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The semi-magic nucleus 219Np was produced in the fusion reaction 187Re(36Ar, 4n)219Np at the gas-filled 
recoil separator SHANS (Spectrometer for Heavy Atoms and Nuclear Structure). A fast electronics system 
based on waveform digitizers was used in the data acquisition and the sampled pulses were processed 
by digital algorithms. The reaction products were identified using spatial and time correlations between 
the implants and subsequent α decays. According to the observed α-decay chain, an energy of Eα =
9039(40) keV and a half-life of T1/2 = 0.15+0.72

−0.07 ms were determined for 219Np. The deduced proton 
binding energy of 219Np fits well into the systematics, which gives another evidence of that there is no 
sub-shell closure at Z = 92. The influence of the N = 126 shell closure on the stability of Np isotopes is 
discussed within the framework of α-decay reduced widths.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Synthesis of neutron-deficient actinide nuclei close to the N =
126 shell closure is of importance to understand the stability of 
the N = 126 closed shell and to predict the limit of existence 
for nuclei in this region. α decay is the dominant radioactive de-
cay mode for these nuclei and α-spectroscopic method has played 
crucial role to obtain information on nuclear structure and the evo-
lution of N = 126 neutron shell closure. In the past few decades, 
short lifetime and low production cross section are main diffi-
culties in studying nuclei in this region. Thanks to the success-
ful application of digital data acquisition systems [1,2] and the 
exploration on multinucleon transfer reactions [3,4], several new 
neutron-deficient actinide nuclei near N = 126 neutron shell have 
been produced in recent years.

A recent work by J. Khuyagbaatar et al. [1] reported the dis-
covery of a new short-lived isotope 221U as well as unambiguous 
identification of 222U. These two isotopes were produced in the fu-
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sion reaction 50Ti+176Yb at the gas-filled recoil separator TASCA 
and their decay properties were extracted from pileup traces by 
using software algorithms. Through the comparative analysis of the 
α-decay reduced widths and the neutron-shell gaps of the Po–U 
isotopes, a significant weakening of influence of the N = 126 shell 
closure in U was observed. Most recently, M.D. Sun et al. [2] re-
ported the discovery of the new short-lived isotope 223Np, which 
was synthesized in the fusion reaction 40Ar+187Re at the gas-filled 
recoil separator SHANS [5]. The α-decay energy and half-life of 
223Np were also extracted from pileup traces recorded by a new 
digital data acquisition system. The systematics of proton separa-
tion energy together with the calculation of large-scale shell model 
gave a disproof of the existence of a Z = 92 shell gap, which was 
a prediction in systematic mean-field calculations [6] but was not 
supported by the subsequent theoretical calculations [7] and ex-
perimental works [8–10].

The discovery of new isotopes 219Np, 223Am, 229Am and 233Bk 
was reported by H.M. Devaraja et al. [3]. They were produced 
in the multi-nucleon transfer reaction of 48Ca+248Cm and sepa-
rated by the velocity filter SHIP at GSI. Beside the new isotopes 
about 100 further target-like transfer products were also identified, 
which indicate that multi-nucleon transfer reactions are promising 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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for the synthesis of new transuranium isotopes. However, due to 
the usage of traditional analog electronics, a few sum energies of 
pileup α events were given, e.g., the decay events from 223Am and 
225Np.

These findings are very interesting and motivate us to carry out 
further investigations on the evolution of the N = 126 shell closure 
beyond Z = 92 and the possible ways to enter so far unknown re-
gions in the upper part of the chart of nuclei. The isotones with 
N = 126 have been reported up to 219Np [3], however neither clear 
half-life nor clear decay energy of 219Np was given. In this paper, 
we will report on the measurement of the α-decay properties of 
219Np produced in the fusion reaction 36Ar+187Re. Combining the 
measured data and some literature values, the absence of sub-shell 
closure at Z = 92 and the weakening of the N = 126 shell stabi-
lization effect for Np will be discussed.

2. Experimental setup and methods

The experiment was carried out at the gas-filled recoil sepa-
rator SHANS [5] and a beam of 36Ar was delivered by the sector 
focusing cyclotron of the heavy ion research facility in Lanzhou 
(HIRFL), China. The incident beam energy was 191.5 MeV and 
the beam intensities were 300–400 pnA. The targets consisted of 
380 μg/cm2 thick layers of 187Re (enrichment 98.6%), which were 
evaporated on 45 μg/cm2 thick carbon foils. The targets with the 
backing upstream were mounted on a stationary frame. The beam 
energy at the center of the target was estimated to be about 189.6 
MeV using the program SRIM [11] and the total beam time was 
155 hours.

The separator was filled with helium gas at a pressure of 0.6 
mbar and the average charge state of 219Np moving in the helium 
gas was estimated to be 6.7. The magnets of SHANS were set to 
guide the evaporation residue 219Np with a magnetic rigidity of 
1.77 Tm to the center of the focal plane with an estimated effi-
ciency of 20%. The time of flight of the 219Np through separator 
was calculated to be 1.26(6) μs. After filtering out by the sep-
arator, the evaporation residues (ERs) were implanted into three 
300 μm thick position-sensitive strip detectors (PSSDs) installed 
side by side at the focal plane of the separator. Each PSSD, with 
an active area of 50 × 50 mm2, was divided into 16 vertical strips 
on the front face. Upstream the PSSDs, eight non-position-sensitive 
silicon detectors (side detectors) of the same type were mounted. 
The PSSDs and the side detectors formed a Si-box detector. The 
detection efficiency for α decays of implanted nuclei was 80%. In 
order to distinguish the radioactive decay events of ERs from the 
implantation events, two multi-wire proportional counters (MW-
PCs) were mounted 15 cm and 25 cm upstream from the PSSDs. 
The counter gas in two MWPCs was isobutane of 2.5 mbar pres-
sure and the counter windows were made of 0.5 μm Mylar.

After amplified with preamplifiers, signals of all detectors were 
processed in a digital data acquisition system. Sixteen 14-bits 
waveform digitizers V1724 [12] with 100 MHz sampling frequency 
developed by CAEN were used to record samples of the input sig-
nals and transfer them to FPGA (Field Programmable Gate Array) 
for real-time digital signal processing. The trapezoidal filtering al-
gorithm [13] and the digital RC-CR2 filter [14] implemented in the 
digitizer FPGA could convert the exponential signal from preampli-
fier into a trapezoidal signal and a bipolar RC-CR2 signal respec-
tively. The amplitude of trapezoidal signal is proportional to the 
input pulse height and the zero crossing of RC-CR2 signal is in-
dependent of the pulse height. When the RC-CR2 signal of PSSD 
or side detector exceeds the programmed threshold, a 15 μs-long 
trace of the input signal as well as the relevant amplitude and the 
time stamp calculated online were stored. So the recorded digital 
pulses can be reprocessed offline with different parameters or al-
gorithms. While for each triggered pulse from MWPCs, only the 
amplitude of trapezoidal signal and the time stamp calculated in 
the FPGA were saved into the local memory buffer.

The offline digital signal processing was performed by using 
the data handling software ROOT [15]. Prior to the application of 
digital algorithms, a correlation among events from both ends of 
silicon strips, back of PSSDs, side detectors and MWPCs was made 
based on time stamps. The events from different detectors that 
can be correlated within the setting time windows were written 
into one entry. In order to facilitate searching for α-decay chains 
in the next time, all entries were arranged in chronological or-
der. For each trace correlated in one entry, the first 200 samples 
were used for baseline calculation. After subtracting the baseline, 
the two traces from the top and bottom of the silicon strip were 
added up as a complete trace taking into account the amplification 
factors of the preamplifiers. Then each complete trace with 1500 
samples was analyzed by using a digital leading-edge discrimina-
tor [16] and the trapezoidal algorithm [13] to extract the time and 
the amplitude information respectively.

α-particle energy calibrations were performed using a three-
peak (244Cm,241Am and 239Pu) external α source as well as 
the known peaks from nuclei produced in the test reaction 
36Ar+175Lu [17]. Energy resolutions of individual strips of PSSDs 
were 60–70 keV (FWHM) for 6–10 MeV α particles that were reg-
istered as single events in the traces. The vertical position of each 
event was determined by resistive charge division [18], and the 
position resolution of each silicon strip was better than 1.5 mm 
(FWHM).

3. Experimental results

The identification of rare products were performed using a 
recoil-α–α correlation method. A two-dimensional plot showing 
the correlation between parent and daughter α-particle energies of 
type ER-α1–α2 is shown in Fig. 1. The analysis of the correlation 
was made with a vertical position window of ±1.5 mm and the 
time windows of 30 ms for the ER-α1 pair and 20 s for the α1–α2
pair. In the plot some known isotopes produced in 1pxn, 2pxn and 
3pxn fusion-evaporation channels such as 218U, 214, 215Pa, 217, 218Pa, 
213, 214Th can be recognized.

For 218U, three α-decay chains associated with 218gU and 
two α-decay chains associated with an isomeric state 218mU(8+) 
were identified. The α-particle energies and half-lives were de-
termined to be 8619(35) keV and 0.131+0.179

−0.048 ms for 218gU and 
10685(35) keV and 0.134+0.244

−0.053 ms for 218mU. The determined 
α-particle energies are in good agreement with the literature val-
ues Eα(218g U) = 8612(9) keV and Eα(218mU) = 10678(17) keV [9,
10]. However due to the low statistics, the determined half-lives 
are shorter than the reported values T1/2(

218g U) = 0.51+0.17
−0.10 ms

and T1/2(
218mU) = 0.56+0.26

−0.14 ms [9,10]. Another correlation anal-
ysis has been performed for 214, 215Pa. Twenty correlated α-decay 
chains attributed to the α decay of 214, 215Pa were found. Based 
on these chains, an α-particle energy of 8089(30) keV and a 
half-life of 14.6+4.2

−2.7 ms were deduced for the mother activity, 
which are consistent with the reported decay properties of 215Pa 
(Eα = 8091(15) keV, T1/2 = 14(2) ms) [19] and 214Pa (Eα =
8116(15) keV, T1/2 = 17(3) ms) [19].

One four-member decay sequence suspected as the α decay 
from 219Np was observed and that can be found in the upper part 
of Fig. 1. Together with the measured energies, time intervals and 
vertical positions of each activity, the entire decay chain is shown 
in Fig. 2. All activities in the decay chain were detected during 
beam irradiation. Before the identification of this decay chain, the 
possibility Perr that the observed event sequence arises from a 
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Fig. 1. (Color online.) Mother and daughter α-particle energies for all chains of the 
type ER-α1–α2 observed in the 191.5 MeV 36Ar+187Re irradiation. Maximum search 
times were 30 ms for the ER-α1 pair and 20 s for the α1–α2 pair.

Fig. 2. (Color online.) The observed α-decay chain assigned to 219Np. Experimental 
energies, time intervals and vertical positions of all activities are shown.

random correlation of unrelated events needs to be estimated. A 
method described in Ref. [18] was applied to calculate Perr on the 
basis of observed average counting rates in the detectors. Perr was 
estimated to be less than 3.8 × 10−11 and the expected number 
of random decay chain was 1.0 × 10−4. Thus this decay chain was 
considered to be a real correlation. The measured α-particle en-
ergy and lifetime of the daughter activity are 8032 keV and 27.9 
ms respectively and this decay can be recognized as the α de-
cay from 214Pa or 215Pa. The measured α-particle energy of 7493 
keV and lifetime of 378 ms for the granddaughter decay are con-
sistent with the α decay of 210Ac and 211Ac, whose reported α
decay properties are Eα = 7462(8) keV, T1/2 = 350(40) ms [20] for 
210Ac and Eα = 7477(6) keV, T1/2 = 210(30) ms [20] for 211Ac, re-
spectively. Therefore, the mother activity with measured α-particle 
energy of 9039 keV and lifetime of 0.216 ms can be assigned to the 
α decay of 218Np or 219Np. Systematic regularities of the experi-
mental α-decay energies and half-lives of neutron-deficient Ac–Np 
isotopes were shown in Fig. 3. According to the systematics, the 
ground state α-decay properties of 219Np and 218Np will have sig-
nificant differences in analogy with the α-decay properties of the 
other known 126-neutron and 125-neutron isotopes such as 218U 
and 217U, 217Pa and 216Pa, 216Th and 215Th, 215Ac and 214Ac. A sim-
ple linear extrapolation of the α energies of nuclei with N = 126
and N = 125 gives the estimated α-particle energies of 9000(60) 
keV for 219Np and 8580(60) keV for 218Np. The measured en-
ergy 9039 keV is much close to the estimated α-particle energy 
of 219Np. Therefore we prefer to assign this decay chain to the α
Fig. 3. (Color online.) (a) α-decay energies Q α of ground state to ground state tran-
sitions and (b) half-lives T1/2 for neutron-deficient Ac, Th, Pa, U and Np isotopes as 
a function of neutron number. Here Q α = (1 + mα/md) × Eα , where (mα/md) × Eα

denotes the recoil energy of residual nucleus. Open symbols refer to literature val-
ues taken from Refs. [19,20,25]. The red solid circles refer to the values of 219Np 
measured in present work.

decay of ground state to ground state transition from 219Np rather 
than 218Np.

Based on the observed decay chain, the α-particle energy of 
219Np was determined to be 9039(40) keV. The error limits for 
the α-particle energy were established from the quadratic sum of 
standard error (30 keV) and the energy calibration error (25 keV). 
To evaluate the half-life of 219Np, the maximum likelihood method 
described in Ref. [21] was used. From the 0.216 ms ER-α1 time in-
terval one can deduce the most probable half-life value of 0.15 ms 
and a half-life range of (0.08–0.87) ms. The indicated range cor-
responds to a 68.3% confidence level. In order to reproduce the 
half-life, the new Geiger–Nuttall law given in Refs. [22,23] relat-
ing half-life and α-decay energy was used. The calculated half-life 
for 219Np is 0.293 ms, which is consistent with the determined 
value of 0.15+0.72

−0.07 ms. We also plotted the deduced α-decay en-
ergy (Q α = 9207(40) keV) and half-life on Fig. 3. As can be seen, 
not only the deduced α-decay energy but also the determined 
half-life fits well into the systematics. Using a transmission effi-
ciency of 20%, the cross section for 219Np at the beam energy of 
191.5 MeV was determined to be 19+44

−16 pb. The error bars of the 
cross section only represent statistical errors determined by the 
method described in Ref. [21].

4. Discussion

According to the measured α-decay energy of 219Np and the 
masses of 215Pa and 218U given in [24] a proton binding energy 
S p = −301(83) keV and a ground state binding energy relative to 
208Pb of 28928(81) keV were determined. Negative value of proton 
binding energy indicates that the proton drip-line for neptunium 
has been reached experimentally. As can be seen from Fig. 4(a), the 
proton binding energy of 219Np fits well into the systematics and 



H.B. Yang et al. / Physics Letters B 777 (2018) 212–216 215
Fig. 4. (Color online.) (a) Proton binding energies S p of odd-Z Tl–Np isotopes and 
reduced α-decay widths δ2 [26] of odd-Z At–Np isotopes as a function of proton 
number. Proton binding energies of known isotopes were taken from Ref. [24]. The 
red solid circles refer to the values of 219Np deduced in present work.

does not exhibit any abrupt change between Z = 91 and Z = 93. 
Whereas an abrupt reduction of proton binding energies is seen 
between Z = 81 and Z = 83 due to the influence of Z = 82 shell. 
This result gives another evidence that there is no sub-shell closure 
at Z = 92. In Ref. [7], ground state binding energies relative to 
208Pb were calculated using shell model for the N = 126 isotones 
210Po to 220Pu. The calculated binding energy of 219Np relative to 
208Pb is 28969 keV [7] and this theoretical value is in agreement 
with the experimental value of 28928(81) keV.

A spin-parity of (9/2−) is tentatively assigned to the ground 
state of 219Np based on the large-scale shell model calculations 
[7]. Assuming �L = 0, the reduced α-decay width δ2(219Np) =
36+171

−17 keV can be deduced for the 9039(40) keV decay using the 
Rasmussen approach [26]. In Ref. [1], the systematic regularities of 
δ2 in even-Z Po–U isotopes were presented. Through the compara-
tive analysis of the α-decay reduced widths and the neutron-shell 
gaps of the Po–U isotopes, a significant weakening of influence of 
the N = 126 shell closure in U was observed. Here the new datum 
together with literature values allow us to construct the tenden-
cies of δ2 in odd-Z isotones up to Np. As shown in Fig. 4(b), this 
new datum extends smoothly the systematic regularities despite 
the large errors come from poor statistics. The smooth rise of δ2

values with increasing proton number indicates that the weaken-
ing of the influence of N = 126 shell closure still effect for Np. 
But due to the large errors of the determined δ2 value, significant 
statistics on 219Np are needed to verify this inference.

As mentioned earlier, the first identification of 219Np has been 
reported in Ref. [3]. In that work 219Np was populated by the α
decay from the new isotope 223Am, which was produced in the 
multi-nucleon transfer reaction 48Ca+248Cm and was separated by 
the velocity filter SHIP at GSI. The measured lifetime of 223Am was 
7.5 ms. Due to the pileup of α1 and α2 in the observed decay 
chain, the lifetime of 219Np was not measured and only an es-
timated value of <5 μs was given. In addition, a lower limit of 
9000 keV was estimated for the α-particle energy of 219Np by as-
suming that the full energy of the α1 was deposited in the stop 
detector and only α2 escaped to the box detector. Because neither 
half-life nor decay energy was clearly measured, the identification 
of 219Np was not treated as a new nuclide by M. Thoennessen 
[27]. The α-particle energy of 219Np measured in present work is 
consistent with the lower limit of the α-particle energy of 219Np 
claimed in [3], but the measured lifetime is longer than what they 
claimed significantly. This inconsistent result maybe come from 
very poor statistics in both works. Therefore, further experiments 
are necessary to improve the decay properties of the semi-magic 
nucleus 219Np.

5. Conclusion

In conclusion, we reported on the first measurement of the 
α-decay properties of 219Np produced in the fusion reaction 
36Ar+187Re. The α-particle energy of 9039(40) keV and half-life of 
0.15+0.72

−0.07 ms were extracted by using digital algorithms. According 
to the α-particle energy, a proton binding energy of −301(83) keV
was determined for 219Np and this new datum fits well into the 
systematics, which gives another evidence of that there is no sub-
shell closure at Z = 92. Negative value of proton binding energy 
indicates that 219Np is a semi-magic nucleus beyond the proton 
drip-line. The analysis of the reduced widths shows that the weak-
ening of the influence of the N = 126 shell closure maybe still 
exist in Np.
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