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The B-delayed proton precursor$Nd, *?%m,?°Sm,*3’Gd, and **Dy near the proton drip line were
produced by the irradiation 6fMo, *®Ru, and'°®Cd with an*®Ar 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 0.65) s, 1.43) s, 0.5510) s, 2.22) s, and 0.62) 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 paritfé®Naof, 2°Sm,*¥’Gd, and**Dy
were preliminarily assigned as 5/21/2" (or 3/2"), 7/2*, and 7/2 , respectively. The agreement between the
spin-parity assignments and the predicted Nilsson diagrams indirectly indicates that the ground &5 of
1295m,137Gd, and®*Dy are highly deformed withB,~0.3.[S0556-28189)50112-X]

PACS numbes): 23.40.Hc, 21.10.Tg, 25.70.Gh, 27.69.

Synthesis of new nuclides near the drip line and the studyISOL), and the sum of the proton branching ratits) to

of their exotic decay properties are at the frontier of nucleathe excited states followed by the 2:0* y-ray transition in
physics today. The nuclei along the proton drip line in thethe “daughter” nucleus is larger than the EC branching ratio
rare-earth region speculated by Hofmddhor predicted by  followed by Bp emission. Generally speaking, using the
Moller et al.[2] are highly deformed§,>0.28)[3]. There-  «p_,» coincidence in combination with a HITTS system,
fore, the search for the 'proton radioactivity f'rom the highlythe efficiency of measuring thep specific for a particular
deformed ground state in the rare-earth region has been ifecyrsor in the region can be increased by a factor of 50 in
vestigated by many nuclear physicists-7] for a long pe-  .,mharison with that using thex:p” coincidence in com-
riad of t!me. ;he seiarch for the proton em|33|orrl1 from' exc,'tedbination with an ISOL facility. The present paper describes
s;[atesl, "e'l’ t f_?e ;yed tpr(;)tonfﬁtr;]) deca;y In t ; regt'."’?t IS Itthe syntheses and definite identifications of B precur-
closely related to the study of the proton radioactivity. It_ 125d, 125pm, 12%5m, 197Gd, and 1Dy for the first

provides fundamental information on both the ground-state. Il as th limi tudi fthéio d b
properties and the production mechanism for the nuclei neaf e as well as the preliminary studies o B decays by

the proton drip line. One of the difficulties encountered in theM€ans of the HITTS" p-y” coincidence. _

study of continuous-energgp from the decay of a precursor The experiments were carried (_)ut at the National Labora-
near the drip line in the rare-earth region is caused by th&"y Of Heavy-lon Accelerator in LanzhouNLHIAL),
isobaric contaminations. In order to identify the precursorChina. A 220-MeV *°Ar*** beam from the sector-focused
unambiguously, additional measurements, suchxag'™‘co- cyclotron of NLHIAL entered a target chamber filled with
incidence, i.e., the coincidence between the characteristic X atm of helium, passing through a 1.94 mgfcm
rays of proton emitter and th@p, have to be carried out Havar window and a degrader before bombarding
following a mass separation. However, due to the low elecdifferent enriched targets®Mo(2.0 mg/cni, 97%), *Ru

tron capture(EC) branching ratio, the %-p” coincidence (2.8 mg/cmi, 94%), and'%Cd (2.5 mg/cri, 75%). The
measurements will reduce the counting rate by one or twdeam intensity was about 0.8uA. The reaction products
orders of magnitude. This fact severely constrains the studgtopped in the helium gas were swept through a 6-m-long,
of an exotic decay channel with a production cross section a8-mm-diameter plastic capillary to the movable tape in a
low as 100 nb. In this work we used a different technique tocollection chamber. Pbglwas used as an aerosol with a
identify the precursors. In the E@/ decay of an even working temperature of about 430 °C. The radioactivity de-
(2)-odd (N) Bp precursor, most of the excited-state decaysposited on the tape was transported periodically to a shielded
in the even Z—2)-even (N+1) daughters of each od&( location for p-vy4(X)-v»(x)-t coincidence measurements.
—1)-even (N+1) proton “emitter” result in the transiton Two 570 mn$x350 um totally depleted silicon surface
between the lowest-energy tate and 0 ground state in  barrier detectors were used for proton measurements, and
the “daughter” nucleus. Therefore, the coincidence betweerocated on the opposite two sides of the movable tape. Be-
Bp and the 2 —0" y-ray transition specific for a particular hind each silicon detector there was a coaxial HEG#MX
“daughter” nucleus, a ‘p-y” coincidence, can be used to type) detector fory(x) measurements.

identify the mother, theggp precursor. This method can also (1) ?*Nd. The measuredy(x)-ray spectrum gated on
be used to identify some of the odd@)codd (N) precursors. 2.5-5.5 MeV protons in thé°Ar + %>Mo reaction is shown in

In addition, the transportation efficiency of a He-jet tapeFig. 1. All of the intensey lines in Fig. 1 were assigned to
transport systentHJTTS for the rare-earth nuclei is higher their Bp precursors except the rays and 511-keVy ray.
than the overall efficiency of an isotope separator on linefAmong them, the 142- and 306-keylines were assigned to
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the 2'—0" and 4"'—2"y transitons in the 1292Nd was extracted to be 0.6M.15 s. In Fig. 1 the inten-
“daughter” *?Ce [8] of the Sp precursor *Nd. In the sities of 142- and 306-keY lines, as well as the background
v(X)-ray spectrum gated on both 2.5-6.0 MeV protons andevel at 444 keV, which corresponds to thé-64" y tran-

the 142-keVy ray, only one peak with six events was found sition in *?/Ce [8], were used to estimate the relativg, to
with an energy less than 600 keV, and located at 35.8 keVdifferent final states in?"Ce: 100(2'), 26=6(4"), and

the energy of the Pr-iKx ray. It implies that the 142-keV <3(6"%). The proton energy spectrum gated on the 142-keV
y-ray transition is related to the decay of an BCfemitting  y line is shown in Fig. £2), which is the spectrum of thép
neodymium isotope. The decay curve of the 142-keline  from the **Nd decay followed by the 142-keV transition in
coincident with 2.5—-5.5 MeV protons is shown in the inset1?4Ce. The component with the energies lower than 2 MeV
of Fig. 2(a), from which the half-life of the new nuclide in the spectrum is attributed to the pileup of positrons in the
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FIG. 2. The observed energy spectrgdyf gated by different characteristic gamma rays corresponding to five different precursors. The
energies of the characteristic gamma rays for the precuféosl, 12Pm, 12°Sm, 1¥’Gd, and**®Dy are 142, 326.5, 134, 255, and 221 keV,
respectively. The solid and dashed curves were calculated using the statistical (seedé#xt. The insets show the time spectra of the

characteristic gamma rays gated on 2.5-5.5 MeV protons.
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TABLE I. The production-reaction channels, the partial reaction cross sectioggpvitecay(o g,), and
the half-lives of*?*Nd, *28Pm, 12%Sm, ¥7Gd, and**Dy.

Theor. Half-life (s)

. Microscopic
Bombarding Expt. theory[17]

New Reaction energy  ogy" half-life Gross

nuclide  channel (MeV) (nb) (9) theory[15,16] Hilf Groote Moaller Moller [2]
25%Nd %BAr+ %Mo 169 230 0.66:0.15 0.67 0.79 0.78 0.8 0.42
2%m  3BAr+%Ru 174 50 1.60.3 0.71 1.8 25 15 0.40
129%5m  3BAr+ %Ry 165 70 0.5%0.10 0.58 0.33 0.62 0.20
B¥'Gd  %%Ar+1%%cd 176 450 2.20.2 1-3 2.0
13%py  36Ar+1%cq 176 160 0.60.2 0.61 0.57 0.65 0.47 0.50

#The uncertainty is a factor of 2.

silicon detector. On the other hand, the energy spectrum of* . 2* v transitions in the “daughter” nucleu$**sm[12]
pp and theby, to different final states if*‘Ce were calcu-  of the precursor®’Gd. From the decay curve of the proton-
lated with a revised statistical modgd]. The structureless oincigent 255-keVy line (the inset of Fig. )], the half-
p-strength function predicted by the gross theory and thgo ot 1he 13754 decay was extracted to be 2.0.2 s. In
energy-level density based on the back-shifted Fermi gas a 983 the half-life and the energy spectrum of tip of

sumption were used in the model calculation. The spins an 37Gd were measured by Nitschiee al. [13] who, however,

iti f 125N i ith th i lre- . . . )
parities o d most consistent with the experimental re pointed out that their experimental half-lifeti3 s had to be

sults are 5/2, which give the final statbs, of 67.0 and 65.8 determined in a lat . ¢ Th d halflife of
% (2%), 21.4 and 16.3 % (4), as well as 0.5 and 0.2 % f;gﬁde_fm'”e In a‘ater expenment. The me."f“r:e X a ".e°|
(6), and reproduce the experimental energy spectrum of Gd in our experiment is in agreement with the theoretica
Bp reasonably wel[Fig. 2a)]. predictions(see Table )l and with the experimental-value

(2) 12%m. A 236.5-keVy line, which corresponds to the systematics, but is different from Nitschke’s result within the

y-ray transition between two low-lying states BfPr [10], experimental errors. We guess that the energy spect.rum of
appeared in th@,(x)_ray spectrum gated on 2.5-5.5 MeV Bp observed by Nitschket al. is mixed with a |Ong'|lfe
protons in the3®Ar + 9Ru reaction. In addition, a clear few- component from another proton emitter. The relatiyg to
count peak was found at the energy of Ng-K ray in the  different final states in!3*Sm were estimated to be
triple-coincidenty(x)-ray spectrum gated on both 2.5- to 5.5- 100 (2"), 515 (4"), and <5 (6"). The spins and pari-
MeV protons and the 236.5-key line. We assigned the ties of **‘Gd most consistent with the experimental results
236.5-keV transition to the “daughter” nucleu$™Pr pro-  are 7/2°, which give the final-staté, of 58.0 and 63.3 %
duced from the initial (EG8™) decay of1%Pm after proton (2%), 26.8 and 28.7 % (&), as well as 0.8 and 1.2 % (6,
emission. The decay curve of the 236.5-keMine in the  and reproduce the experimental energy spectrurpfea-

p-y coincidence spectrum and the proton energy spectrursonably well[Fig. 2(d)].

gated on the 236.5-keV line are shown in Fig. ). From (5) B*Dy. A clear 221-keVy peak and a tiny 384-key
the decay curve the half-life of?®Pm was extracted to be peak in the proton-coincident(x)-ray spectrum in thé®Ar
1.0+0.3s. +105Cd reaction were assigned to the" 20" and 4'

(3) ?°Sm. A 134-keV y line found in the proton- —2*+y transitions in the “daughter” nucleu$*Gd [14] of
coincidenty(x)-ray spectrum in thé®Ar +*Ru reaction was the Sp precursor'*Dy. The relativebg, to different final
assigned to they-ray transition between the lowest-energy states in *8d were estimated to be 100(2 and 46
2" state and 0 ground state in the “daughter” nucleus +10 (4"). From the decay curve of the proton-coincident
128Nd [11] of the Bp precursor'?®Sm. The relativebg, to  221-keVy line [the inset of Fig. 2g)], the half-life of 13Dy
different final states if?®Nd were estimated to be 100{2  decay was extracted to be 6:6.2 s. The spin and parity of
and <10 (4%). From the decay curve of the proton- ¥y most consistent with the experimental results is'7/2
coincident 134-keVy line [the inset of Fig. &)], the half-  which gives final-staté, of 56.3% (2") and 30.9% (4),
life of '2°Sm decay was extracted to be 0:58.10 s. The and reproduces the experimental energy spectrufpafea-
spin and parity oft2°Sm most consistent with the experimen- sonably well[Fig. 2(e)].
tal results is 1/2 or 3/2", which yield bg, of 54.8% (2" The five new nuclides and their production-reaction chan-
and 2.5% (4) or 64.4% (2°) and 4.7% (4), respectively. nels, partial reaction cross sections@p and half-lives, in-
These assignments reproduce the experimental energy spextuding the experimental values and theoretical predictions,
trum of Bp equally well[Fig. 2(c)]. are listed in Table I. When we estimated the partial cross

(4) B¥'Gd. They lines with the energies of 255 and 431 sections of3p in column 4 of Table I, the final-stataz{; of
keV found in the proton-coinciden¥(x)-ray spectrum in “daughter’ nuclei in **Nd (5/2"), ?°Sm (1/2"), ¥ad
the 2Ar+198Cd reaction were assigned to thé 20" and  (7/2%), and ®*®y (7/2") decays were taken from the re-
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TABLE Il. The observedBp energy regionsEp) and centroids of thgp energy spectra, the ground-
state quadruple deformations,), and the spins and parities ¥PNd, 2%Pm, *2%Sm, ¥Gd, and**Dy.

Spin and parity

Predictions

Nulcide Ej(MeV) Ep(MeV) g, [3] Expt.  Arseniev[18] Bengtssorf19] Audi[20] Moller [2]

125\d 2.2-6.2 3.7 0.300 512 5/2* 5/2F 5/2*
2pm  2.4-55 3.8 0.300

12%5m  2.2-55 3.7 0.300 112 3/2° 1/2" 1/2" 1/2"
¥'Gd  2.3-6.5 3.9 0.267 ™2 712t 712%, 112" 7/2¢ 9/2”
B3Py 2.3-6.0 38 0258 72 712" 712" 712" 9/2"

vised statistical model calculation, and the tdtg) followed  and!3Dy in Ref.[2]. The theoretical determination of the
by the 236.5-keVy ray in 128Pr_n decay was assumed to be ground-state spin and parity for an evE{odd(N) nucleus
50%. All of the estimated partial cross sections3gf emis-  hy means of the orbital occupied by the last neutron in the
sions for the five reaction channels listed in Table | areNilsson diagram Strong|y depends on the nuclear deforma-
smaller than 500 nb, which indicate the importance of thejon. Therefore, the consistency between the experimental
measurement efficiency. On the whole, the half-lives prespin-parity assignments and the predicted Nilsson diagrams
dicted by Mdler et al. [2] are slightly shorter than the ex- in Refs.[18,19 is an indirect indication that the four nu-
perimental results. _ clides ?Nd, 12%sm, ¥’Gd, and**®Dy are highly deformed
The information related to thep and the assignments to with 8,~0.3. If 8,=0.3 and then a lower Coulomb barrier

the spins and parities of the five precursors, including preis taken into account, the calculated centroid of the proton
liminary experimental results and theoretical predictions is

summarized in Table Il. The spins and parities in columns {)T/i—regri/efg;?i:juemg/p)o ?{(t)hg '\s/ltg\t;stlcal model shifts to the

air:/ianOf ATr ggLeiel\,le:v:IrT:lgk:;] dfg)gr]] ttgioN@!ZﬁOFlg%Iag?ms In principle, the proposed identification method can be
9 oy o 9 e used to study any3-delayed proton decay. Extending the
spectively, according to the quadruple deformatiosig) (in echnique into a different mass region is underway

column 4 predicted by the macroscopic-microscopic masé '

model of Mdler et al.[3]. The preliminary experimental as- We are indebted to Academician of CAS Wei Baowen,
signments of spins and parities f&°Nd and?°Sm are con-  Director of NLHIAL for his enthusiastic encouragement and
sistent with all theoretical predictions. The experimental ashelp. This work was supported by the National Natural Sci-
signments 7/2 for both *'Gd and®*®y are also consistent ence Foundation of ChingGrant Nos. 19775056 and
with the predicted Nilsson diagrams in Refd8,19 and 19475055, the Chinese Academy of Sciences and the Inter-
the predictions derived from systematic trends by Audinational Cooperative Program between the National Natural
etal. [20]. However, the experimental final-statbg, Science Foundation of China and the Russian Foundation of
disagree with the predictions of 972for both ¥'Gd  Basic Science.
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