


The experimental determination of the neutron drip line is essential for the understand-
ing of the nuclear stability for extreme isospin asymmetry. It was once suggested {1] that
the neutron drip line appears to be experimentally mapped out up to the Z=10 isotopes,
in comparing the observed heaviest isotopes with mass formula predictions [2]. Since then, -
however, our knowledge has been considerably extended concerning the stability of ex-

tremely neutron-rich isotopes, and renewed efforts to search for new isotopes beyond the
" presently adopted drip line have been encouraged.

The recent discovery of the particle stability of 3!Ne [3], in contrast to most of mass
predictions, has motivated us to re-examine the location of the fluorine drip line. 3'Ne
is located at the deformation region centered at Z~11 and N~20, the so-called ‘island
of inversion’ region. A particular feature in this region is the tendency towards prolate
deformation in spite of the effect of spherical stability due to the magicity of the neutron
number of 20 {4, 5, 6, 7, 8, 9]. As a matter of fact, a large B(E2;0t—2"%) value was observed
for the N=20 nucleus 32Mg [10], supporting the possibility of considerable deformation. It is
also argued that the deformation may account for the enhanced binding energies manifested
by some of the known nuclei in this region [11]. Thus, the extra stability of 3'Ne may be
due to the deformation effect. The presently observed heaviest fluorine isotope, °F [12]
with N=20, is in harmony with various mass predictions [2, 6, 9, 13] with or without
deformation effects included. It should be noted, however, that the particle stability of 3'F
with N =22 has been predicted by some theoretical studies including deformation effects [9,
13). Interestingly, these theories also predict the particle stability of 3'Ne, in agreement
with the experimental finding.

Toward a lower Z along N=20, the question of the possible stability of the double magic
nucleus, 220, has recently attracted much attention, even though the particle instability of
25,260 beyond ?*0 has been clearly shown by two experiments [14, 15]. The expectation for
20 to be stable stems from an enhanced stability anticipated from the double magicity or
the deformation. The stability of 20 has been discussed in several theoretical papers [2,
6, 13, 16, 17, 18], which however yielded conflicting results. Recently, an attempt to search
for 220 has been made by using a 3*S beam [19]. In that work, no events of 2*0 were
observed, and the particle instability of 20 was concluded from a comparison with the
larger estimated yield for particle stable 0. The yield estimate was made by means of an
extrapolation method using the results of heavier isotones of N=20. Such extrapolation
may, however, involve some ambiguities since the Z, A dependernce of the production cross
sections is not well understood theoretically. In order to reduce possible uncertainty, use
of an interpolation method, which was once applied for the first evidence for the instability
of 260 [14], should be desirable.

This Letter presents the results of an attempt to determine the neutron drip line for
the nitrogen, oxygen and fluorine isotopes over the region extending up to N<22. An
experimental difficulty in the search for new isotopes beyond the heaviest observed nuclei
is the low production rates. However, these difficulties have been considerably reduced
by the combination of a high-energy, high-intensity “°Ar beam with the RIKEN Projectile
Fragment Separator (RIPS) [20]. The “®Ar projectile is inferior to %S in terms of the
production cross sections for very neutron-rich fragments with N<20. Compared with *§,
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however, “°Ar has a wider dynamic range for production by covering a region ranging up
to N=22. Moreover, the “°Ar beam can be obtained at a higher energy of 94.14 MeV and
with a high intensity of about 45 pnA. The use of RIPS is also helpful for increasing the
reaction yield by virtue of its large momentum acceptance (6%), solid angle (5msr), and
sizable maximum magnetic rigidity of 5.76 Tm. With all of these factors combined, an
effective luminosity as high as 10%? cm~2 s™! has been achieved.

The “°Ar beam accelerated at the AVF and RIKEN Ring Cyclotron reacted with a 690
mg/cm? thick "**Ta target. The target thickness was chosen to maximize the secondary
beam intensities based on a semiempirical yield estimation by the INTENSITY code [21].
The primary beam current was monitored by an array of plastic detectors located near the
production target.

The reaction fragments were collected and analyzed by RIPS operated in an achromatic
mode and at the maximum values of momentum acceptance and solid angle. The magnetic
rigidity of the first half of RIPS was set at 4.53 Tm in order to optimize the yield of the 220
isotope. To reduce the relative rates of light isotopes, such as those of Z=1-3, an alumini-
um wedge with a mean thickness of 226.2 mg/cm? was used at the momentum dispersive
focal plane (F1). The magnetic rigidity of the second part of the RIPS spectrometer was
thereby adjusted to 4.42 Tm. '

Particle identification was performed by a standard method on the basis of energy
loss (AE), total kinetic energy (TKE), time-of-flight (TOF) and magnetic rigidity (Bp)
measured for each fragment [3].

The positions of the fragments at the momentum dispersive focal plane (F1) were
recorded using a parallel plate avalanche counter (PPAC) in order to determine the Bp
values. The sensitive area of this PPAC was 15cm(H)x10cm(V), which covered a full rigid-
ity acceptance of 6%. The charge division method was applied for position reading.- The
PPAC was equipped with four independent cathodes stripped horizontally. The multifold
cathode served to reject spurious position information due to é-rays, and to reach a high
level of detection efficiency by imposing a condition of more than two hits being observed
out of the four cathodes. The typical efficiency for a Z=4 particle was over 95%.

The fragmentation products reached the final focal point (F3) of the RIPS spectrometer,
where a plastic scintillation counter (F3-Pl) with a thickness of 1 mm and a telescope
consisting of 6 lithium-drift silicon detectors (SSD) were installed. A plastic veto counter
with a thickness of 1 mm was located behind the SSD telescope. The thicknesses of the
silicon detectors were 1.1, 1.1, 3.1, 2.9, 4,0 and 4.3 mm, respectively. The thicknesses of
the detectors were chosen so as to stop the fragments of interest in the fifth detector. The
active area of the first four detectors was 48 mmx48 mm and the last two had a sensitive
diameter of about 35 mm. The time-of-flight (TOF) of each fragment was determined from
the F3-Pl timing and the RF signal of the cyclotron. Typical flight times were about 250
ns. Each SSD detector provided independent energy-loss values (AE), while the whole
telescope provided the total kinetic energy (TKE). The veto counter was used to reject
pile-up events due to light fragments. )

The atomic number (Z) of a fragment was determined from the AF at the first four
detectors and from the TOF information. The accuracy in the Z determination was about

0.8% for the nitrogen isotopes. The mass-to-charge ratio (A/Q) was obtained with an
accuracy of 0.5% for the same isotopes. The fragment charge (Q) was obtained from the
combination of TKE, Bp and TOF. For the final analysis, we employed fully stripped
fragments by imposing a condition that the relation |Z — Q[/Z < 6.5% should hold.

At the first achromatic focal plane (F2) the horizontal aperture was tuned to be £25 mm
by the slits to match with the area of the SSD telescope. At this plane horizontal and
vertical position distributions of the nuclei of interest were measured by another charge-
divisional PPAC with two cathodes. Those position spectra were used to diagnose the
profile of the secondary beam. The horizontal position distributions of the isotopes trans-
mitted to the F2 are given in Fig.1. The arrows in this figure show the position centroids
estinated for the isotopes of interest by an energy loss calculation. We found that the
centroids experimentally detected for the 22C and ?°F isotopes were in agreement with- the
calculated results within about 1 mm. This consistency assured that the RIPS tuning was
optimal for the neutron-rich N-F isotopes. Note that this estimation also predicts that the
events for the 242N, 26-28Q and 3'F isotopes are to be safely located in the middle of F2.
as indicated by the vertical arrows in Fig.1.

Figure 2 shows a two-dimensional scatter plot, A/Z versus Z, obtained from the data
accumulated for four days with a mean primary beam intensity of 45 pnA. The number of
events obtained was 4387, 7072 and 905 for the isotopes 1°B, >N and #C, respectively. A
new isotope 3 F (8 events) was observed for the first time. In addition to the identification
by A/Z and Z, the F2 position distribution of the *'F isotope, as demonstrated in Fig.1
(solid line histogram), was in good agreement with the calculated position. The production
cross section of 3'F was then obtained to be about 0.1540.06 pb. The absence of events
corresponding to the 2*?%37280 isotopes as well as 2*%°N and *F is clearly confirmed. For
instance, in the case of the particle stability of 0 or 25N, the associate events are expected
to appear inside the ellipses in Fig.2, while no events were found in those domains.

The non-observation of an isotope does not necessarily prove its unbound character.
To achieve more definite evidence, we plotted the observed yields versus Z for the nuclei
with N=2Z+4, as shown in Fig.3. A smooth and monotonous decrease of the experimen-
tal yields is observed through the isotopes. The solid line in Fig.3 represents the vields
expected by INTENSITY, which includes the EPAX parameterization for the production
cross sections [22]. We modified a parameter U in EPAX from the standard value of 1.5 to
1.6 to best reproduce the yields for the very neutron-rich fragments. Such a modification
was also made in Refs. [19, 23]. The calculated yields are in good agreement with the
observed yields over the whole range, connecting smoothly the results of 2?C and *'F. The
yields of N and 0, which lie between *2C and *'F, can therefore be estimated with
fair reliability by the interpolation method. We then obtain yield estimates of 240 and
37 events, respectively, for N and 0. The interpolation method has been also applied
to the data of N=2Z+2 and N=2Z+4 (o estimate the yields of the N=2Z43 nuclides.
The fact that the experimental results of no events distinctly deviate from these estimated
yields provides strong evidence for the particle instability of 2%*N, 2720 and *°F.

In an earlier work [19), the expected yield of 220 was estimated from an extrapolation
procedure on the basis of the measured yields for the N=20 isotones. However, such an



extrapolation may require a reliable theoretical guidance for the production cross sections
of fragments. In contrast, the present interpolation method is essentially free of theories
on the production yield. Also note that the upper limit for the 20 cross section set by the
present data is about 0.02 pb, which is roughly one order of magnitude lower than that
given in Ref. [19]. These arguments strengthen the conclusion that 280 is indeed particle
instable.

We have confirmed that the heaviest nitrogen and oxygen isotopes are 22N and 20 with
the same neutron number, N=16, while the heaviest isotope of fluorine has been extended
up to ¥'F with N=22. It is remarkable that six additional neutrons can be bound by
moving from oxygen to fluorine, where Z differs only by one. Concerning the instability
of 2*N, mass formula predictions [2] are in agreement with our results. On the other
hand, the locations of the drip line for oxygen and fluorine are hardly predicted by the
mass formulas, most of which favor 260 and *°F for the heaviest isotopes.

The sudden change in stability from oxygen to fluorine indicates an extra push of
stability for the very neutron-rich fluorine isotopes. Among the mass formulas, only the
finite-range droplet model (FRDM) [13] predicts the stability of ¥'F. The FRDM includes
nuclear deformation effects for both the macroscopic and microscopic parts. It is interesting
to note that the same FRDM predicts the particle stability of 3!Ne, in agreement with the
result of a recent experiment [3].

The stability of > F can be also treated theoretically in terms of a shell model. There
are two such calculations: one by Poves et al.(PR) {9] and another by Warburton et
al (WBB) [6]. The PR model demands strong configuration mixing between the sd and
fp shells to explain the known ground-state spins of *®*!Na, while the WBB model cal-
culation resulted in a smaller mixing between these two shells, failing to reproduce the
ground state spins. These two models also disagree in predicting the particle stability of
3F, the PR predicting stability and the WBB instability. This discrepancy appears to
arise from a difference in the degree of mixing between the two major shells. Here again,
the importance of a deformation effect is suggested, since strong mixing, as considered in
the PR model, may be tied with the tendency toward deformation.

In contrast, the instability of 220 indicates the unimportance of the deformation effects.
In another work with the PR model [16], two different sets of valence spaces were employed
for binding energy calculations: a conventional configuration up to the sd shell and a wide
configuration including the fp shell. The former case led to the instability of 280, but
the latter to stability. A calculation by the WBB model also predicted 20 to be instable.
These results indicate that the trend is opposite to the case of 2! F: two models with weaker
mixing between the two shells are consistent with the experimental findings, while the other
with stronger mixing fails to reproduce it. It is thus probable that the distinct difference in
the particle stability is related to a sudden onset of deformation for the fluorine isotopes.

In summary, the new neutron-rich isotope *'F was observed for the first time using the
RIPS spectrometer with the reaction “*Ar+"*Ta at 94.14 MeV. Besides, clear evidence of
the particle instability of 225N, 720 and 3°F was obtained on the basis of an interpolation
of the experimental yields. These results serve to re-define the map of the particle stability
and neutron drip line up to fluorine isotopes. - ’ '
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FIG. 1. Experimental distributions of the horizontal positions for isotopes transmitted to
the first focal plane (F2) of the RIPS spectrometer. The centroids experimentally detected for
the *C (dashed histogram) and 2°F (dotted histogram) isotopes were in agreement with the
calculated values (up arrows) obtained By an energy loss calculation. The position distribution
of 3'F isotope (solid line histogram) was also in accord with the calculation. The expected events
for *25N.and **?°0 could be centered at the middle of F2, and their expected center positions

are shown by the down arrows.
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FIG. 2. Two-dimensional A/Z versus Z plot, which was obtained in the reaction of a
94.1AMeV *°Ar beam on a 690 mg/cm? tantalum target during a 4-day run. A new isotope
S1F is clearly visible (8 events). No events associated with 2*N and 0 as well as **N, ?26.27Q
and 3°F were obtained. In the case of the particle stability of 20 or ?°N, the associate events
are expected to appear inside the ellipses. The dashed lines are drawn guides to the eye for the

isotopes with the same neutron numbers, N=2Z+2 and N=2Z+4.
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FIG. 3. Isotopic production for nuclei with the neutron number ¥ =2Z+1. The solid curve
presents the expected yields according to the INTENSITY using the modified EPAN parame-

terization. The expected yields for 20 and **N arc indicated by arrows.
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Caxypait X. 1 1p. | E7-98-266
SnepHas crabunsHOCTH 31F i necrabunsnocts aaep BN u 2o

HccnepoBanus - cTabuIbHOCTH  HeRTPOHOM3OBITOYHBIX — SAEP  NPEANPHHATEHI

B peakuuu (pparMeHTaluH HOHOB YOar ¢ sHeprueil 94,1 MsB - A Ha cenaparope
RIPS (RIKEN, Snouus). Bnepsrle skcnepuMeHTansHO 0oOHapyxeHa sjiepHas
cTabWIBHOCTH sfIpa 3, [pusonsTcs 3KkcnepHMEHTANTbHBIE JaHHbIE, CBUIETENLCTBY-
jolHe O HecTaGWIBHOCTH CIENyIOUMX suep: 42N, 80 g, [MonyyeHnbie
3KCMEpHMEHTANIbHbIE JaHHbIE AHATH3MPYIOTC Ha OCHOBE BIMAHHSA aepopmauuu
Ha cTabHnBHOCTH A1ep B 3TOH 06nacTH.

PaGora Benontexa B Jlaboparopun anepHsix peakuuit uM. I.H.®neposa OUSIH.

Coobuenne OGLETHHERHOTO HHCTHTYTa ANePHBIX HccnenoBanui. lybna, 1998

Sakurai H. et al. E7—98—266
Evidence for Particle Stability of 3IF and Particle Instability
of N and %0

Neutron drip line determinations up to fluorine have been performed
by the projectile fragmentation of a 94.1 A - MeV 40Ar beam using the fragment
separator RIPS at RIKEN (Japan). A new neutron-rich isotope 3!F has been observed
for the first time, while clear evidence for the particle instability of 24’25N, 21280

30 : . -
and °F has been obtained. The sudden change in stability from oxygen to fluorine
may demonstrate the onset of a deformation phenomenon for neutron-rich fluorine
isotopes.

The investigation has been performed at the Fléroy Laboraiory of Nuclear
Reactions, JINR. g
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