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Abstract The history of experimental study on 3-delayed proton decays in the rare-earth region was simply

reviewed. The physical results of the 3-delayed proton decays obtained at IMP, Lanzhou over the last 10 years

were summarized, mainly including the first observation of 9 new 3-delayed proton precursors along the odd-Z

proton drip line and the new data for 2 waiting-point nuclei in the rp-process. The results were compared

and discussed with different nuclear model calculations. Finally, the perspective in near future was briefly

introduced.
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1 Historical review

First study on B-delayed proton (fp) decay in
rare-earth region was made by Bogdanov et al at
Dubna in 1977,
135Sm, 133Sm, 29Nd and !3'Nd, were produced via
the fusion evaporation reaction induced by heavy ion
beam 32S. An ISOL facility named BEMS-2 with a
surface ionization ion source was employed to identify
the isotopes. In 1984 the B-delayed decays of *5Dy,
17Dy, 7Er and "*°Er were observed for the first time
by D. Schardt et al at GSI'”, where **Ni beam and

GSI mass separator with a FEBIAD ion source were

The studied isotopes, such as

used in their experiment. During the period from
1983 to 1993 a remarkble progress was reported by
Nitschke and Wilmarth et al at LBL® ' because of
following technical improvements. The surface ioniza-
tion ion source in combination with the OASIS ISOL
could work at the temperature higher than 2800°C. A
cooling target system was constructed so as to the low
melting-point targets and high beam intensity could

be used. Different heavy ion beams, including 3¢Ar,

10Ca, 56Fe, 5860Ni and %‘Zn, were available. Fi-
nally, more than 30 (-delayed proton decays in the
rare-earth region were observed for the first time at
LBL (see Fig. 1). However, up to 1995 the magin
line of known (3-delayed proton precursors in the rare-
earth region could not reach the odd-Z proton drip
line Z=0.743N+11.6 predicted by Hofmann'?.
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Fig. 1. Chart of the rare-earth nuclides on neu-
tron deficient side before 1995.

One of the difficulties encountered in the study of
continuous-energy p near the drip line is caused by
the isobaric contaminations. In order to identify a fp

precursor unambiguously, besides a mass separation,
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additional measurements, such as “x-p” coincidence,
i.e., the coincidence between the characteristic x rays
of the proton emitter and the p, have to be car-
ried out. However, due to the low branching ratio
of the electron capture (EC), the “x-p” coincidence
measurements will reduce the counting rate by one
or two orders of magnitude . This fact severely con-
strains the study of a fp channel with the production
cross section as low as 100nb, and leads us to use a
different technique to identify the 3p precursor in-

stead.

2 Experimental procedure

The experiments were carried out at the Sector-
Focusing Cyclotron in the Institute of Modern
The *2S, 36Ar or *°Ca
beam with the energies of 5—6MeV/amu from the

Physics, Lanzhou, China..

cyclotron entered a target chamber filled with 1-atm.
helium, passing through a 1.89mg/cm? thick Havar
window, and finally bombarded a metal target with
the thickness about 2.0mg/cm?, such as Mo, “°Ru,
106Cd or '2Sn. The low melting-point targets °¢Cd
and ''?Sn were mounted on a copper wheel which
was surrounded with a cooling device and could be
rotated. Using a He-jet the reaction products were
then swept through a teflon capillary, 6.0 m long and
2 mm in diameter, and implanted in the movable tape
in a collection chamber. After a certain period of col-
lection, the activity on the tape was transported to
a shielded counting room for p-y;(x)-y2(x)-t coinci-
dence measurements. While the first activity sample
was being counted, the next one was being collected.
Two 570mm? x 350um totally depleted silicon surface
barrier detectors were used for proton measurements,
and located on two opposite sides of the movable
tape. Behind each silicon detector there was a coaxial
HpGe(GMX) detector for y(x) measurements. En-
ergy and time spectra of y(x) ray and proton were

taken in coincidence mode.

3 Improvement of identification

In the EC/B decay of an even(Z)-odd(N) Bp

precursor, most of the excited-state decays in the

even(Z —2)-even(N +1) daughter of each odd(Z—1)-
even(N +1) proton ”emitter” result in the transition
between the lowest-energy 2% state and 0% ground
state in the "daughter” nucleus. Therefore, the co-
incidence between fp and the 2+—0% y-ray transi-
tion specific for a particular “daughter” nucleus, a “p-
v” coincidence, can be used to identify the mother,
the Bp precursor. This method can also be used to
identify some of the odd(Z)-odd(NN) precursors. It
should be noted that the sum of the proton branch-
ing ratios (bg,) to the excited states followed by the
2T —0" y-ray transition in the “daughter” nucleus is
larger than the EC branching ratio followed by p
emission. On the other hand, the transportation ef-
ficiency of a He-jet tape transport system (HJTTS)
for the rare-earth or refractory nuclei is higher than
the overall efficiency of an isotope separator on line
(ISOL). Generally speaking, using the “p-y” coinci-
dence in combination with a HJTTS, the efficiency of
measuring the Bp specific for a particular rare-earth
or refractory nucleus can be increased by a factor of 50
in comparison with that using the “x-p” coincidence
in combination with an ISOL facility. Therefore, in
our experiment the “p-y” coincidence in combination
with HJTTS was employed to identify the studied

nuclei.

4 Results and discussion 13

9 Bp precursorsm*ls] along the Z=0.743N+11.6
line (Fig. 2) have been identified for the first time
by our group using the “p-y” coincidence, includ-
ing predicted drip-line nuclei *?Ho and '2¥Pm. The
Bp decays of 7 isotopes in the rare-earth region have
been restudied. In particular, the Bp decays from
the ground state and an isomeric state in '**Dy and
133Sm have been observed and separated for the first
time. As a by-product, the new data of 5 refractory

-[19—21
nucleil ]

in the mass 90 region near N=2 line
(Fig. 1(b) of Ref. [13]) have been published by our
group, including the predicted “waiting point” nuclei
in the rp-process 8¥Ru and %®Pd. The experimental
results are summarized and compared with the pre-

dictions of some successful nuclear models.
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4.1 Half-life

The experimental values of the half-lives of the
9 studied rare-earth nuclei are 1.110.1s (*?'Ce),
0.6570.15s (**°Nd), 1.070.3s(***Pm), 0.5570.10s
(12°Sm), 1.170.2s (*3°Gd), 2.2%0.2s (**7Gd), 0.670.2s
(**Dy), 0.470.1s (**?Ho), and 0.710.2s (**°Yb). The
experimental results are consistent with the theoret-

ical predictionsmf%}

reasonably.

The experimental values of the half-lives of the
5 studied nuclei in the mass 90 region near N=2
line compared with the predictions of some success-
ful nuclear models are listed in Table IT of Ref. [13].
Except the half-life of 8'Zr, the experimental values
in Table II of Ref. [13] are 5—10 times longer than
A net-

work calculation was made for the time integrated

the predictions given by Mo.ller et al®,

rp-process reaction flow during the x-ray burst at the
typical conditions of temperature To=1.5 and den-

327 We employed two sets of

sity p=1.5x10%g/cm
the nuclear input data: the standard one taken from
Ref. [28] by Schatz. et al, and the present set in which
our experimental 3-decay half-lives for the four nu-
clei 3Pd, ?2Rh, 8Ru and ¥ Mo were used to replace
those in the standard data set. The only difference
between these two data sets is the different half-lives
for the four nuclei. The half-lives of the four nuclei
in standard set are originally quoted from the theo-
retical predictions given by Mo.ller et al® In order
to make a comparison, the abundances of the waiting
point nuclei #¥Ru and ?3Pd as functions of the pro-
cessing time, are calculated with both present set of

the nuclear input data and the standard set. The cal-

culated abundances of ®Ru and °*Pd with the present
experimental half-lives are larger than that with the
standard predicted half-lives during the entire pro-
cessing time, and the present experimental half-lives
lead to about 4 times more products of these two

waiting point nuclei around the peak abundances.
4.2 Spin, parity and deformation

The experimental values for the spins and par-
ities of the 9 rare-earth nuclei extracted by fit-
ting the measured Bp energy spectrum and relative

branching ratios to low-lying states in the “daugh-
]

M)

ter” nucleus with a statistical model calculation®
are listed in Table III of Ref. [13] and compared
with the theoretical predictions of some successful
nuclear models. In Table III of Ref. [13] it can be
seen that the experimental spin-parity values of the
7 even(Z)-odd(N) nuclei are consistent with theo-
retical predictions reasonably. The theoretical de-
termination of the ground-state spin and parity for
an even-odd nucleus by means of the orbital oc-
cupied by the last neutron in the Nilsson diagram
strongly depends on the nuclear deformation. There-
fore, the consistency between the experimental spin-
parity assignments and the predicted Nilsson dia-
grams in Refs. [25,30—32] is an indirect indication
that the six even-odd nuclides *'Ce, **Nd, '?Sm,
135Gd, *"Gd, and '*°Dy are highly deformed with
Bo ~0.3%.

assignments of the odd-odd nuclides '*?Ho and '**Pm

However, the experimental spin-parity

are inconsistent with almost all the theoretical predic-
tions. Recently. the nuclear potential-energy surfaces
(PES) for the two odd-odd nuclides were calculated
by using a Woods-Saxon Strutinsky method®. In
the calculated PES for the negative-parity configura-
tion of *?Ho a minimum at deformation parameters
£2=0.251 and v=9.3° was found which corresponds
to the configuration of (n7/27[523]xv7/27[404])7~,
while in the calculated PES for the positive-parity
configuration of '*¥Pm a minimum at 3,=0.319 and
v=—0.8° was found which corresponds to the con-
figuration of (75/27[532]xv7/27[523])6". The calcu-
lated PES for *2Ho and ?Pm are in good agreement

with our experimental spin-parity assignments, and
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indicate that both '42Ho and !2Pm also are highly
deformed with (£, ~0.3.

The experimental spin-parity assignments of the
5 nuclei in the mass 90 region near N=Z line are
3/2= (®37Zr), 1/2* (%Mo), 5/2% or 7/2 (**Ru), 9/2
(*?Rh), and >5 (°*Pd), which are consistent with
the theoretical predictions of some successful nuclear

172123 pesonably except #Mo. The experi-

models'
mental spin-parity of #Mo is inconsistent with all the
predictions. The inconsistency, most probably, is due
to the fact that the nuclear deformation near 3°Mo
varies dramatically, and therefore, is not easy to be

reproduced by any model calculations.
4.3 Production reaction cross section

According to the measured counting rate of fp,
the production reaction cross sections for the 9 rare-
earth nuclei were estimated and are listed in Ta-
ble V of Ref. [13]. On the other hand, the fusion-
evaporation reaction cross section (o, ) was calculated
by using Alice % and HIVAP B9 code with normal
input parameters. The calculated reaction cross sec-
tions also are listed in Table V of Ref. [13]. Average
speaking, Alice code overestimates the o, by one or-
der of magnitude or two, and HIVAP code overesti-

mates it by one order of magnitude approximately.
4.4 Recent results

The Bp decay of 3Dy was studied by Nischke
et al in early 1980’s, and the Bp decay of *3Sm was
studied by Bogdanov et al in 1977 and followed by
Wilmarth et al in 1985. All of them only used the
ISOL facility to identify the fp precursors, and then

could not be able to separate the fp decay of an iso-

meric state from that of the ground state in same iso-
tope. Recently we restudied the Bp decays of 3Dy
and '33Sm by using the “p-y” coincidence in combi-
nation with a HJTTS instead. Two components of
the Bp decay of 3Dy have been found®”, one from
the 1/2+ ground state and another from a 11/2— iso-
meric state. Similarly, we also observed the 3p decay
of the 1/2— ground state and a 5/2+ isomeric state
in '¥3Sm simultaneously, and separated one from an-

other.

5 Perspective in near future

Now we are working in the region along the odd-Z
proton drip line. The even-Z proton drip line around
the rare-earth region is about 4-5 neutrons less than
the odd-Z proton drip line (Fig. 3). One of major de-
cay mode for the nuclei between these two lines is fp
decay. Using the “p-y” coincidence, we are able to
study the Bp decays in this uncultivated area, start-
ing from the odd-Z proton drip line, and gradually

reaching the even-Z proton drip line.

Neutron-rich side of speculated
even-Z proton drip line

iz

d
Neutron-rich side of predicted
odd-Z proton drip line

N=54 58 62 66 70

The present margin of known isotopes consists of
® the proton radioactivities first studied in different foreign Labs.
and @ the  p precursors first studied in IMP, Lanzhou.
O The Bp precursors could be studied at Lanzhou in near future.

Fig. 3. Chart of the neutron-deficient nuclides
in Z=56—T74 region.
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