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Abstract

Yields of neutron-rich projectile fragments have been measured at
o . ' 48 . -2
0" for the reaction of 212 MeV/amu ~ Ca ions on an 890 mg cm
beryllium target. Fourteen nuclides have been observed for the first

time. The systematics of production cross sections are discussed.
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The limits of stability for nuclei have been established_up to

sodium and beryllium for proton-rich and meutron-rich nuclides,

. respectively. Recently, the techniques of relativistic heavy ion

fragmentation',1 deeply inelastic scattering2 and épallatioh

. induced by high energy protons3 have been used to produce neutron-

rich nuclei near the limit of particle stability. 1In this Letter, we

preéent the first experimental evidence for the particle

stability of 14 nuclides, 22N, 26F, 33’34Mg, 36’37A1, 38’398i,
41’42P, 43,845 ona #4%0¢1 produced in the fragmentation of
48 37

212 MeV/amu
40

Ca. In addition, the recent observation2 of “'81,

41’425 is confirmed. Predictions for the masses of

P and
neutron-rich light nuclei have been made based on several methods,
including iterative techniques such as the modified Garvey-Kelson

4,5

relations, the liquid droplet mode16’7 and large basis shell

mode 1 calculations.8 The energy levels of such nuclei have also

8,9 From the

Beenvpredicted using thé same shell model calculations.
present expériment it appears that the produétion cross sections for
very neutron-rich-light nuclei may be quite sensitive to their
detailed nuclear structure.

| The experimental.arrangement used fpr'fhe present work was siﬁilar
to that deécribed in Ref. 1. The fragments, which emerge from the
reaction at nearly the’Beam velocity, were detected in a zero degree
magnetic spectrometer with an acceptance pf 0.94 msr. A detector

telescope consisting of twelve Si(Li) detectors, two position sensi-

tive Si(Li) detectors (PSD) and -a veto scintillator was placed in



the focal fiane of the spectrometer. . Each of tﬁe twelve Si(Li)
detectors was 5 mm thick and 5 cm in diameter while the PSDs were

500 ym thick aﬁd 6 cm in diameter. The PSDs were arranged.to.measure
horizontal and-veftical position with a resolution of ~1 mm. The beam

48Ca'ions from the Bevalac waS'~107partic1es/éecond and

current of.
was monitored‘directly using plastic scintillators, an ion chamber and
a scintillator teléSCOpe that monitofed particles scattered from the
target. The target consisted‘of 890 mg cm_2 of beryllium'and'the‘
beam lost approximately 35 MeV/amu passing through‘itf |

 Combiniﬁg the spectrometer with the energy loss measufements'in
theFSi(Li)'detectofs, it wés possible to measure M and Z unambiguously
as described in Ref. 1-' The mass resolution obtained was 0.3 amu.
The mass and atomic number scales were qalibrated by using thé direct

48 40

Ca beam and also beams of 20Ne‘and Af_of high energy that

were progressively degraded to provide a continuous spectrum of 20Ne

and 40

Ar ions stopping in each detector. Since the detector thick--
nesses were precisely known, it was then possible to use a range
energy table to make an accurate channel to energy galibration for
éach detector assuming accurate extrapolations to the meaSuréd
neutron-rich nuclei.

The mass'spectra obtained for the neutron-rich isotopes of N; F,
Mg, Al, Si, P, S, and Cl are shown in Fig. 1. To'improve the mass
resolution,.several cuts have been applied to these data including

charge cuts of +0.2 units, a X2 cut which eliminated 30% of the

events corresponding to the highest X2 for each stopping detector

s

%



‘and a total kinetic energy cut which eliminated any low energy back-

ground. The intensities of Fig. 1 do not correspond to relative cross
sections because the spectra are summed over different settings of the
spectrometer. Runs at each setting varied from 10 min. to 9 hr.

There is clear evidence for the particle stability of 22N,

26p 33,34y, 36,37,; 37,38,395; 40,41,42, 41,42,43,440,

F, 3 3 3 3 3

and 44’4501 with more than 10 counts in each case. The observation

33

of “"Mg confirms the indications for the stability of that isotope

in Ref. 1. The existence of 37S, 4O_P and 41,42

S cpnfirms,the
measufements'reported in Ref. 2. The nuclide-zzN is predicted to be
particle unstable in a modified liquid droplet model7 whereas
modified Garvey-Kelson forﬁulationsa’5 predict that 22y is bound
against neutron emission by 1.5 to 2 MeV.

The production cross section of each isotope observed was obtained

by integrating its defléction spectrum along the focal plane of the

 spectrometer. At each setting, the deflection spectra across the

telescope were binned in five equally~sized rectangular position cuts
using the PSDs. AFGaussian—momentum spectrum in the projectile rest
frame, as has been observed in 16O fragmentation work at higher
energies, was assumed., 10 This'momentum spectrum_do/dp* Qas trans-
formed relativistiéally to the lab and-was fit to the lab deflection

spectra do/dD, using the form

S 2 | (1)
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where E*,p* (E,p) are the total energy and momentum in the projectile
(lab) frame, K is the spectrometer calibration constant, and Z is the

"atomic number of the observed fragment. The cross sections were found

K

by minimizing the difference between Eq. (1) and the observed

'spectra. The errors were assigned using the diagonal elements of the

.;/-\

resulting error matrix. The cross sections were corrected for thé
fractién of events lost due to the_transverée momentum écceptancevof
the spéctrometer assuming that the tranéverse width was equal to the
parallel momentum width.10 The pefcentage accepted varied'ffom 15%
for C isotopes to 95% for Cl isofopes. The cross sections were also.
corrected fér the 30% Xz cut and a 202 loss due the size of the
vertical focus.

The measured isotopic‘production cross sections are given in
Fig. 2. Generally, the cross sections fall‘smoothly with increasing
neutron number although therg is a pronounced odd-even effectvfavoring.
nuclides with even neutron number. Our observations for N, O, F and
Ne apprdaéh to within.éne-of two units of the predicted limit of

24, 25, 28 29

stability, with “'N, o, F and ““Ne predicted unstable by

two or more formulae. Beyond these nuclei, the isotopes 260, 29#

and 30Ne are predicted to be stable. The steeply falling cross

sections make it extremely difficult for us to set ﬁseful limits N
regarding the stability.of these nuclides from this experiment. For :

example, ;he upper limit for observation of 29Ne in this experiment .

was ~20 nb, which, when compared to the trend of the neon isotopes

seen’ in Fig; 2, does not allow any definite statement regarding the



g

v

2~

R

stability of this nucleus. It'is:cléarvthat the quespion Qf the
stability of 29Ne_cén bé answered usihg the present‘technique given
increased beam inteﬁsities. The observed stability of 33Mg which is
predicted bound by only 500 keV,_illusfrates that simply détermining
whether or not an isotope is particle stable can providé quantitative
tests of these mass formulae. | |

One nbvel and striking feature of the yields is the rapid fall off
in cross section for the oxygen isotopes, much faster than that for
either nitrogen or fluorine. This is surprising since 240 haé been

reported to be particle stable and is predicted to be so by all mass

- formulae. Qualitatively, an understanding of this behavior may be

obtained from the predicted level schemes of these nuclei. If, as
seems likely, these nuclei are formed as evaporaﬁioﬁ residues, then
the number of bound states may be a more significant parameter than

the binding energy in the determination of the yield. . Neithér’230'

nor 24O is predicted to have any bound positive parity stétes while
neighboring N and F isotopes (with odd Z) are predicted to have
several. Further shell model calculatioms will cléarly be valuable in
predicting the yields of_unobserved_neutroﬁ—rich nuclei from the
observed systematics. |

In Fig. 3 the production cross sections of sodium isotopes from

the present work are compared to those from 205 MeV/amu 40Ar + C

(Ref. 1) and 28 GeV p + 238U reactions.3 The cross sections from
4SCa + Be and p + 238U are nearly equal whereas those from
40

Ar + C are substantially lower. All three reactions show the same



odd-even effect which is indicative of a common final stage to the

48

process. The increase ip'yield in going from 4OAr to ' Ca projec-
tiles 1is expected, buf the similarity betweeh the yields from the
' latper‘reaction and the proton spallation results is sufprising.

In conclusion, fragmentation of relativigtic heavy ions seéms
firmly -established as a practical means for the production of nuclei
faf from stability. The observation of these neutron-rich nuclei can
be used to make’quantitative tests of mass formhlae. Beyond these
global comparisons with mass»formuiae) the production cross sections
éppear to be sensitive to the miéroséopic level structure of the
‘observed nucleus. In addition, the variations of the production cr§ss
sections indicate that, given increased beaﬁ intensities, which will
be available in the near future, it is'practiéal to determine the
limit of stability up to Z = 20. |

We wish to thank I. Flbres and F. S. Bieser for their help with
the electronics used in this experiment and E. Beleal forvhelp with
the dafa anélysis. We are also grateful to J. T.YWalton and H. J.
Sommer fér fabrication of the Si(Li).detectors, J. A. Simpson and tﬁe'
Universify of Chicago for-the position sensitive detectors and
finally, R. J. Force and the'eﬁtire Bevalaé operations staff for their

outstanding efforts in development and acceleration of the 48Ca beam.
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Figure Captions
Fig. 1. Mass histograms for elements observed in the fragmentation of

212 MeV/amu 48Cavby a beryllium target.

Fig. 2. Production cross sections for the elements observed in the
fragmentation of 212 MeV/amu 2180a by a beryllium target. _ {
Lines are to guide the eye.
Fig..3. Comparison of sodium production cross sections from
48 o 40
212 MeV/amu ~ Ca+Be (present work), 205 MeV/amu ' Ar+C

(Ref. 1) and 28 GeV p+U (Ref. 3). Lines are to guide the eye.
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