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Short-Lived a-Emitting Isotope 2*2Np and the Stability of the N =126 Magic Shell
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A new, very short-lived neutron-deficient isotope 22’Np was produced in the complete-fusion reaction
187Re(*0Ar, 5n)??’Np, and observed at the gas-filled recoil separator SHANS. The new isotope >*2Np was
identified by employing a recoil-a correlation measurement, and six a-decay chains were established for it.
The decay properties of ?>Np with E, = 10016(33) keV and T, = 380f12168 ns were determined
experimentally. The a-decay systematics of Np isotopes is improved by adding the new data for
222Np, which validates the N = 126 shell effect in Np isotopes. The evolution of the N = 126 shell closure
is discussed in the neutron-deficient nuclei up to Np within the framework of a-decay reduced width.
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Neutron-deficient heavy nuclides, produced as evapora-
tion residues in complete-fusion reactions, decay
pervasively by emitting a particles. Therefore, a-decay
spectroscopy, one of the oldest yet powerful tools in nuclear
physics, has been employed generally to identify new
heavy isotopes and to investigate the nuclear structure of
ground and excited states in neutron-deficient heavy nuclei
[1-4]. As approaching to the proton dripline around
Z =92, the synthesis of new isotopes is extremely chal-
lenging due to their low production cross sections and short
half-lives. In the past few years, we have introduced fast-
digital pulse readout electronics and applied it to synthesis
of new isotopes based on the gas-filled recoil separator
SHANS (spectrometer for heavy atoms and nuclear struc-
ture). We carried out a series of experiments aimed at
exploring the limit to the existence of uranium and
neptunium isotopes and studying the stability of the N =
126 shell closure far away from the Z = 82 magic number.
In these experiments, several new neutron-deficient Z = 93
isotopes 219:220.223.224Np [5-8] were observed by using
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a-decay spectroscopy, and the a-decay systematics for
Np isotopes was extended beyond the proton dripline
[5,8]. Our studies suggested that the N = 126 magic
shell effect would persist in Np isotopes by inspecting
the a-decay systematics [8], although a weakening of the
N = 126 shell stabilization effect towards Z = 92 uranium
was proposed previously [9]. However, the a-decay sys-
tematics is incomplete for Np isotopes due to the lack of
experimental information for 2!>2Np, and thus it is still an
open question how robust the N = 126 shell is in Np
isotopes.

In this Letter, we report the observation of a
new neutron-deficient a-emitting isotope *?’Np, which
was synthesized in the complete fusion reaction
187Re(*°Ar, 5n)?*’Np. By combining our experimental find-
ings with the existing data, the convincing evidence for the
stability of the N = 126 magic shell in Np isotopes is
obtained.

The experiment was carried out at the Heavy Ion
Research Facility in Lanzhou (HIRFL), China. The “°Ar

© 2020 American Physical Society
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ions were accelerated to an energy of 198.7 MeV with a
typical intensity of 300 pnA. A '®’Re target (enrichment
98.6%) with a thickness of 250 pg/cm? was prepared by
sputtering the material onto an 80-ug/cm?-thick carbon
foil. The beam energy at the center of the target was
estimated to be 196.6 MeV using the SRIM program [10],
where the maximum cross section of the 5n evaporation
channel was predicted to occur according to the calculation
with the HIVAP code [11].

The gas-filled recoil separator SHANS [12] was used for
the separation of recoiled evaporation residues (ERs) from
the primary beam particles and the unwanted reaction
products. The transport efficiency of the separator was
estimated to be 14% by using the test reaction “°Ar + 7Lu.
ERs that did not decay in flight through SHANS were
implanted into three position-sensitive 16-strip detectors
(PSSDs), which were mounted side by side at the focal
plane of the separator. Eight side silicon detectors (SSDs)
were placed perpendicular to the surface of PSSDs in an
open box geometry. They were used to detect the a particles
escaping from the PSSDs. The energy, position, and time of
the implantation of the ERs and their subsequent a-decay
events were measured using these detectors. The total
detection efficiency of the detector system for the emitting
alpha particles was measured to be 72%. In order to
distinguish the a-decay events from the implantation ones,
two multiwire proportional counters were mounted
upstream from the PSSDs. Behind the PSSDs, three
punch-through silicon detectors were positioned for the
rejection of signals produced by energetic light particles.
Signals from all the preamplifiers of the detection system
were recorded by a digital data acquisition system, which
consists of 16 waveform digitizers V1724 from CAEN
S.p.A [13]. More details of the system were given in
Refs. [5,14]. The time of flight of the >*Np ERs through
SHANS was estimated to be ~1.2 us.

Energy calibrations for the PSSDs and SSDs were
performed using an external a source and the dominant
a-decay peaks from the nuclei produced in the irradiations
with '"Lu and '8W targets. The preamplified signals from
the PSSDs were recorded in 30-us-long traces by the
waveform digitizers at a 100 MHz sampling frequency
[13]. Signals from the same strip with time difference
shorter than ~30 pus will pile up and are stored in a single
trace. The amplitudes, i.e., energies of signals stored in
traces, were extracted by using different types of software
algorithms depending on the multiplicity of the recorded
signals. For pileup signals, a pulse shape fitting method was
used [14], while for single events, a trapezoidal algorithm
was adopted [15]. Finally, a typical energy resolution for
the PSSDs was obtained to be ~40 keV (FWHM) for
6.5-10 MeV «a particles that were registered as single
events in the traces, while the reconstructed « lines for the
escaping a particles, recorded by the PSSDs and SSDs
together, had a poor resolution of about 120-180 keV
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FIG. 1. Two-dimensional scatter plot of parent and daughter a-
particle energies for correlated ER-a1-a2 events measured in the
PSSDs. Searching times for the ER-a1 and a1-a2 pairs are 10 us
and 1 ms, respectively. The decay events from the new isotope
222Np are labeled by red dots.

(FWHM) for 9.26-MeV « activity. The a-particle energy
resolutions associated with pileup events were about 270,
150, 70, and 47 keV for AT = 100-200 ns, 200-500 ns,
0.5-1 pus, and AT > 1 us, respectively. Here, AT means
the time difference between the overlapping signals. For
even shorter time difference, AT < 100 ns, the a energy
deduced from pileup pulses will be rather arbitrary and
unreliable.

The identification of rare products of interest was
performed by searching the correlated a-decay chains. In
the present work, referring to the half-lives of the nuclei
close to ?*Np and their daughters, the searching time
windows were chosen to be 10 us for ER-a1 pair and 1 ms
for the a1-a2 pair. Here, a1 and a2 represent the a particles
decaying from the parent (ER) and daughter nuclei,
respectively. A two-dimensional scatter plot showing the
correlations between the parent and daughter a particles
detected in the PSSDs is presented in Fig. 1, which includes
all possible pairs of correlated decays whether the third one
exists or not. The known N = 129 isotones 22°Pa and 2!°Th,
having half-lives of around 1 ps, are suitable for examining
the ER-al pileup trace analysis in the present work. The
resolved a-decay energy spectra and the decay curves for
220pa and 2'°Th are shown in Fig. 2. The a-decay energies
and half-lives measured in the present work are in good
agreement with the literature values [16,17]. The correla-
tions originated from known isotopes 2*?U and ?*’Th can
also be recognized based on the tabulated a-decay proper-
ties [9,16]. These nuclei were produced by charged-particle
evaporation channels.

The unknown correlations labeled by red dots in Fig. 1,
with the parent a-particle energy around 10 MeV and
~9.6 MeV daughter a-particle energy, are assigned to the
decay of a new neptunium isotope >?’Np, which was
produced via the 5n evaporation channel. Furthermore,
in order to identify the assigned decay chains more reliably,
a full ER-a-a-a correlation analysis was conducted
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FIG. 2. Energy spectra and decay curves of a particles emitted
from >2%Pa and 2'°Th. The data were obtained by using a pulse
shape fitting method given in Ref. [14].

requiring that both the ER-like and the a-like events
occurred within 40 s in the same position of the stop
detectors. Finally, six correlated a-decay chains were
established for >?’Np and their details are displayed in
Fig. 3. For chain 6 shown in Fig. 3, the a particle decaying
from 2!'8Pa was not observed. It is noted that, due to the
specific searching time intervals applied, only the al-a2
correlations from chains 1-5 with full-energy a-decay
events are visible in Fig. 1. Two traces, corresponding to
chains 1 and 5, are presented in Fig. 4 as examples to show
the ER-al pileup pulses where 22’Np was registered.
From chains 2-6, a mean energy of 10 016(33) keV was
deduced for the a decay of **’Np. Here, it should be noted
that the parent a-particle energy in chain 1 was not used for
the extraction, because of a much worse energy resolution
due to the extremely short time interval between the
implantation and the subsequent a decay. An a-decay
half-life of T/, = 380177} ns was deduced for >*’Np by
averaging the time differences between >?’Np implantations
and decays. From chains 1-5, a half-life of T'; , = 127f3182

Chain 1 Chain 2

us and an energy of 9602(17) keV were determined for the
a decay of 2!8Pa, which agrees well with the literature data
[16,18]. Similarly, a half-life of 7' ,, = 11.5f37j;’ s and an
energy of 7223(17) keV were derived for the a decay of
2l4Ac, in good agreement with the literature values [16].
The error bars of the half-lives in the present work were
determined by the maximum likelihood method described
in Ref. [19].

The presence of the N = 126 shell closure above the
doubly magic nuclide 2°*Pb has been studied extensively by
inspecting the a-decay systematics. Along an isotopic
chain, when crossing the N = 126 shell closure, the largest
a-decay energy and consequently shortest half-life are
expected to occur for the nuclide with N = 128, which
decay to a daughter with N = 126 magic number. The
a-decay Q, values and partial half-lives T¢ 1 for presently
known neutron-deficient 89 < Z < 93 isotopes are shown
in Fig. 5. For >*Np, a 100% branching ratio was assumed
for the calculation of T /2 From Fig. 5, we can see that the
new a-decay properties of 22’Np fit well into the Q, and
T‘f’/Q systematics of the Np isotopes. The improved sys-
tematics of a-decay properties for the Np isotopes indicates
strongly that the unknown 2*!Np (N = 128) would have the
largest O, values and shortest T, along the Np isotopic
chain. In order to complete the a-decay systematics, it is
desirable to synthesize the N = 128 isotope >?'Np. In our
previous work, the isotope *?Np was synthesized by
employing the “°Ar + !8°Re reaction [8], in which 2*'Np
would have a comparable yield as that of ?>Np according
to the HIVAP calculation. However, we did not observe any
decay events of 2*!Np, while eight a-decay chains were
built for 22°Np. As suggested by the a-decay systematics,
the half-life for 2>!Np might be only several tens of ns, too
short to survive the flight through the separator.

The experimental data are also compared with selected
theoretical models in Fig. 5. The theoretically predicted Q,
values in Ref. [22] were presented in Fig. 5(a). In Ref. [22],
anumber of simple Q,, relations for four neighboring nuclei

Chain 3 Chain 4 Chain 5 Chain 6

Imp. (Str. #25) Imp. (Str. #22) Imp. (Str. #27) Imp. (Str. #17) Imp. (Str. #18) Imp. (Str. #14)
12867 keV 14411 keV 13404 keV 14648 keV 12672 keV 18919 keV/
-10.00 mm -15.25 mm 2.30 mm 23.32 mm -8.00 mm -11.48 mm
222Np 222Np 222Np 222Np 222Np 222Np
9451 keV/ 10013 keV 9993 keV 10094 keV 9937 keV 10041 keV/
48 ns 354 ns 518 ns 537 ns 760 ns 1054 ns
-10.00 mm -14.79 mm 228 mm 22.27 mm -7.43mm -10.21 mm
218 218 218
Pa Pa Pa 218|:)a 218|:>a 218Pa
9629 keV 9611 keV 9604 keV 9573 keV 9595 keV -
165 ps 40 ps 78 us 583 s 47 us missing c
-10.11 mm -14.66 mm 2.77 mm 23.02 mm -6.71 mm
214 214
Ac Ac 214pc 2Upc 2Upc 2Upc
7228 keV 3407+3853 keV 7230 keV 7215 keV 7224 keV 7218 keV/
2167s 33.32s 029s 16.11s 6.51s 2257s
-10.28 mm -15.46 mm 1.75 mm 22.96 mm -7.85mm -11.93 mm
210Fr 210Fr 210Fr 210':r 210|:r 210Fr

FIG. 3.

Correlated a-decay chains of 2??Np in the present work. Each chain is labeled with an identification number, strip number of

PSSDs, implantation energy of ER events, decay energies, time intervals, and vertical positions. All the events in each chain were
observed within a position window of 2.0 mm for full energy deposited in the PSSDs. Case marked “missing @’ denotes an event with

no-energy collected in the implantation PSSDs.
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FIG. 4. Examples of traces where 2*2Np was registered (dotted
lines). The red solid lines are the fitted curves based on the
method in Ref. [14]. Right panel: enlarged traces for the rising
edge region.

were constructed in terms of the longitudinal Garvey-
Kelson relation [25] and the odd-even features [26]. The
measured decay energy Q, of *’Np [10.200(33) MeV]
was reproduced very well by the predicted 10.141-MeV
value [22]. The partial a-decay half-lives T 12 of the Ac-Np
isotopes were calculated from the experimental Q, values
according to a new Geiger-Nuttall law proposed by
Ren et al. [23,24], which were presented in Fig. 5(b).

)
=
]

Ty

FIG. 5. (a) Systematics of a-decay Q, values and (b) a-decay
half-lives T¢,, of the g.s. to g.s. transitions for neutron-deficient
89 < Z < 93 isotopes as a function of proton number and neutron
number. The solid spheres refer to literature values taken from
Refs. [5,6,8,9,16,20,21]. The red bigger solid spheres represent
the results measured in the present work. The solid lines refer to
the theoretical predictions taken from Refs. [22-24].

We can find a nice agreement between the predicted half-
lives and the experimental values for Np isotopes.

In order to gain a further insight into the evolution of the
N = 126 shell closure in Np (Z = 93) isotopes, one can
study the trend of the reduced widths (6*) at variance of
neutron number. The §* values can be extracted from the
a-decay energies and partial half-lives according to the
prescription proposed by Rasmussen [27]. The new
a-decay data on *?Np and our previous data on
219.220223Np [5,6,8] allow us to extend the trends of 6% in
the N = 126, 127, 129, and 130 isotones up to Np. The
systematics of &* values for the N = 126-130 isotones
from Po through Np is shown in Fig. 6, which was
constructed combining our data with literature values for
Po-U [9,16,20,28,29]. The previous work suggested that
the valance proton in the ground state of odd-Z neutron-
deficient At-Np nuclei occupies dominantly the g, orbital
[6,30], and consequently we use Al =0 for all even-N
Po-Np isotopes. Here Al denotes the angular momentum of
the emitted a particle. In the case of the N = 129 isotones,
we also employ A/ = 0 since only decays populating the
same states in the daughter nuclei were taken [9,16,17,30].
For the N = 127 isotones, the Al = 5 was assumed for the
decays proceeding from the initial (2gq/,)" to the final
v(3p12)~" orbital [9,31,32]. As shown in Fig. 6, the &
values of the N = 128, 129, and 130 isotones are appa-
rently larger than those of the N = 126 and 127 isotones up
to Pa (Z =91), clearly indicating a strong effect of the
N = 126 shell closure. It is worth noting that the 6> values
of 28U (N = 126) and ??°U (N = 130) get much closer,
possibly implying a weakening of the N = 126 shell
stabilization effect for U [9]. The &° values of the Np
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FIG. 6. Reduced a-decay widths 6* of even-N (a) and odd-N
(b) Po-Np isotopes as a function of proton number. The reduced
widths of 2!°Pa, 219U, and 2'3At were deduced from the latest data
[6,28,29]. The red dots represent the values of Np isotopes
deduced from Refs. [5,6,8] and this Letter.
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isotopes are presented with red points in Fig. 6, of which
the 6% value of the >"’Np (N = 126) has a big error.
Generally, the 6> value for each of the Np nuclides follows
the trend of its corresponding lighter isotones except the
U (N =126 and 130) isotopes. The sudden increase of
&% values when across the N = 126 magic shell seems still
present at Z = 93. Regardless of the large uncertainty
associated with 2°Np, the behavior of the §* values might
indicate the persistence of the N = 126 shell closure in Np
isotopes.

In summary, we have reported the discovery of the N =
129 isotope *?’Np, which was produced in the fusion
evaporation reaction “°Ar + '8’Re. With the digital
electronics and the energy-position-time correlation
measurement, the a-particle energy and half-life of 2>’Np
were determined to be E, = 10016(33) keV and T/, =
380f12168 ns, respectively. By inspecting the systematics
of the a-decay Q, values, half-lives, and reduced
a-decay widths, the persistent rigidity of the N = 126
magic number in Np isotopes is clearly recognized in the
present study. The future experiments will aim at syn-
thesizing the heavier neutron-deficient Pu and Am isotopes
to further explore the evolution of the N = 126 shell
closure beyond Z = 92.
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