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Production and identification of new neutron-rich nuclei, 3Ne and 3'Mg,
in the reaction 80A MeV °°Ti+ 81Ta
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We report on the first production and identification of two neutron-rich nutiée and*Mg. They were
produced in the projectile fragmentation of anA8BleV 5°Ti beam on a'®'Ta target, and were efficiently
analyzed and identified through the fragment separator RIPS at RIKEN, by measuring the magnetic rigidity,
time of flight, energy loss, and total kinetic energy. The particle stability of the new isotopes is discussed in
comparison with various mass predictions.
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Synthesis and identification of new isotopes towards thehe yields. Among others, use of the RIKEN projectile-
neutron drip line are essential for understanding the nucledragment separatdRIPS [16] was most powerful in collect-
stability in an extreme condition of isospin asymmetry.ing these products with its large acceptances for momentum
While many recent works have greatly contributed to the(6%) and solid angl€5 msp as well as the sizable maximum
synthesis of very neutron-rich nuclei, the drip line has beemmagnetic rigidity of 5.76 Tm. With all of these effects com-
reached only for lighter isotopes belo#~=10. This paper bined, yield rates of about 1 order of magnitude higher than
reports on another experimental attempt to extend the dan similar experiment$1,3] were achieved.
main of nuclear synthesis particularly in the regionZof 5%Ti ions provided by the ECR ion source with 60% en-
10-12, and\~20. riched *Ti-oxide powder were accelerated at the RIKEN

In this region, the most neutron-rich isotopes so far ob-Ring Cyclotron. The production yields of very neutron-rich
served are®Ne[1], ®*Na[2], and **Mg [3], where3®’Ne and  nuclei strongly depend on tH¢/Z ratios of the target nuclei,
3Mg were barely obtained by incorporating an enrichedpossibly due to an effect of transfer reactigphsl 7). We thus
48Ca beam for projectile fragmentation. Theoretically, vari-performed a supplementary experiment in order to compare
ous mass formula§4,5] and phenomenological treatments the production yields between two energy-loss-equivalent
[6] provide predictions on the location of the neutron driptargets, °Be and '8'Ta, with thicknesses of 289 and 435
line, but they disagree considerably with one another. mg/cn?, respectively. The thicknesses were chosen accord-

A particular aspect of neutron-rich isotopes arounding to a theoretical estimation in which theTENSITY code
N=20 is the tendency towards prolate deformation in spiteof Ref.[18] was used to predict secondary beam intensities
of the effect of spherical stability due to magicity of the and the production rates were optimized AdZ~ 3.1 nuclei.
neutron numbef7-11]. As a matter of fact, a largB(E2; = We found that for nuclei oZ~10 andA/Z~3, 8'Ta pro-
0"—2") value was recently observed foNa=20 nucleus duces about twice the yields 8Be at this beam energy. On
$2Mg [12], supporting the possibility of such deformation. It this basis, we employed th¥'Ta target to search for new
is argued 7—1Q) that the deformation may also account for neutron-rich isotopes.
the enhanced binding energies manifested by some of the The reaction fragments were collected and analyzed with
known nuclei in this regiof13—15. With this respect we the RIPS spectrometer operated in the achromatic riile
pay special attention to the stability of anotiér=20 iso-  Figure 1 shows a schematic layout of the RIPS. Taking into
tope, 3Ne. In a previous work1], this nucleus was reported account the energy loss in the target for both the beam and
to be particle unstable in accordance with many mass formuragments withA/Z~ 3.1, the magnetic rigidity of the RIPS
las [4]. Meanwhile, some of the theoretical treatmentsspectrometer was set to be 3.6 Tm. Particle identification was
[5,9,1Q incorporating a deformation effect tend to predict performed event by event, by measuring the magnetic rigid-
particle stability of*'Ne. ity (Bp), time of flight (TOF), energy loss AE), and total

In this work several ingredients were facilitated to en-kinetic energy(TKE) [19].
hance the yield rates of neutron-rich nuclei. First, a high- Paositions of fragments at the momentum dispersive focal
energy neutron-rich beam of 80MeV *°Ti was employed plane (F1) were measured using a parallel plate avalanche
to induce projectile-fragment reactions. Whii&Ti is some-  chamber(PPAQ in order to determine th&p value (see
what inferior to“®Ca in producing neutron-rich nuclei, use of Fig. 1). The sensitive area of the PPAC was 10(¢fx 10
a high-energy beam allowed us to adopt a thicker productioem(H), which covered a wide rigidity acceptance of 4.2%.
target, resulting in improved statistics. Choice '8fTa for ~ To minimize §-ray effects causing worse position resolu-
the production target, which was made by following the re-tions, C;Fg gas, which yields rather large stopping powers
sults of systematic survey runs, was also helpful to increastor § rays, was utilized for the PPAC. Furthermore, position
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FIG. 1. Experimental setup for the production and identification o 1 i jo -
of new neutron-rich isotopes at the RIKEN-RIPS spectrometer.
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measurements by two independerprojective cathodes of
the PPAC helped to reject spurious position information (b)
caused by thé rays. The gas was circulated at a pressure of F
9 Torr, and the total thickness was about 2 mglcmhere
the energy loss of the fragments was negligibly snialés 10 b
than 0.1% of the total kinetic energ)e€achx-projective ; ﬂ Mg
cathode had 1 mm pitch strips, and the particle positions 27 ” 2’9 ; v ” 2
were determined via a charge division method. The effi- ' ’ ' ’ Y
ciency was over 90% foZ ~ 10 nuclei. The position resolu- 3
tion was about 3.5 mm in rms, which corresponds to 0.15% b3 2No BNg
accuracy of theBp measurements. 0% " -
All of the other detectors were located at the final focal 10 E (\ Na *No
point (F3), involving a 0.5 mm thick plastic scintillation 1 Bl Ll L i
counter(PL), two 0.3 mm surface barrier type silicon detec- 2.7 28 29 3 31 3.2 3.3
tors (SSD1, SSDP and two 3 mm thick lithium drift silicon AZ
detectorSSD3, SSD#A The TOF of each fragment over the £ NS Ne
27.5 m flight path between the target and F3 was determined 0 .
from the PL timing and RF signal of the cyclotron. The first 10| Ne  *Ne
three silicon detectors provided three independeltmea- m ﬂ’l
surements and all the silicon detectors combined provided a “219 ; L ”3'1 312 a3
TKE measurement. A/Z
The measured values &p, TOF, AE, and TKE were
combined to give redundant particle identifications, as de-
scribed in Refs[19,20. The proton numberZ) of a frag-
ment was determined from the totAlE at the first three
silicon detectors and from the TOF. THadistributions have
asy_mmetrlc Shapgs with tails on.the highside, which is rigidity of 3.6 Tm of the RIPS spectrometer. TR&¥Ne isotope(23
malnl_y due to a plle—_up _effect of light fragments. The aCCU-cointg and Mg (3 counts are clearly visible. In the two-
racy in theZ determination §z) was obtained to be about gimensional plot(a), the Z-window for each isotope is shown for
0.8%(rms) for Z~10 nuclei by fitting theZ distributions to  the yield distributiongb). From the charge distributions, we deter-
a Gaussian form. The mass-to-charge rafi¢Q) of a frag-  mined the accuracies fa@ (o, rms) to be 0.85%, 0.8%, and 0.76%
ment was determined with an accuracy of 0.2% in rms fronor Ne, Na, and Mg, respectively. Tizewindow width corresponds
theBp and TOF, while the charge)) was obtained with an  to 60 .
accuracy of 2% from the TKBBp, and TOF. It is probable
that those fragments that were not fully ionized were subjecZ, while Fig. 2b) illustrates the yield spectrum as a function
to being misidentified as more neutron-rich nuclei. Hencepf A/Z for Ne, Na and Mg isotopes. Th&-windows of
we selectively employed fully stripped fragments by impos-60, width indicated in Fig. 2a) were applied to obtain the
ing a condition oflZ— Q|/Z<5%. This condition was satis- yield spectrumb). The window width chosen covered about
fied only by those fragments that stopped at the SSD4 an85% of events forA/Z~3 fragments. The results were ob-
therefore provided corre® values from the TKE informa- tained from the data accumulated for four days with an av-
tion. erage beam intensity of2 pnA. All of the fragments of
Figure 2a) shows a two-dimensional plof/Z versus 30313Ne, 32333434q, and *3¢3Mg were stopped at the
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FIG. 2. (8) Two-dimensionalA/Z versusZ plot and (b) yield
spectrum as a function &/Z for Ne, Na, and Mg isotopes, which
were obtained in the reaction of tt&Ti beam at 88 MeV on a
435 mg/cnt tantalum target during a four-day run with a magnetic
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FIG. 3. Systematic trends of the production yields as a function
of A/Z, for the very neutron-rich isotopes of Ne, Na, and Mg. The
experimental conditions are the same as described in Fig. 2. Th
dashed curves indicate the predicted yields for each isotope by t
INTENSITY code[18]. No significant drops of yields are observed for
either 3Ne or 3Mg, compared to the trend concerning Na isotope
yields.

FIG. 4. Systematics for the one-neutron separation energies
) for evenZ andN=21, 23, and 25 nuclei as a function of the
ass number A) [22]. Our experiment gives th&,;,, values of

larger than 0 MeV for*)Ne and®"Mg. The measure®,, data are
taken from Ref[23], and are connected by the solid lines. The open
circles show thes,,, values from the systematic mass extrapolation
) . .. .. by Audi and WapstrdAW95) [23]. The errors of the extrapolation
SSD4 with the selected window of the magnetic rigidity. are also shown. Presented are ®yg values forN=21 and 25
Significant numbers of events have been observed for neyciej from the following mass predictions: three macroscopic-and-
isotopes *!Ne (23 eventsand 3'Mg (three events We have  microscopic models by Mter et al.(MMST88) [24], by Tachibana
also observed nine events #Ne. In addition one event that et al. (TUYY88) [25], and by Mdler et al. (MNMS95) [5], and the
could possibly be associated wiffiAl was obtained. A pre- Garvey-Kelson formula by d&cke and Masso(IM88) [26].
vious work [1] reported four events of?Ne, in harmony
with the present result. On the other hand, R&f.showed
that no events associated witfNe could be found at &p
setting for A/Z~3.25 nuclei, leading to an inference that . .
3INe is unbound. The discrepancies with our result could pdunction of the mass numberj. Only evenZ nuclei are
caused by differences in the statistics, transmission due t%mployed to ehmmat_e any (_aven—odd effects on the nuclear
the differentBp settings, or resolving power in fragment masses. For comparison, F.|g. 4 also presents the \_/alues of
identification. In the present experiment g measurement S for N=21 and 25 nuclei based on the systematic mass
was additionally incorporated. Good quality of the resolving€Xtrapolation using the measured masses by Audi and Wap-
power is indicated in Fig.(@) by, e.g., absence fF, which stra(AW95) [23], together with the theo_retlc_al pred|c_t|ons of
is known to be unbound. four mass formulas: three macroscopic-microscopic models
Figure 3 shows systematic behaviors of the productiofPased on the finite-range droplet model by IMo et al.
yields as a function ofA/Z. The experimental data are the (MMST88) [24], on the liquid drop model by Tachibana
same as for Fig. 2 while the theoretical curydstted liney et al. (TUYY88) [25], and on the finite-range liquid-drop
are due to theNTENSITY code of Ref[18]. Two aspects are model recently developed by Mer et al. (MNMS95) [5],
noted for the experimental datét) the curves for different and the Garvey-Kelson model by nkxke-Massor(JM88)
isotopes tend to be parallel to each other, &)deven-odd [26]. AW95 predicts that thé,,, values for3Ne and*"Mg
staggering is apparent. The lack of significant drops in there —0.53+1.22 MeV and—0.12+1.28 MeV, respectively.
observed vyields af!Ne and 3"Mg suggests that the half- These predictions are consistent with our result. The particle
lives of these nuclei are not much smaller than the flight timestability of 3'Mg is well predicted by all four mass formulas:
of about 260 ns, and hence that they are particle stable. the S;, of *'Mg is positive, or very close to the particle

The theoretical curves overestimate the yields of thes¢hreshold. No exotic aspects are shown in terms of particle

very neutron-rich nuclei by 1-2 orders of magnitude. In thestability.

calculation, an empirical formula for production cross sec- On the other hand, concerning the stability BNe, the
tions of fragment$21] was used. The formula was originally experimental results are consistent only with two models:
obtained based on the data for isotopes rather close to tHdMST88 and MNMS95. If the curve of the measur8g,
stability line. Modification for the case of very neutron-rich for N=21 decreases smoothly a& decreases like the
nuclei needs to be investigated. N=23 curve, *'Ne would be unbound, as predicted by the

The particle stability found for’Ne and 3Mg implies  other two models. However, the curve does not decrease

that their one- and two-neutron separation energies are posmoothly, but has a sudden increase’tg. This behavior
tive. Since these nuclei at&-even andN-odd nuclei, their is predicted by MMST88 and MNMS95. These models in-
one-neutron separation energié} ) are more important in clude the nuclear deformation effect for both the macro-
terms of particle stability. To observe the systematic behavscopic and microscopic parts, and they show tfite is
iors of S, for these very neutron-rich nuclei, we show in bound or barely unbound.

Fig. 4 a so-called Yamada-Matsumoto pjaf] of the mea-
sured S, values[23] for N=21, 23, and 25 nuclei as a
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Deformation effects on the enhanced binding energies foBoth the mass formulas and the microscopic theories dem-
Z~11 andN~ 20 nuclei have been also argued by differentonstrate that the stability of'Ne can be related to an en-
microscopic theorieg7—10. Among them, two theories pre- hanced binding energy due to a deformation effect.
dict the particle stability of*!Ne: a relativistic mean field In summary, we have produced and identified the new
theory (RMF) [9] and a shell model by Poves and Retamosaeutron-rich nuclei®Ne and 3’Mg from the reaction 8@

(PR) [10]. It should be noted that both theories require apey 50Tj+ 18t at the RIKEN-RIPS, by means of measur-
large deformation effect to explain the known ground-statqng the magnetic rigidity, time of flight, energy loss, and total

spins  of .29'31Na. The RMF theory has shown that the yinetic energy. This experiment has shown for the first time
neutron-rich Ne, Na, and Mg nuclei are highly deformed, 5t 31Ne and Mg are particle-bound nuclei.

which helps to explain the enhanced binding energies. This

theory predicts that th8,, value of >!Ne is 0.40 MeV. The Our sincere gratitude is extended to the staffs of the
PR shell model suggests that a large configuration mixing irRIKEN Ring Cyclotron for their operation of the accelerator.
the neutron valence space extended to the fp shell orbit®ne of the author§M.N.) acknowledges support from the
results in large deformation, which leads to the enhancedunior Technology Research Associate of the Institute of
binding energies, and th®,, value of 0.75 MeV for®!Ne.  Physical and Chemical Research.
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