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Search for 2B
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An attempt was made to find the very neutron-rich isot®jeamong the fragmentation of a 8dVieV “°Ar
beam. Evidence for the particle instability ®fB was obtained. As part of the search, the production cross
sections of 13 light neutron-rich nuclei with Be and Ta targets are presented and compared to previous data. A
large enhancement of the production cross sections for a Ta target is shown and a clear energy dependence of
the production cross sections is shown for very neutron-rich nuclei.
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. INTRODUCTION (~90A MeV) with a Be target that covers the region near to
stable nucle{8]. There has been no experiment at interme-
Recently, we surveyed the neutron separation energiagiate energies to measure: for “°Ar fragmentation that
and the interaction cross sections for neutron-rich nuclei irextends far into the region of neutron-rich isotopes. Such
the p-sdandsdshell regions, and found some signature for ameasurements are useful to assess the feasibility usithy a
new magic numbeN= 16 near the neutron drip lind.,2]. If beam, especially in a projectile fragment separator for inter-
N =16 near to the neutron drip line is a good magic numbermediate energies.
very neutron-rich®B may be bound3]. The nuclear struc- One of the interesting features concerning the production
ture of B would be interesting, since itd/Z is over 4, Of fragments at intermediate energies is that there is a target
which is the largest value among known nuclei. Because oflependence ofor; og for neutron-rich nuclei with a
the exceptional/Z value, an isotope search with a magnetic"eutron-excess target, for example, Ta, are much larger than
rigidity setting optimized for this particular nuclide has not those W't,h Be[9]. The fact that there IS a target dependence
yet been performed. Recent developments of radioactive ioﬂf or at mtermedlatg energies also. stimulated us to measure
(RI) beam technology now turn to allow searches of Sudﬂp, although quantitative explanations for the enhancement
nuclei located very far from the stability lingor example, ave not been drayvn S far. . .
Ref. [4]). In Sec. Il of this paper, we descrlbe our experimental
. . setup. In Sec. Ill, we present an analysis of the data. In Sec.
. Measurements of the pro_dl_thlon cross sectiang) (are [V, our experimental results are presented and we demon-
important to assess the feasibility of secondary beam experlaie the particle instability of'8. Our conclusions are
r_nents._ Recent!y, very neutrqn-rlch_ nuclei have r(_ace!vgd pargiven in Sec. V.
ticular interest in view of their exotic structure. It is difficult,
however, to predict theiroz with physical projectile-
fragmentation models, such as the abrasion-ablation model
[5]. Another approach is to use an empirical parametrization, The experimental setup at RIPS is shown in Figl1a].
such as, e.g., the EPAX formu[8]. The quality of such a The “°Ar beam accelerated at the AVF and RIKEN Ring
parametrization depends on reliable experimental data.  Cyclotron up to 94 MeV reacted with a 471 mg/chrthick
“0Ar, which is the most neutron-rich stable isotope of Ar, Be target or a 686 mg/chthick Ta target. The primary beam
as a beam is widely used for the production of light neutron-current was monitored by an array of plastic detectors lo-
rich nuclei due to its easy handling in an ion source and itsated near to the production target. The typical primary beam
large abundancé99.6%). Thus, o data for*°Ar would be intensity was 40 pnA. The reaction fragments were collected
particularly valuable. Recently, Ozaved al. have measured and analyzed by RIPS operated in an achromatic mode with
or from 4%Ar fragmentation at relativistic energies the maximum momentum acceptant®%) and the solid
(~1A GeV) with a Be target that extends far into the regionangle(5 msp.
of neutron-rich isotopeg7]. Also, Momotaet al. measured Particles were identified by a standard method based on
or from %Ar fragmentation at intermediate energiesthe energy loss AE), time-of-flight (TOF), and magnetic

II. EXPERIMENTAL SETUP
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FIG. 1. Experimental setup at the fragment separator RIPS.
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TABLE |I. List of nuclei for o measurements. The nominal
nuclei of the individual settings are underlined. Experimentally de-
terminedo for the fragmentation of afPAr primary beam in a Be
(Ta) target are shown in the secofitiird) column, respectively.

Nuclei og (b) on a Be target og (b) on a Ta target
25 (4.0£1.5)x10°7 (1.05-0.31)x10°°
=0 (1.30+0.51)x 1077 (3.4%£1.2)x10°°
240 (5.6£2.2)x107° (1.17+0.33)x 107”7
26F (9.9+3.9)x10°° (2.65+0.77)x 107
22N (8.9+3.5)x10°° (3.4+1.4)x1077
2N (2.19+0.94)x 10710 (3.9+2.1)x10°°
20c (2.17+0.50)x 10°° (3.4+1.1)x10°8
2c (1.23+0.99)x 10" *? (7.7x4.9)x 10" ¢
B (3.4x1.1)x 10" (1.59+0.48)x 10°
=} (2.91+0.45)x 10" 8 (9.8+2.1)x 1077
¢ (1.96+0.57)x1078 (3.16-0.69)x 1077
18 (7.0£2.7)x10°° (1.51+0.50)x 10~ 4
1C (5.7£2.2)x1078 (7.3£2.1)x10°°

rigidity (Bp) measured for each fragment. In this experi- gptimize the yield of the?!B isotopes. We used theITEN-
ment, we identified fragments &tl andF2 in RIPS by the ity program[12] for the optimization. The magnetic rigid-
Bp-AE-TOF method, as follows. The magnetic fields at thejty of the second part of RIPS spectrometer was thereby ad-
two dipoles were monitored by NMR probes. The positionsjysted to 5.530 Tm. We accumulated data for 150 h.

of the fragments aF1 were recorded using a parallel-plate " For o= measurements, we used Ta and Be targets. We
avalanche counteiPPAQ to determine theBp values. The  selected seven nuclei as nominal fragments, as listed in Table
sensitive area of the PPAC was 15%m0 cm, the horizon- | Thus, we optimized the RIPS setting for these nuclei. We
tal size of which covered a full rigidity acceptance of 6% 5|go slightly change®p of RIPS (a few %), several times,
(dispersion at~1=2.4 cm/%). Thedelay-line readout was for the nominal nuclei to measure; for different Bp set-
applied for position readin@l1]. The detection efficiencies tings. Since RIPS has a large momentum acceptébfzs,

of the PPAC for B isotopes were more than 90%. A plasticR|pPSs allows us to measure: in the neighborhood of the

scintillator at F1 (F1-Pl; thickness=0.5 mm) provided

by the analog signal of1-Pl. Thus, we identified frag-

matic focus F2), where a plastic scinitillation counter 4+ 14Be @ .

PPAC, where the detector efficiency was close to 100% for B

identified fragments by thBp-AE-TOF method afF2. selecting?!B. Visible fragments are shown by circles. The scattered

timing and analog signals. Thus, the TOF of each fragments
was determined from thE1-PI timing to the rf timing, that
ments by theBp-AE-TOF method af1.

To reduce the relative rates of light isotopes, sucliths
(F2-PI) with a thickness of 1.5 mm, two silicon detectors
(SSDs with 0.35 mm thickness each, and a PPAC with

. L W \I i

isotopes. The TOF of each fragment was determined between 3.2 34 36 3.8
the F2-PI timing and theF1-PIl timing. The flight path

We used a Ta target for @B search. The magnetic rigid- particles are shown by arrows. The position #B is shown by a
ity of the first half of RIPS was set at 5.616 Tm in order to circle with broken lines.

198 21g

n 1 L 1 n |
40 42 44

was provided by the Ring Cyclotron. The flight path from the 6
a thin aluminum wedge with a mean thickness of 223
10 cmx 10 cm effective area were installed. The charge-
from the F1-PI to theF2-Pl is 10.9 m.AE was provided Aiz

production target to th&1-Pl is 10.4 m.AE was provided | 7B
5 I @ .-I‘
mg/cnt was used aF1. The fragments reached the achro-
division read-out was applied to position reading for the 3
by the average of the signals of two SSDs. Thus, we also F|G. 2. Two-dimensional plot oF versusA/Z at F2 in RIPS
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nominal nuclei. Finally, we measureg- for 13 nuclei, as T T T
listed in Table I. ] (a) B-isotopes 3
105 | Ta-target 4
I1l. ANALYSIS PROCEDURE 107F 4
A. Search for 2'B 109
Figure 2 shows a particle-identification spectrum for the 1 1
21B search. The chargd®) andA/Z in the figure were cal- 10-11F 1
culated byBp-AE-TOF information at=2. As described in 1 3
Sec. Il, we identified particles by tH&p-AE-TOF methods 10-13F 1
at F1 andF2, independently, in this experiment. In Fig. 2, . 1 E
events that obtained consistent identificatiof atare shown T Y
in the spectrum. Even by two-step identificationFdt and & o ' ' '
F2, scattered events shown by the arrows in Fig. 2 could not 105 £ (b) N=16 isotones 1
be completely cut. However, no scattered events are seen at 3 Ta-target E
the position for?'B. 10-7F 1
As a conclusion, we did not observe any events % 3 3
for 150 h of measurements. That allows us to put an upper 109 E
limit of o for 2B, i.e., 6.7 10" * b, where we assume one F 1
event for?'B. 10-11F 1
B. Production cross section 10-13F I 1
In order to determineg, the counting rates of the differ- 4 , , , , , ]
ent isotopes obtained from the two-dimensional spectra, as in 10-13 21 22 23 24 25
Fig. 2, must be corrected for transmission losses in the RIPS A
for the dead time of the data-acquisition system, and the
detection efficiency of PPAC located Efl. The dead time FIG. 3. Experimental production cross sectiong) for B iso-

was determined in the usual way via two scalers. One scaldpPes (@ and N=16 isotones(b) with a “Ar primary beam and
. . 94A MeV in a Ta target. The upper limit af¢ for 2'B is shown b

recorded all events independent of the data acquisitior? A 1arg pperlimit @re 10 v

whereas the second one counted only those that were regr’ér_rc.st. The sollq lines are extrapolations using EPAX2 parametri-

tered by the data acquisition. The dead time determined iﬁat'on[G] normalized to the observa .

this way varied by about 5% for different runs. The correc-

tion for the detection efficiency &1 PPAC was 3—10% for We took into account the value dg8). We measuredrg

B isotopes. For other isotopé€, N, O, and F, the correc- several times with differenBp setting, as described in Sec.

tion was less than 2%. Il. If the calculated momentum distributions are consistent
The transmission losses were estimated by Monte Carlowith the real ones, measuredt with different Bp settings

type calculations using the codecabi [13]. Here, we also  should be consistent each other. However, they were scat-

took into account the detector size, the position and the fieltered. Thus, we estimated the errors of transmissions calcu-

strength of the magnets. We assumed Gaussian curves for ttagions based on the deviation from the averdtypically

momentum distributions of the fragments, with widtfig ~30%). The statistical errors were estimated based on the

according to the Goldhaber formuldl4] o?=c3As(Ap  Number of observed events.

—Ap)/(Ap—1), whereAp andAg refer to the projectile and

fragment masses, respectively, and the reduced wicjth IV. EXPERIMENTAL RESULTS

=90 MeV/c [14]. Thus, we used a calculated momentum

distribution for the transmission calculations. According to

our simulations, the transmissions from the targef 2owere As shown in Fig. 2, we did not observe any events for

typically 3—10 %. 218, and provided the upper limit af¢ . In Fig. 3, we shows
Finally, the transmission-corrected numbers of counts fothe o for B isotopes@a) and o for N= 16 isotoneghb) with

the individual isotopes were converted to cross sections usk Ta target. We extrapolatedt for 218 using EPAX2 param-

ing the effective target thicknesses and the number of incietrization[6] normalized to the observedl-. Thus, we can

dent beam particles determined by monitor counters. see that the upper limit af for 2'B is smaller than that by
The errors ofor merit a detailed description. We took a factor of 12 in(a) and a factor of 3 ir(b). This means that

into account the following sources of errofa) uncertainties ~we should observe 3 to 12 events?¥8 during our measure-

of the primary-beam intensity monitofb) uncertainties of ments if?'B is bound. Thus, data suggest a particle instabil-

the transmission calculations, atid statistical errors. We ity of ?'B. Among the available mass formula, an infinite

calibrated the primary beam monitor twice in the beginningnuclear matter model predicted the particle stability*t8

of the experiment. The difference in the two calibrations pro{15]. Improvements in the parametrization for the model are

vides the difference in the primary-beam intensitied3%). anticipated.

A. Result of search of?'B
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1o of o with Be and Ta target§o(Ta)/o:(Be)]. The closed tri-

10-13' Y6 18 20 22 24 26 28 30 angles, closed squares, open circles, open squares, and closed
103k N A circles show .the data for B, C, N 0, an.d F isotopes, respectively.
b i The broken line shows the predicted ratio by EPAX2
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. o i ] |
107§ z 3| Be . ° < drip line. The enhancement is much larger than those calcu-
109k f T - lated by EPAX2, where the difference comes from only the

10_11: difference in the nuclear size of target. Thus, the different
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reaction mechanism from projectile fragmentation may be
dominant in producing very neutron-rich nuclei in a Ta tar-
get. A multistep process for nucleon removal or transfer may

be dominant in the production of neutron-rich nuclei in a Ta
target at the intermediate energy, since Ta has a much larger
number of nucleons compared to Be.

FIG. 4. Experimental production cross sectiong) for B to F
isotopes produced with®Ar primary beam with Be and Ta targets.
The closed circlegtriangles indicate the present data with B€a)
targets, respectively. The open circlesoss indicate the experi-
mental data measured previously with Be targets #& P&V [8]
(~1A GeV [7]), respectively. Therg are compared to the EPAX2
formula for a Be targe6] (solid lines.

V. CONCLUSION

In our experiment, we searchedB as fragments pro-
duced by*°Ar fragmentation in a Ta target at an incident
energy of~94A MeV. We searched'B for 150 h, however,
observed no event for the nucleus. As part of the search, we

In Fig. 4, the present experimental results are comparegheasured the production cross sections for fragments near to
with those measured previously at GSkatA GeV [7]17;‘”‘1 the neutron drip line produced BYAr fragmentation in Be
at 2R|PS at;5920A MeV [8] with a Be target. For™B, *'C,  and Ta targets at an incident energy-94A MeV. Extrapo-

#0, and**?F, the present data are very consistent Withjated o by the observedr. for other B isotopes and other
those measured by Momot al. [8]. _ _ N=16 isotones are much larger than the observed upper
In Fig. 4, we see good consistency fog in the data with  jimjt of o of 2!B. Thus, the data strongly suggest a particle

relativistic energy and those with an intermediate one near tfhstability of 21B.

the stable nu_clei. However, in neutron-rich nucI(_ai, we can  \we compared our data with those measured previously

see a clear difference between them. The data with relativisy; jntermediate energies; good agreement was observed. We

tic energy are much larger than those W|th1|nte2rmed|ate eNalso compared oury data with those measured previously

Srgies, for example, a factor 10 difference B, °C, and 4t relativistic energies. We found large difference near to the
N. Becauser. for intermediate energy follows the EPAX2 neytron drip line, that suggests the energy dependence of

prediction, the discrepancy suggests an anomalous enhanq;aﬁ_ We also compared with Be and Ta targets. A large

ment of o at relativistic energy. Up to now, the energy ephancement of with a Ta target was confirmed quantita-
dependence ofr has not been well studied; for example, jyely,

even for EPAX2, the energy dependence is not taken into
account. Experimental and theoretical studies for the energy
dependence of are anticipated.

In Fig. 5 we show the difference im- between Be and Ta
targets. Always,or with a Ta target are larger than those  The authors gratefully acknowledge all of the staff at the
with a Be target by a factor of 10 or more. The enhancemenRIKEN Ring Cyclotron for insuring smooth operation of the
is slightly increased when the nuclei become closer to theccelerator.

B. Production cross sections
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