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Half-Life of the New Isotope **Na; Observation of **Na and Other New Isotopes Produced
in the Reaction of High-Energy Protons on U
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(Received 3 August 1972)

With an improved on-line mass spectrometer we have discovered, by means of the re-
action of 24-GeV protons on uranium, the very neutron-rich isotope **Na and measured
its half-life, We have also produced in the same reaction the new isotopes ¥Na, 48750k,
and 22+ 2%8py, There is evidence for shell effects in the cross sections of the new sodium

isotopes.

The particle stability of neutron-rich sodium
isotopes filling the sd shell to 3Na has been
shown, and their half-lives have been measured.!
The purpose of this note is to report on evidence
for ¥Na and 3¥Na, belonging to the next neutron
shell. This indicates that other, more neutron-
rich isotopes of sodium are likely to exist, fil-
ling the f,/, shell as suggested by nuclidic mass
calculations.?S

Light nuclei with a large excess of neutrons
can be produced in the reaction of high-energy
protons on heavy targets,* or in complex trans-
fer from heavy-ion-induced reactions.® In the
case of high-energy reactions it was shown that
the on-line mass spectrometric techniques® can
sort out selectively the isotopes of alkali elements
and supply information on their half-lives. This
work has been further extended with the construc-
tion of an improved instrument, and we report
here on the first results obtained in a recent ex-
periment.

The technique has been described in detail else-
where.® In brief, the energetic recoils from the
reaction are caught in heated graphite foils from
which they diffuse out very quickly. The alkali
ions (Li*,Na*,K") produced by surface ionization
are then mass analyzed in a Nier-type mass spec-
trometer. The detection of ions is achieved by
an electron multiplier capable of counting single
ions.

To increase the production of rare nuclei, the
effective target thickness was increased to 2 g/
cm? of U. The mass spectrometer is a magnetic
sector (90°, =35 cm). It has a wide gap to ac-
cept ions from the long target (50 mm) and is
slightly inhomogeneous (n =0.23) to ensure high
transmission by means of z focusing.”

The experiment was performed with 24-GeV
protons in the “neutrino” fast-ejected beam of
the CERN proton synchrotron. Short (2.1 usec)
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and intense (1.5Xx 10" protons) bursts were direct-
ed on our 6-mm-diam target every 10 sec. A
previous experiment! had shown the existence of
a background “tail” extending many milliseconds
after the beam bursts. Since this was the limit-
ing factor in the sensitivity to low-yield, short-
lived isotopes, the detector was installed in a
shielded enclosure lined with a thin sheet (0.7
mm) of cadmium. A combination of electrostat-
ic quadrupole lenses was used to refocus the ions
after the exit slit of the spectrometer through

a beam pipe traversing the shielding wall (40 cm
iron, 80 ¢m concrete) onto the detector. This
was extremely effective in reducing the magni-
tude of the background and changing its time de-
pendence. In particular, the exponential tail dis-
appeared completely in agreement with a conjec-
ture® that it was due to thermal neutrons bouncing
between the walls before undergoing (,y) reac-
tions. The background was thus reduced by
~1200 at ¢t =5 msec and by ~200 at # =10 msec.

A residual long-lived background, which was not
completely understood, appeared to be associated
with neutral radioactive particulates coming from
the hot ion source.

To prove the existence of a new isotope and
measure its half-life, the following steps are tak-
en (see Fig. 1):

(i) The mass spectrometer is set on a known
abundant long-lived isotope (e.g., ?Na). A peri-
odic, triangular, modulation of the ion accelerat-
ing potential results in a series of peaks regular-
ly spaced in time when the beam is in phase with
the exit slit. Residual background is not affected
by this modulation and will appear between the
peaks.

(ii) The value of the magnetic field is then
changed accurately (with an NMR probe) to the
value corresponding to the new isotope. Figure
1(a) then shows that peaks.do occur for 32Na in
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FIG. 1. (a) Diffusion and radioactive decay of ’Na.
Following a proton pulse, a triangular modulation of
the accelerating potential results in a series of peaks
at times when the ion beam is in phase with the slit.
The 22Na (dashed) serves as a peak-position calibra-
tion and as a diffusion-time reference. The ’Na peaks
can be seen to decrease faster with time because of
radioactive decay. (b) Existence of 3Na: The three
consecutive pairs of peaks where the signal-to-back-
ground ratios are the most favorable have been added
channel by channel; the *®Na (dashed) serves as cali-
bration. Arrows indicate the center of gravity of the
3Na peaks. The positions do not coincide with **Na
because of an inaccurate setting of the magnetic field.
The displacements are symmetrical, however, as ex-
pected from the time symetry of the modulation. The
peak shape, apparent from *Na, indicates that the
correct value of the background should be taken in the
middle interval.

the positions expected from the calibration with
the known isotope 22Na. The intensities are sig-
nificantly over the background which appears
between the peaks.

(iii) The decrease in intensity with time for
long-lived 22Na is purely due to diffusion, while
radioactive decay results in a faster decrease
for %Na. The ratio of intensities of correspond-
ing peaks as a function of time then gives direct-

TABLE I. Half-life measurements (msec).

Previous Measurements This work®
1040 + 30

%Na 978 222 1030 £ 60 1070 =30
2"Na 288 +22 295410
%8Na 34112 35,71
2Na 4738 48.6%2
0Na 5532 553
31Na 16.5+42 17,71
$2Na coe 14.5+3
3Na e 2015

3See Ref, 1.

bSee Ref. 9.

®For *®Na and 2" Na, the new values are the results
of a re-analysis of the data of Ref. 1: As the contribu-
tion of the preceding burst to the diffusion of the long-
lived reference isotope could not be neglected, in
their case, Eq. (1) was not strictly valid as was as-
sumed in Ref. 1, and a correction has been made in
the present work, For ?®Na, ®Na, %!Na the new values
are the weighted means of the measurements of Ref, 1
and of new measurements made with the same method
(*'Na) or with a 8 telescope (**Na, **Na).

ly the radioactive decay as
1(32)/1(22) = exp(= Ay,t). (1)

The results are given in Table I for 32Na and
other short-lived Na isotopes.

A search was made for 3Na using the same
procedure during a 3-h experiment with a total
of 7x 10' protons, and Table II gives the num-
ber of counts at the locations where 33Na peaks
are expected. It is seen that a significant num-
ber of counts over the background arises for the

TABLE II. Number of counts at the locations where
the successive 3*Na peaks are expected.

Time Counts of 3*Na Subtracted
(msec) over background background
8 24+10
11 13+9 356
13 35+9
16 21+8.5 25+5
18 27+8
21 2748 164
23 8+8 74
26 6+8 27+5
28 15+9
31 6+8.5 346
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first three pairs of peaks. Adding them channel
by channel [Fig. 1(b)], two peaks of *Na are
found with 86+ 15 and 61+ 15 counts, respectively,
after a background of 76+ 9 has been substracted.
This grouping thus establishes the particle stabil-
ity of ®Na even though the statistics on the six
individual peaks is not adequate to deduce pre-
cise information on the half-life. The stability

of 3Na was indeed expected because of the exis-
tence of 32Na and the extra stability due to the
neutron pairing energy.

Following the same procedure as for *Na, the
isotopes #*K, *°K, and %K were found. However,
their half-lives were not short compared with
the diffusion time, and hence could not be deter-
mined. We also observed the new neutron-rich
isotopes 2?'Fr and 22®Fr produced in the spall-
ation of the uranium target.

The cross sections for formation of all the so-
dium and potassium isotopes in this high-energy
reaction are shown in Fig. 2. The error bars on
33Na represent the two extreme values for the
half-life of %Na (5 and 35 msec) that could be
compatible with the least-squares fit to our data.
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FIG. 2. Cross section for production of isotopes of
sodium and potassium in the reaction of 24-GeV protons
on uranium. Notice the abrupt decreases between 31Na
and 3?Na, and YK and #K, after the closure of the N =20
and 28 shells, respectively.
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It can be seen that the cross sections show a
more or less regular decrease of a constant fac-
tor until 3'Na, closing the N=20 neutron shell,
and YK, closing the N =28 neutron shell.

The decreases at 3Na-%Na and “K-*K are,
respectively, factors of 3.5 and 5 greater than
the average decreases. These dramatic breaks
seem to be associated with shell effects, and one
can expect that the continued decrease in cross
sections for other isotopes in the same shells
will be moderate. This conclusion is not sub-
stantially affected by the uncertainties in the
half-life of 3Na and gives strong support to the
experimental possibility of detecting by the same
technique nuclei that are still richer in neutrons.

According to Garvey et al.,*® extremely neu-
tron-rich isotopes are predicted to be bound with
regard to one- and two-neutron decay. In partic-
ular, the Na isotopes with 20 < N <28 are pre-
dicted to be bound if N is even, and marginally
unbound (by about 200 keV) if N is odd. Our re-
sults indicate the probable existence of many
such isotopes which are yet to be found in the
same neutron shell. There is even more evi-
dence that nuclei may be slightly more bound
than Garvey ef al. predict, because %2Na (as
indeed 'Li, “B, and !°C) has been found experi-
mentally bound when predicted marginally un-
bound. It would be interesting to check on the
stability of %Na and *Na to confirm this point.

We acknowledge the excellent contribution of
R. Fergeau, M. Jacotin, and J. F. Kepinski who
built the mass spectrometer and their able as-
sistance during the strenuous experiment at
CERN. We thank G. Le Scornet for preparing
the targets and assistance in data processing.
We are grateful to Alan Ball and all the people
from the CERN TC(L) (heavy-liquid bubble cham-
ber) group led by A. Rousset, whose help was
essential in installing the experiment and main-
taining the complex proton beam transport.
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Giant Resonances in the High-Energy Inelastic Scattering Continuum®*

M. B. Lewis
Oak Ridge National Labovatory, Oak Ridge, Tennessee 37830
(Received 25 September 1972)

The details of the structure previously observed in the high-energy proton-scattering
continuum are inspected for collective multipole contributions. Evidence is shown that
in the E*~10~25-MeV excitation region of the ¥Ca continuum, at least dipole, quadru-
pole, and octupole excitations contribute to the structure of the cross section [0(8,E*)].
While the dipole and quadrupole strengths exhaust most of their corresponding sum rules,
the octupole component does not. The possible nature of the less structured component

at this continuum region is discussed.

In a series of inelastic proton-scattering exper-
iments performed several years ago by Tyren
and Maris,' the excitation region encompassing
the giant dipole state was studied for several
light- and medium-weight nuclei. With a bom-
barding energy of £,=185 MeV, the authors ob-
served structure in this continuum region which
they interpreted as excitation of the giant dipole
state. Recently, however, Lewis and Bertrand?®
have shown that structure in the giant resonance
region can also be seen in the continuum of pro-
ton scattering at £,=62 and 66 MeV. But the ex-
citation energy (in both the 185- and 60-MeV mea-
surements) and strength (for £,=62 MeV) are in-
compatible with a dipole state and a quadrupole
interpretation is suggested. Furthermore Satch-
ler® has shown that the angular distribution for
the whole enhanced region of the continuum is
most compatible with an isovector dipole +iso-
scalar quadrupole interpretation, in which the
sum rules for both are essentially exhausted.

It is the purpose of this communication to show
that the detailed shape of the continuum structure
or scattering cross section [o(G,E*)] reveals the
presence of at least three multipoles or reso-
nance states which contribute to the collective
strength in the continuum.

Data points from Ref. 1 were extracted* and

reduced by subtraction of the underlying (slowly
energy varying) background. Examples corre-
sponding to the giant dipole region of “°Ca and
'V are shown in Fig. 1. Observation of a few
angles shows that marked variations in the ener-
gy center occur as a function of angle. In par-
ticular the energy centroid of the composite reso-
nance lies at a lower excitation energy for the
larger scattering angles. It should be noted that
this trend is opposite to that expected from the
possible influence of quasifree scattering.

In order to unfold the composite resonance into
specific resonance states, it was assumed that
the giant dipole state is indeed excited and con-
tributes to the spectral shape. The position of
the dipole state is taken from the (y,n) system-
atics® and the shape is a Lorentz curve with a
total width I'=4 MeV. In all cases the dipole is
seen to contribute to only the highest excitation
region of the composite resonance as illustrated
in Fig. 1. Assuming that the remaining strength
could be composed of additional resonances with
I's 4 MeV, at least two more resonances (if I'
=4 MeV) were found to be necessary to explain
the angle dependence of the spectral shapes. The
strongest component resonance occurs about 2-3
MeV below the dipole resonance. This explains
why the resonance energies reported by Tyren
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