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Beta-decay properties of the neutron drip-line nué¢f, 2°C, and?*N have been studied using projectile
fragments from 95 MeV/nucleofPAr ions incident on &"¥Ta target. The3-decay half-lives of??C and >N
have been determined for the first time to be’§:1and 14.1 12 ms, respectively. The half-life of°B was
reinvestigated, resulting in a new value of 2:92.13 ms. TheB-delayed neutron multiplicities have also been
determined to be P,,=71.8"83%, P,,=16.0% for '°B, P;,=61"1% for 2’C, and Py,
=42.2°83%, P,,=8.0"3%% for 2°N. The results are compared with theoretical predictions.
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. INTRODUCTION the three drip-line nucleit®B, 22C, and?N, by employing a
high-energy high-intensity’°Ar beam and the large accep-

In recent years a vast number of isotopes near the neutraance RIKEN projectile-fragment separat®IPS [7]. The
drip line have become accessible, and intensive experimentabke of "®Ta for the production target has also helped to en-
efforts have been devoted to explore the properties ohance the production rat¢8]. With all these merits com-
neutron-rich nuclei. These nuclei often exhibit exotic phe-bined, the useful yields of 5610 2, 5.3<10 3, and 1.2
nomena, and shed interesting light on the basic mechanisms10~! s~ were obtained for'®B, 2°C, and %N, respec-
responsible for the nuclear stability and structure. tively.

The fundamental procedure for such investigations is first The isotopes studied are very neutron-rich nuclei so that
to establish the existence of a new isotope. At present thehey readily emit neutrons after the leadipgdecay. Even
boundary of the neutron stable nuclei has been established wpe emission of two neutrons may have a significant prob-
to oxygen[1], while the heaviest isotopes so far identified ability. Thus theB-ray spectra to be measured will be subject
are 3 [1], 3Ne[2], *Na[2], *Mg [3], “*Al [3], and**Si  to a mixture of the successiy@ decays of the daughter nu-
[2] for the Z=9-14 elements. The present work is an at-clei. The separation of these different contributions has been
tempt to broaden our knowledge of the basic characteristicacilitated by the relatively strong yields achieved, which
of such drip-line isotopes. For this purpose elecay half- have allowed us to obtaif-decay curves using not only the
lives (t1,) and B-delayed neutron multiplicities R, : i B rays detected in singles but also in coincidence with de-
=0,1,2...) were studied for’®B, ?C, and °N. These layed neutrons. The values ©f, andP;, were then deduced
quantities depend, in particular, on tQg value of a parent by fitting these curves consistently. In this analysis a careful
nucleus and the neutron separation energi&s, :( i fitting, including the background and daughter decay compo-
=0,1,2 ...) of thedaughter nuclei. They are also related nents, was essential. For this purpose we introduced a novel
to the B-decay strength function of the Gamow-Teller statistical treatment, in which the singles and coincidence
transitions. decay curves were fitted simultaneously with a common set

Experimental studies on very neutron-rich isotopes are ofef parameters. The values tjf, and P;, were among those
ten hampered by the small production rates. Among otheparameters, and thus were determined automatically. This
observablest,,, and P;, represent properties which can be method was effective to reduce ambiguities in the deduced
determined with a very small production rate such as®10 values oft;, anPj, .

s 1. Nevertheless, the heaviest boron, carbon, and nitrogen In this paper we present the results on the measurement of
isotopes with known, values are"B, 2°C, and®N [4—6],  ty;, and Py, for 1%B, 2%C, and 2N, which have been deter-
while P;,, data were only available up t9B, 2°C, and??\. mined with good accuracy. These are reevaluated values of
In the present work, we have extended the measurement tar preliminary results reported earligg]. In the course of

the present experiment, the decays of other neutron-rich

isotopes, namely?°C and 2N, were also studied. For the

*Present address: RIKE(The Institute of Physical and Chemical Sake of calibration, we also performed a separate run to mea-

Research Hirosawa 2-1, Wako-shi, Saitama 351-0198, Japansure thed decay of'°B, which has known values ¢f;, [10]
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IIl. EXPERIMENT magnetic rigidities, each optimized fdfB, 22C, and #N.

The experiment was performed using RIPS at RIKEN Ac-An aluminum wedge degrader with a mean thic.kness of
celerator Research Facility. Neutron-rich boron, carbon, an&83 mg/cm was located at the momentum dispersive focus
nitrogen isotopes were produced by the fragmentation readfF1) for the isotope separation.
tion of “°Ar projectiles, and were implanted in an active  The particle identification was performed event-by-event
stopper made of a plastic scintillation detector. Each of thdased on the TOEE information. The TOF was measured
incoming nuclei was identified in flight by time-of-flight with two 1-mm-thick plastic scintillation detector&2PL
(TOPF and energy-lossAE) information. When a nucleus and F3PL, which were located at the focal poirf2 and
with Z=5 was implanted, the primary beam was turned offF3, respectively. These detectors were about 6.5 m apart
for 100 ms. During the beam-off period, tifedecay of the from each otherAE was measured by a 0.5-mm-thick sili-
implanted nuclei was observed. Beta rays were detected byon detectorF3SSD, placed aF3. A 2-mm-thick plastic
the active stopper, and-delayed neutrons were detected in scintillation detector, TRPL, was placed af€8PL. The en-
coincidence by a neutron detector array, which consisted afrgy deposit of the incoming particle in TRPL provided a
13 liquid scintillation detectors. Decay curves were thus obeasure of the of the fragment. TRPL afforded a quick
tained forB-ray singles angB-neutroris) coincidence events response compared EBSSD so that the former was used to
jointly to deducety, and P, . A schematic view of the ex- provide a trigger signal as described in Sec. Il D. On the
perimental setup is shown in Fig. 1. In the following, the gther hand, a better resolution BBSSD was employed to
details of the detector setup and experimental techniques agftain a more definite identification of nuclei in the off-line
described. analysis. In order to achieve sufficient power of isotope sepa-

ration, the momentum acceptance of RIPS was limited by a
A. Isotope production slit at F1: full acceptancg6%) for 1°B and ?C, and 4%
acceptance forN. Figure 2 shows a TOF versusE plot
Ybtained for the optimal RIPS setting f&1B, which exhibits
Rufficient resolutions of TOF andE for the separation of
cEhe neutron-rich isotopes in th&=5-7 region.

The neutron-rich boron, carbon, and nitrogen isotope
were produced by the projectile fragmentation reaction of
95 MeV/nucleon“®Ar beam on a 670 mg/ctn"®Ta target.
The target thickness was chosen to maximize the yiel
of ?2C based on a semiempirical yield estimation by the
INTENSITY code[12]. The reaction fragments were analyzed
and collected through RIPS operated in an achromatic mode The fragments of interest were implanted in an active
at the maximum solid anglés msp. We used three sets of stopper(STPL) located at the final focus of RIP$8). The

B. Implantation of the nuclei
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40 TABLE |. Numbers of nuclei implanted in the stopper plastic
i scintillation detector for each RIPS setting.
Foe s ) RIPS setting Nucleus Number of
B implanted nuclei
L 23N , (counts
= - . (a) Setting optimal for'*B
S 30— ENLCTe 19
& i ST Bp;=4.930T-m B 1200
3 S b . Bp,=4.747T-m 2c 170
o - : ’5& Momentum acceptance: 6% 2c 15
20 r . e 23]
§ a25— ., ° . N 9
g #20
5 C C. : .
o (b) Setting optimal for?*C
i Bp;=4.754T-m 98 166
20 — Bp,=4.527T-m 20c 17
i Momentum acceptance: 6% 2c 107
i N 19
15 i [ | Lo | | |' 1 ‘I 1 | L (C) Setﬂng 0pt|ma| f0r23N
210 220 230 240 250 _ . 19
Time of flight (ns) Bp,=4.238T-m 2OB 195
Bp,=3.970T-m C 85
FIG. 2. A scatter plot of energy loss vs time-of-flight obtained in Momentum acceptance: 4% 2N 263
the optimal condition of RIPS fof®B. Different isotopes are well =N 2363

separated from each other.

stopper was made of a 12-mm-thick plastic scintillation de-neutron detector array was 5 cm, and the length of the liquid
tector with an area of 4035 mnf¥. It was sandwiched by scintillation detectors was about 7 cm. The energy threshold
the upstream and downstream plastic scintillation detectorgyas set at 50 keV in equivalent electron enefgy,. This
UPPL and DWPL, which had a thickness of 2 mm each.corresponds to about 400 keV in neutron energy, and is com-
These three detectors were aligned at a tilted angle to minpatible with values used for the earlier measurements,of
mize interference with a neutron detector array described if13]. A more detailed description of the neutron detector ar-
Sec. Il C. ray can be found in Refl14].

An aluminum plate, operated as a rotatable energy de- These scintillation detectors were sensitiveytaays as
grader, was placed upstream of TRPL to control the range oivell as neutrons. To separate out neutrons we adopted two
incoming fragments in the stopper. The thickness and rotamethods, depending on the amount of the total light output of
tion angle of the aluminum plate were chosen so that theach event. For a large light output with,>200 keV, a
fragments of interest were stopped within the volume ofpulse shape analysis was applied. Figui@® 8hows a typical
STPL. This procedure was performed by monitoring signalgplot of the total light output versus the amount of light output
from UPPL, STPL, and DWPL. The fragments of interestintegrated over the first 60 ns, obtained for {Belecay of
were implanted with high collection efficiencies and with 1°B. Neutrons andy rays are well separated by the different
good purities as listed in Table I. Fairly high implantation fractions of the fast and slow components of their light out-
rates of 3. 1072, 3.2x10° %, and 8.7 10 2 s ! were ob-  puts. The area within the solid lines in FigaBindicates the
tained for°B, 2°C, and?®N, respectively, by employing the gate adopted fog-delayed neutron events. For a small light

optimal setting for each nucleus. output with 50 keV<Eq;=200 keV, the TOF information
was used to separate neutrons anicys. Figure &) shows
C. Detector setup for 8 rays and neutrons a TOF spectrum obtained in theéB B-decay measurement.

The B decav of an implanted isot w bserved b The horizontal axis is the detection time difference between
B y planted I1Solope was ObSEIVEd bygrp| ang the liquid scintillation detector. The time resolu-

detecting rays and delayed neutrons. Beta rays were defion of 2.7 ns(full width at half maximum has enabled a

tected by the active stopper STPL with a phototube attache .
to each end. The output of STPL provided a timing signal to800d separation between neutron anday events.

register the time spectrum @f-decay events. By setting the
threshold level of STPL at about 100 keV, most of theays
(about 90%) from the implanted fragments were recorded. For each incoming fragment, the energy deposit in TRPL

Beta-delayed neutrons were detected in coincidence wittwas monitored on-line. When the energy deposit was large
B-rays using a neutron detector array placed around STPL. Enough to ensur@=5, the primary beam was turned off.
consisted of 13 liquid scintillation detectorgBicron  Beta-decay events were then measured during the beam-off
BC501A), which covered a solid angle of about 80% af4  period, which lasted for 100 ms, a much longer period than
The distance from the center of STPL to the surface of théhe expected values of,,. During this period, severg@-ray

D. Data acquisition
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FIG. 3. Separation of neutrons andrays with the neutron detector arra@) A two-dimensional plot of neutron-ray separation
obtained for'®B by pulse shape analysis. The vertical axis is the total light output in electron equivalent energy, and the horizontal axis is
the amount of light output being integrated over the first 60 ns. The solid lines represent the neutron gate adopted for events with the electron
equivalent energ¥..>200 keV.(b) A spectrum of detection time differences betweg@mays and neutrong/rays for small light-output
events of'*B (50 keV< Eeq=200 keV). The arrow in the spectrum denotes the neutron gate adopted for the small light-output events.

events may occur in the sequence of chain decay and alsQ,, P,,, and P,, were deduced for*®B and 2N, while
accidentally. Supposing that only the first event would be i

accepted, t);\e regﬁltantgdecay cur)\//e would be distorted by th%nIy tuz andPy, were obtained for“C.
blocking effect on the succeeding events. To avoid such dis-
tortion, we performed a multiple recording gtdecay events
during a single beam-off period using a nonstop TDC. In view of the relatively poor statistics, the method of

When ag ray was detected at STPL the time differencemaximum likelihood was applied for deducing the values of
between the implantation and th@ray detection was re- t;, andP;,. Because of a larg@, value, the initial3 decay
corded to produce a decay curve spectrum. At the same timean be followed by a multiple emission of delayed neutrons,
the information from the neutron detectors on the detectioneading to different daughter isotopes. Furthermore, these
time as well as their fast and total light outputs was recordedgaughter isotopes can also have a sufficiently lageval-

In an off-line analysis, the information on the decay  yes so that they undergo successielecays, occasionally
was associated with the specific implanted fragment whiClyyen followed by delayed neutron emissions. Hence, the fit-
triggered the relevant beam-off period. In this way subseﬁng function for the decay curve involved thg, and P;,
quent implantations of fragments were rejected during@he  5,es not only of the parent nucleus but also of its daugh-

Qetection period, assuring a definite correlation between s Thety, values of the granddaughters are sufficiently
implanted nucleus and the relevahidecay events. long so that the corresponding contributions were treated as
part of a constant background.

The fit was made to a set of the decay curvAs-(n; i

Decay curves were produced f@rray events in singles =0, 1, and 2) altogether. This method removed possible
and in coincidence with a single neutron. Decay curves wer€omplication and inconsistency, which might occur if the
also obtained for two-neutron coincidence events when stalifferent decay curves were fitted separately. In a separate
ics allowed. The values df,, andP;, were then determined analysis, a set of decay parameters was obtained from each
by fitting the singles and coincidence decay curves simulta®f the decay curves. However, to achieve consistency among
neously with a common set of parameters. In the analysis them would require a lengthy process of iteration, which

effects of scattered neutrons were taken into account. ~ May end up with an ambiguous conclusion. Thus we deduced
the decay parameters by fitting all the decay curves simulta-

neously. In this method all the decay parameters were treated
as the fitting parameters, and hence, the method enabled a
Figure 4 shows the decay curves obtained from singleslirect deduction of the decay parameters with consistency
and coincidence measurements for nu¢f@, 2°C, and®N.  among all the decay curves.
The singles spectrum can be decomposed into spectra for A search for the values of the parameters was made, using
different coincidence conditions with neutrons. The spectrahe fitting and uncertainty analysis cosievuiT [15]. To ob-
labeled byA—in (i=0, 1, and 2 represent the spectra for tain a better convergence the number of free parameters was
parent nucleush obtained by requiring coincidence with reduced as much as possible. Hertigg and P;, of the
neutrors). To gain statistics all the events from the different daughter nuclei were fixed at the central values taken from
RIPS settings were summed up. the literature[10]. The remaining free parameters then were
In deducingt,;, andP;,,, we only employed decay curves t,,, andP;, of the parent nucleus and a constant background
with sufficient statistics. Hence the decay curves of singleslevel for each of the decay curves. Moreover, the total reg-
B-1n, and B-2n coincidence were used fol°®B and 25N, istered number of thg disintegrations of the parent nucleus,
while only the first two were used fof?C. Therefore, Ny, was also taken as a free parameter.

B. Deduction ofty, and P;,

IIl. DATA ANALYSIS

A. Decay curves
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The neutron detection efficiencies were treated carefully, In order to determine the values efand €*, we per-
since neutrons from the fragment arrived at the detectorformed a separate measurement using a beafmByfwhich
after scattering as well as directly. The direct and scattereglas the known values of;;,=9.87+0.07 ms[10], Py,

components have different detection efficienciesind €*. =99.68 226, andP,,<1.5% [11]. We fitted three decay
Hence the probability of detecting neutrons for an event ¢ryes of the singlesd-1n, 8-2n coincidence events with
with the neutron multiplicityM is expressed gd.6] parameters ofy, of 5B, €, e*, and a constant background
N p D of each decay curve. The fitted valuetgp is 9.86" 15 ms,
Enp(M) = 0 E (-1l [1-(N—n)e™ yvh|ch isin _g(_)od agreer_ne_nt with the literature vglge, yenfy-
n=0 ing the validity of the fitting procedure. The efficiencies

and €* were deduced to be 2.423.024% and
X[1=(N=n)e*]", (1) 0.3644'3%2%, respectively. They correspond to the total ef-
whereN represents the number of detectors used. Using thticiencies of 31.50.3% and 4.73%% when the direct and
resulting&yp,(M) values, the total number dfneutron coin-  scattered neutrons were detected with the whole volume of

cidence eventdy;, was related tdN, as follows: the neutron detector array. It was assumed that this efficiency
can be used for the decay of the nuclei presented in this
Ni:NOXE Eni(M=])XPj,. (2 paper as well.
i
104 ¢
F(a) 40 Boron 125 (b) 40 Boron_ FIG. 5. The neutron-number
103 L 0 Nitrogen 100 L 0 Nitrogen dependence df;,, (a) and P, (b).
— g 4 Oxygen 4 Oxygen The open symbols represent the
g b ¥ 75 results of the present work, and
e 10° £ . the filled ones the literature values
Ry 50 [10]. A monotonic decrease of,
10l \ 25 is seen in (a), while abrupt
; changes oP,, occur in(b), which
100 L | | | I 0= | | | | may be due to the effect of the
8 10 12 14 16 8 10 12 14 16 shell or subshell closure.
Neutron number Neutron number
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TABLE Il. The experimentalB-decay half-lives ang3-delayed neutron multiplicities for the neutron-rich isotopes measured in this
experiment. The upper limits correspond to the 90% confidence level. The results are compared with the available literature values.

Isotope Half-life (ms) B-delayed neutron multiplicitie%)
This work Others This work Others
158 9.86" 313 9.87+0.07[10] (P1,=99.68) P1,=99.68 2% [11]
198 2.92+0.13 4.5-1.5[4] Py,=71.853 -
P2n=16.0"33 -
P3n<9.1 -
2c 21.8"35° 16+3 [5,6,10 P.,=65"T3 P,=72+14[6,10]
P,,<18.6 -
22 6.17 14 - P1,=6113 -
P,,<37 -
22N 16.5°83 18+5 [5,6,1Q P,=41"12 P,=35+5 [6,10]
P,,<13 -
2N 14.1°12 - Pi,=42.2°83 -
P,,=8.0"3% -
P3n<3.4 -
IV. RESULTS AND DISCUSSIONS XPy,), is taken as the vertical coordinate. Abrupt changes of

P, are seen to occur at certain neutron numbers. It is likely
that such changes are related to the stmllsubshell clo-

are summarized in Table Il together with the available litera ) . .
ture valueg4,6,10,11. The quoted;, andP;, uncertainties sure, sinceP, may be strongly influenced by the magnitude
S v of the neutron separation energys,f of the daughter

are mainly due to the statistical ones, but also include sys- | Indeed h ¢ st v betw th
tematic uncertainties due to the ambiguities in the fixed fit.nUCcleus. Indeed, a change occurs most strongly between the

ting parameters,,, and P;, of the daughter nuclei and neu- neultron nltjmdt)eN ?tg qndtlo |src1)top;ahs. For "?ng plar;nt
tron detection efficienciess and €*. These systematic nucleus, 1ts daughter 1Sotop€ has the magic nu '

uncertainties were evaluated from separate fits in which the d hence a 'IargSn value. This leads to a wide opening to
parameters were artificially shifted to their upper or lowertn€ €nergy window of thgs-On decay, thereby reducing the
bounds allowed by the literature values. The deviations bePn Value. For arN=10 isotope, the reduces, value of its
tween the central values and the original results were taken

to be the systematic uncertainties. Because of the limiteC  10.00F : ' ' ' ' ' ' ' E
statistics, theP, values for'°B and 2°N and theP,,, values 5.00

B @—'—"9\9\6
for the rest of the isotopes were not determined. Instead, the

LU0 rreeeermeseemmescemmsrenmneece e s
upper limits with a 90% confidence level were obtained for 0.50F ]

these variables. It should be noted that the influence of the <

The values of,,, andP;, obtained from the present work

o o10} 4

neutron energy cutoff oR;, values has been neglected. Ho005F , , , , , , L

The values ofty, of ?C and **N have been determined ~ 10-00p %" =773
for the first time. A comparatively high precision of about > C

10% was achieved for these values. Thevalue of 198 has
been determined with a much higher precision. The valu

indicates a shortdr, value than the previous resit]. P;, % 0.10F I
values have been obtained for these three nuclei. In theo O0O0SF | | , , | , N
present experiment the known decay propertie$%f and e 12:882 a
22N have also been reexamined. For these isotopes, the e+’ T
perimental conditions were not optimized so that the accu-
racy of the results is relatively poor. The values obtained for
ty» and P;, are, however, in agreement with the literature 0~(1)g: 3
values within the respective uncertainties. In Fig. 5 the ‘ : ' ' : ' ' ' '

. 8 9 10 11 12 13 14 15 16 17
present results df;;, andP;,, are compared with those of the
neighboring nuclei. For all the isotopes plotted in Figa)5 Neutron number
the value oft,/, decreases gradually as the neutron number FiG, 6. A comparison of the theoretical and experimental
Increases. B-decay half-lives of very neutron-rich boron, carbon, and nitrogen

Figure §b) shows plots of the neutron emission probabil-isotopes. The circles and solid lines refer to the semigross calcula-
ity as a function of the neutron number. To allow for a com-tion [17,19, and the squares to the QRPA calculati®B] based on
parison with the nearby nuclei, the total emission probabilitythe mass formulas of Groot al. (dashed lines[20] and of Hilf
P, which is defined as the weighted sumRf, (P,=2i et al. (dotted line$ [21].
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daughteN=9 favors the delayed neutron emission. A simi- V. SUMMARY
lar behavior of P, is observed to occur between thié In summary. we have determined the half-lives and
=15 and 16 isotopes of nitrogen and oxygen. This may be Y

related to the subshell closureldt=14 for the nitrogen and B-delayed neutron multiplicities of the neutron drip-line nu-
oXygen isotopes. clei 1B, 22C, and 2N, taking advantage of high efficient

Finally, we compare the experimental valuestf with productiqn of_ very peutron—rich nuclei at RIPS with a high-
two sets of theoretical predictions so far available in the lit-€N€rgy, h'gh"me”SWOAr_b??m- The half-lives of’C and
erature: the semi-gross theof$GT) [17], and the proton- N and the neutron multiplicities of*B, *C, and**N have
neutron quasiparticle random phase approxima('@RPA) been determined. The half-life 3B has been reexamined,
[18]. The former employs the mass compilation in HéP]  Yielding a value with a better precision.
based on experiment&; values, while it uses the theoreti-
cal mass prediction for the unknow@, values, i.e., for
198, 22C, and®N. The latter uses the mass formula in Refs. ACKNOWLEDGMENTS
[20,21] for all the mass values. In Fig. 6 the ratios of the )
theoretical values to the experimental values are plotted for The authors would like to thank the staff of the RIKEN
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