gNb63 0.06 6 0.03 0.0 0.2
104mNb63 0.05 6 0.03
105Nb64 1.7 6 0.9 0.3 0.3
106Nb65 4.5 6 0.3 0.3 0.8
107Nb66 6.0 6 1.5 5.7 7.3
108Nb67 6.2 6 0.5 15.6 5.6
109Nb68 31 6 5 13.6 15.9
110Nb69 40 6 8 19.0 92.0
109Tc66 0.08 6 0.02 0.01 0.01
110Tc67 0.04 6 0.02 0.22 0.09
111Tc68 0.85 6 0.20 0.38 0.58
112Tc69 2.6 6 0.5 0.90 1.11

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

The systematically larger experimentalPn values (see
Table II) seem to indicate a steeper decrease of theSn

values beyondN . 60 than predicted. This trend is,
however, requested from nuclear-structure arguments
the frame of theNpNn systematics [21,22] as well as
from astrophysical considerations [2]. The slightly bett
performance of the ETFSI model for the most neutro
rich isotopes investigated in this work is due to th
prediction of somewhat higherQb and lowerSn values
compared to the FRDM approach, thus leading to shor
T1y2 and higherPn’s. The striking difference between
the two theoreticalPn values for 110Nb, for example,
is due to the fact that the intense GT transitions (wi
logft . 4.3 4.8) involving the pg9y2 and the ng7y2

partner orbitals are situated just below (FRDM) or ju
above (ETFSI) the predicted neutron separation ene
(see Fig. 2). In general, the rather highPn values
observed indicate the increasing importance of fastb

transitions to high-lying states of nuclei with large neutro
excess.

The mass range covered in this work extended fro
A ­ 99 (Y) up toA ­ 112 (Tc). This allowed us to obtain
the isotopic yield curves for fission products over this ma
range. By unfolding the observed counting rates of t
delayed neutron precursors for detection efficiency of t
long-counter andPn values determined in this work and



VOLUME 77, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 15 JULY 1996

a
th
s.

Y
g

c
u
3

a

i
e

in
st

he

t
t

he
as
nst
ul
y

sics

e,

-

,

’

FIG. 2. Gamow-Teller (GT) strength functions for the dec
of 110Nb calculated with masses and deformations from
FRDM (upper part) and the ETFSI (lower part) mass model

earlier, it was possible to extract the yield curves for
Nb, and Tc isotopes over a 3 orders of magnitude ran
This provides for the first time high-quality data for testin
the model calculations for the yields of very neutron-ri
nuclei in fission and will make predictions even further o
from the valley of stability more reliable [14]. Figure
shows the observed independent isotope yields for99– 103Y,
104 –110Nb, and109–112Tc isotopes, as well as the theoretic

FIG. 3. Independent yields of Y, Nb, and Tc isotopes
fission induced by 25 MeV protons. The lines repres
theoretical yields from the model of Rubchenya described
[14].
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yields given by the model of Rubchenya described
[14]. The errors of the production rates of the mo
neutron-rich isotopes, especially109Nb and 110Nb, are
based on minimum-maximum yields deduced from t
calibration of the detection efficiencies with theb-delayed
neutron precursors94Rb and95Rb mentioned above. The
production rate for110Nb of 1 ionys represents at presen
the lowest limit of observation for neutron-rich nuclei a
the new IGISOL facility.
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