
RAPID COMMUNICATIONS

PHYSICAL REVIEW C, VOLUME 60, 061302
New b-delayed proton precursors in the rare-earth region near the proton drip line
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The b-delayed proton precursors125Nd,128Pm,129Sm,137Gd, and 139Dy near the proton drip line were
produced by the irradiation of92Mo, 96Ru, and106Cd with an 36Ar beam, and definitely identified for the first
time using proton-gamma coincidence in combination with a He-jet tape transport system. Their half-lives
were determined to be 0.60~15! s, 1.0~3! s, 0.55~10! s, 2.2~2! s, and 0.6~2! s, respectively. The measured energy
spectra ofb-delayed protons and estimated proton branching ratios to the final states in ‘‘daughter’’ nuclei
were fitted by a statistical model calculation, and then the spins and parities of125Nd,129Sm,137Gd, and139Dy
were preliminarily assigned as 5/26, 1/21(or 3/21), 7/26, and 7/21, respectively. The agreement between the
spin-parity assignments and the predicted Nilsson diagrams indirectly indicates that the ground states of125Nd,
129Sm,137Gd, and139Dy are highly deformed withb2;0.3. @S0556-2813~99!50112-X#

PACS number~s!: 23.40.Hc, 21.10.Tg, 25.70.Gh, 27.60.1j
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Synthesis of new nuclides near the drip line and the st
of their exotic decay properties are at the frontier of nucl
physics today. The nuclei along the proton drip line in t
rare-earth region speculated by Hofmann@1# or predicted by
Möller et al. @2# are highly deformed (b2.0.28) @3#. There-
fore, the search for the proton radioactivity from the high
deformed ground state in the rare-earth region has been
vestigated by many nuclear physicists@4–7# for a long pe-
riod of time. The search for the proton emission from exci
states, i.e., theb-delayed proton (bp) decay in the region is
closely related to the study of the proton radioactivity.
provides fundamental information on both the ground-st
properties and the production mechanism for the nuclei n
the proton drip line. One of the difficulties encountered in t
study of continuous-energybp from the decay of a precurso
near the drip line in the rare-earth region is caused by
isobaric contaminations. In order to identify the precurs
unambiguously, additional measurements, such as ‘‘x-p’’ co-
incidence, i.e., the coincidence between the characteris
rays of proton emitter and thebp, have to be carried ou
following a mass separation. However, due to the low el
tron capture~EC! branching ratio, the ‘‘x-p’’ coincidence
measurements will reduce the counting rate by one or
orders of magnitude. This fact severely constrains the st
of an exotic decay channel with a production cross sectio
low as 100 nb. In this work we used a different technique
identify the precursors. In the EC/b1 decay of an even
(Z)-odd ~N! bp precursor, most of the excited-state deca
in the even (Z22)-even (N11) daughters of each odd (Z
21)-even (N11) proton ‘‘emitter’’ result in the transition
between the lowest-energy 21 state and 01 ground state in
the ‘‘daughter’’ nucleus. Therefore, the coincidence betwe
bp and the 21→01g-ray transition specific for a particula
‘‘daughter’’ nucleus, a ‘‘p-g ’’ coincidence, can be used t
identify the mother, thebp precursor. This method can als
be used to identify some of the odd (Z)-odd ~N! precursors.
In addition, the transportation efficiency of a He-jet ta
transport system~HJTTS! for the rare-earth nuclei is highe
than the overall efficiency of an isotope separator on l
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y
r

in-

d

t
e
ar
e

e
r

x

-

o
y

as
o

s

n

e

~ISOL!, and the sum of the proton branching ratios (bbp) to
the excited states followed by the 21→01g-ray transition in
the ‘‘daughter’’ nucleus is larger than the EC branching ra
followed by bp emission. Generally speaking, using th
‘‘ p-g ’’ coincidence in combination with a HJTTS system
the efficiency of measuring thebp specific for a particular
precursor in the region can be increased by a factor of 5
comparison with that using the ‘‘x-p’’ coincidence in com-
bination with an ISOL facility. The present paper describ
the syntheses and definite identifications of thebp precur-
sors 125Nd, 128Pm, 129Sm, 137Gd, and 139Dy for the first
time, as well as the preliminary studies of theirbp decays by
means of the HJTTS1‘‘ p-g ’’ coincidence.

The experiments were carried out at the National Labo
tory of Heavy-Ion Accelerator in Lanzhou~NLHIAL !,
China. A 220-MeV 36Ar111 beam from the sector-focuse
cyclotron of NLHIAL entered a target chamber filled wit
1 atm of helium, passing through a 1.94 mg/cm2

Havar window and a degrader before bombard
different enriched targets:92Mo(2.0 mg/cm2, 97%), 96Ru
(2.8 mg/cm2, 94%), and106Cd (2.5 mg/cm2, 75%). The
beam intensity was about 0.5emA. The reaction products
stopped in the helium gas were swept through a 6-m-lo
2-mm-diameter plastic capillary to the movable tape in
collection chamber. PbCl2 was used as an aerosol with
working temperature of about 430 °C. The radioactivity d
posited on the tape was transported periodically to a shie
location for p-g1(x)-g2(x)-t coincidence measurement
Two 570 mm23350 mm totally depleted silicon surface
barrier detectors were used for proton measurements,
located on the opposite two sides of the movable tape.
hind each silicon detector there was a coaxial HpGe~GMX
type! detector forg~x! measurements.

~1! 125Nd. The measuredg(x)-ray spectrum gated on
2.5–5.5 MeV protons in the36Ar192Mo reaction is shown in
Fig. 1. All of the intenseg lines in Fig. 1 were assigned t
their bp precursors except thex rays and 511-keVg ray.
Among them, the 142- and 306-keVg lines were assigned to
©1999 The American Physical Society02-1
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FIG. 1. The measuredg(x) spectrum in coin-
cidence with 2.5–5.5 MeV protons in the36Ar
1 92Mo reaction. The intense peaks are label
with their energies in keV and theirbp precur-
sors.
n
d
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the 21→01 and 41→21g transitions in the
‘‘daughter’’ 124Ce @8# of the bp precursor 125Nd. In the
g(x)-ray spectrum gated on both 2.5–6.0 MeV protons a
the 142-keVg ray, only one peak with six events was foun
with an energy less than 600 keV, and located at 35.8 k
the energy of the Pr-Ka x ray. It implies that the 142-keV
g-ray transition is related to the decay of an EC/b1-emitting
neodymium isotope. The decay curve of the 142-keVg line
coincident with 2.5–5.5 MeV protons is shown in the ins
of Fig. 2~a!, from which the half-life of the new nuclide
06130
d

,

t

125Nd was extracted to be 0.6060.15 s. In Fig. 1 the inten-
sities of 142- and 306-keVg lines, as well as the backgroun
level at 444 keV, which corresponds to the 61→41g tran-
sition in 124Ce @8#, were used to estimate the relativebbp to
different final states in124Ce: 100(21), 2666(41), and
,3(61). The proton energy spectrum gated on the 142-k
g line is shown in Fig. 2~a!, which is the spectrum of thebp
from the 125Nd decay followed by the 142-keV transition i
124Ce. The component with the energies lower than 2 M
in the spectrum is attributed to the pileup of positrons in
. The
V,
e

FIG. 2. The observed energy spectra ofbp gated by different characteristic gamma rays corresponding to five different precursors
energies of the characteristic gamma rays for the precursors125Nd, 128Pm, 129Sm, 137Gd, and139Dy are 142, 326.5, 134, 255, and 221 ke
respectively. The solid and dashed curves were calculated using the statistical model~see text!. The insets show the time spectra of th
characteristic gamma rays gated on 2.5–5.5 MeV protons.
2-2



RAPID COMMUNICATIONS

NEW b-DELAYED PROTON PRECURSORS IN THE . . . PHYSICAL REVIEW C 60 061302
TABLE I. The production-reaction channels, the partial reaction cross sections viabp decay~sbp), and
the half-lives of125Nd, 128Pm, 129Sm, 137Gd, and139Dy.

New
nuclide

Reaction
channel

Bombarding
energy
~MeV!

sbp
a

~nb!

Theor. Half-life ~s!

Expt.
half-life

~s!
Gross

theory@15,16#

Microscopic
theory@17#

Möller @2#Hilf Groote Möller

125Nd 36Ar192Mo 169 230 0.6060.15 0.67 0.79 0.78 0.58 0.42
128Pm 36Ar196Ru 174 50 1.060.3 0.71 1.8 2.5 1.5 0.40
129Sm 36Ar196Ru 165 70 0.5560.10 0.58 0.33 0.62 0.20
137Gd 36Ar1106Cd 176 450 2.260.2 1-3 2.0
139Dy 36Ar1106Cd 176 160 0.660.2 0.61 0.57 0.65 0.47 0.50

aThe uncertainty is a factor of 2.
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silicon detector. On the other hand, the energy spectrum
bp and thebbp to different final states in124Ce were calcu-
lated with a revised statistical model@9#. The structureless
b-strength function predicted by the gross theory and
energy-level density based on the back-shifted Fermi gas
sumption were used in the model calculation. The spins
parities of 125Nd most consistent with the experimental r
sults are 5/26, which give the final statebbp of 67.0 and 65.8
% (21), 21.4 and 16.3 % (41), as well as 0.5 and 0.2 %
(61), and reproduce the experimental energy spectrum
bp reasonably well@Fig. 2~a!#.

~2! 128Pm. A 236.5-keVg line, which corresponds to th
g-ray transition between two low-lying states of127Pr @10#,
appeared in theg~x!-ray spectrum gated on 2.5–5.5 Me
protons in the36Ar196Ru reaction. In addition, a clear few
count peak was found at the energy of Nd-Ka x ray in the
triple-coincidentg~x!-ray spectrum gated on both 2.5- to 5.
MeV protons and the 236.5-keVg line. We assigned the
236.5-keV transition to the ‘‘daughter’’ nucleus127Pr pro-
duced from the initial (EC/b1) decay of128Pm after proton
emission. The decay curve of the 236.5-keVg line in the
p-g coincidence spectrum and the proton energy spect
gated on the 236.5-keVg line are shown in Fig. 2~b!. From
the decay curve the half-life of128Pm was extracted to b
1.060.3 s.

~3! 129Sm. A 134-keV g line found in the proton-
coincidentg~x!-ray spectrum in the36Ar196Ru reaction was
assigned to theg-ray transition between the lowest-ener
21 state and 01 ground state in the ‘‘daughter’’ nucleu
128Nd @11# of the bp precursor129Sm. The relativebbp to
different final states in128Nd were estimated to be 100 (21)
and ,10 (41). From the decay curve of the proton
coincident 134-keVg line @the inset of Fig. 2~c!#, the half-
life of 129Sm decay was extracted to be 0.5560.10 s. The
spin and parity of129Sm most consistent with the experime
tal results is 1/21 or 3/21, which yield bbp of 54.8% (21)
and 2.5% (41) or 64.4% (21) and 4.7% (41), respectively.
These assignments reproduce the experimental energy
trum of bp equally well @Fig. 2~c!#.

~4! 137Gd. Theg lines with the energies of 255 and 43
keV found in the proton-coincidentg~x!-ray spectrum in
the 36Ar1106Cd reaction were assigned to the 21→01 and
06130
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41→21g transitions in the ‘‘daughter’’ nucleus136Sm @12#

of the precursor137Gd. From the decay curve of the proton
coincident 255-keVg line ~the inset of Fig. 2~d!#, the half-
life of the 137Gd decay was extracted to be 2.260.2 s. In
1983 the half-life and the energy spectrum of thebp of
137Gd were measured by Nitschkeet al. @13# who, however,
pointed out that their experimental half-life 763 s had to be
redetermined in a later experiment. The measured half-life
137Gd in our experiment is in agreement with the theoreti
predictions~see Table I! and with the experimental-valu
systematics, but is different from Nitschke’s result within t
experimental errors. We guess that the energy spectrum
bp observed by Nitschkeet al. is mixed with a long-life
component from another proton emitter. The relativebbp to
different final states in 136Sm were estimated to b
100 (21), 5165 (41), and ,5 (61). The spins and pari-
ties of 137Gd most consistent with the experimental resu
are 7/26, which give the final-statebbp of 58.0 and 63.3 %
(21), 26.8 and 28.7 % (41), as well as 0.8 and 1.2 % (61),
and reproduce the experimental energy spectrum ofbp rea-
sonably well@Fig. 2~d!#.

~5! 139Dy. A clear 221-keVg peak and a tiny 384-keVg
peak in the proton-coincidentg~x!-ray spectrum in the36Ar
1106Cd reaction were assigned to the 21→01 and 41

→21g transitions in the ‘‘daughter’’ nucleus138Gd @14# of
the bp precursor139Dy. The relativebbp to different final
states in 138Gd were estimated to be 100 (21) and 46
610 (41). From the decay curve of the proton-coincide
221-keVg line @the inset of Fig. 2~e!#, the half-life of 139Dy
decay was extracted to be 0.660.2 s. The spin and parity o
139Dy most consistent with the experimental results is 7/21,
which gives final-statebbp of 56.3% (21) and 30.9% (41),
and reproduces the experimental energy spectrum ofbp rea-
sonably well@Fig. 2~e!#.

The five new nuclides and their production-reaction ch
nels, partial reaction cross sections ofbp and half-lives, in-
cluding the experimental values and theoretical predictio
are listed in Table I. When we estimated the partial cro
sections ofbp in column 4 of Table I, the final-statebbp of
‘‘daughter’’ nuclei in 125Nd (5/21), 129Sm (1/21), 137Gd
(7/21), and 139Dy (7/21) decays were taken from the re
2-3
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TABLE II. The observedbp energy regions (Ēp) and centroids of thebp energy spectra, the ground
state quadruple deformations («2), and the spins and parities of125Nd, 128Pm, 129Sm, 137Gd, and139Dy.

Nulcide Ep~MeV! Ēp~MeV! «2 @3#

Spin and parity

Expt.

Predictions

Arseniev@18# Bengtsson@19# Audi @20# Möller @2#

125Nd 2.2-6.2 3.7 0.300 5/26 5/21 5/21 5/21

128Pm 2.4–5.5 3.8 0.300
129Sm 2.2–5.5 3.7 0.300 1/21, 3/21 1/21 1/21 1/21

137Gd 2.3–6.5 3.9 0.267 7/26 7/21 7/21, 1/22 7/21 9/22

139Dy 2.3–6.0 3.8 0.258 7/21 7/21 7/21 7/21 9/22
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vised statistical model calculation, and the totalbbp followed
by the 236.5-keVg ray in 128Pm decay was assumed to b
50%. All of the estimated partial cross sections ofbp emis-
sions for the five reaction channels listed in Table I a
smaller than 500 nb, which indicate the importance of
measurement efficiency. On the whole, the half-lives p
dicted by Möller et al. @2# are slightly shorter than the ex
perimental results.

The information related to thebp and the assignments t
the spins and parities of the five precursors, including p
liminary experimental results and theoretical predictions
summarized in Table II. The spins and parities in column
and 7 of Table II were taken from the Nilsson diagram
given by Arsenievet al. @18# and Bengtssonet al. @19#, re-
spectively, according to the quadruple deformations («2) in
column 4 predicted by the macroscopic-microscopic m
model of Möller et al. @3#. The preliminary experimental as
signments of spins and parities for125Nd and 129Sm are con-
sistent with all theoretical predictions. The experimental
signments 7/21 for both 137Gd and139Dy are also consisten
with the predicted Nilsson diagrams in Refs.@18,19# and
the predictions derived from systematic trends by Au
et al. @20#. However, the experimental final-statebbp
disagree with the predictions of 9/22 for both 137Gd
on
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and139Dy in Ref. @2#. The theoretical determination of th
ground-state spin and parity for an even(Z)-odd(N) nucleus
by means of the orbital occupied by the last neutron in
Nilsson diagram strongly depends on the nuclear defor
tion. Therefore, the consistency between the experime
spin-parity assignments and the predicted Nilsson diagr
in Refs. @18,19# is an indirect indication that the four nu
clides 125Nd, 129Sm, 137Gd, and139Dy are highly deformed
with b2;0.3. If b250.3 and then a lower Coulomb barrie
is taken into account, the calculated centroid of the pro

energy spectrum (Ēp) by the statistical model shifts to th
low-energy side by 0.1–0.2 MeV.

In principle, the proposed identification method can
used to study anyb-delayed proton decay. Extending th
technique into a different mass region is underway.
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