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3351 has been produced via the 80 +180—338i + 2p +# reaction using 23—-40-MeV 80 ions.
Identification is made from the observed y rays of 1431.3+ 0.5, 1847.69+ 0.25, and 2538+ 2
keV which agree with the first three excited states of ¥*P. By means of the reaction 31 P(t, p)-
33p, v rays from the first two excited states of ¥P have been measured as 1431.4+ 0.3 and
1847.60+ 0.15 keV. The three 3381 y rays decay together and a value of Ty,,=6.3+ 0.3 sec is
obtained from the 1848-keV line. Relative y intensities correspond to 33Si 8 branches to the
1431-, 1848-, and 2539-keV states of 3P in the ratios 0.06+0.06 :1:0.10%0.02. No informa-
tion was obtained on a possible 3si ground-state g branch. The results are consistent with
the expected mass and spin-parity (J" =%+) of the 33si ground state.

I. INTRODUCTION

Predictions of the nucleon stability of many high-
ly neutron-rich isotopes in the light nuclei have
been made by Garvey et al.! It is an exciting and
challenging goal for the experimentalist to produce
these isotopes and to measure their masses, life-
times, and decay properties.

Artukh et al.? have reported cross sections for
making many neutron-rich nuclei with Z <10, via
studying multinucleon-transfer reactions occurring
with a beam of 137-MeV !0 ions on very heavy
targets. The same group has also bombarded 2%2Th
targets with 290-MeV “°Ar ions, and has recently
reported® the existence of 17 new isotopes with Z
between 12 and 17. In particular, they were able
to report that *Si has a lifetime longer than 10~7
sec, which was the time of flight of product nuclei
from their target to a AE-E telescope. To date
this is the only experimental information known to
us concerning 33Si.

The present work describes the first known mea-
surements of the decay properties of *Si. In at-
tempting to make more refined measurements on
the y-ray spectrum following the g8 decay of 2°0
as produced in the reaction '*0(*®Q, !%0)?°0, y rays
were seen which could not be attributed to the de-
cay of any known nucleus. We show in this work
that these y rays are due to 38i, produced by the
reaction *0(**0, 2 pn)*3Si. This result shows that
heavy -ion compound reactions, as well as trans-
fer reactions,® may be a fruitful method of studying
neutron-rich nuclei in the 2s-1d shell.

II. APPARATUS AND PROCEDURES

180 jons used in this work were provided by the
second accelerator of the Brookhaven National
Laboratory tandem Van de Graaff facility. Beam
currents used were typically about 0.2 uA (elec-
trical) of the 5* charge state. This value was set
by counting-rate considerations.
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The '%0 targets were made by heating 0.03-mm-
thick Ta metal sheets in an environment of oxygen
enriched to 99.3% in '®0. By weighing the sheets
before and after oxidation, target thicknesses
could be determined to about 30% and were typi-

cally 630 pg/cm? thick on each side of the tantalum.

This represents an energy loss of about 4 MeV for
40-MeV 20 ions. Targets of natural oxygen were
made in the same way for use in background runs.

In order to eliminate neutron damage to the
Ge-Li y-ray detector and activities induced in
apparatus near the target, the delayed y rays from
the 80 + 80 reaction were counted in an adjacent
target room. The targets were cut into plates 1.5
cm square and clamped into “rabbits” made of
Delrin (acetal resins). This material is excellent
for rabbits because of its light weight, machinabil-
ity, and because it is free of nitrogen, a common
source of y-ray background. The target was irra-
diated in vacuo in one room, the beam was inter-
cepted, and then the target was transferred with
a stream of helium through a 1.3-m-thick concrete
shielding wall into the counting room. The irradi-
ation was done in vacuo to avoid the use of en-
trance foils, which are easily destroyed by the
beam and cause radioactive recoil atoms to be
collected by the target and contaminate the y-ray
spectrum. A solenoid valve isolated the vacuum
lines of the accelerator during the transfer time.
Following the transfer of the rabbit back from the
counting room to the irradiation room, the sole-
noid valve was opened again to pass the beam af-
ter a brief pumpdown time. The pumping time was
utilized also to allow the activity of 2°0, which has
a 13.6-sec half-life,* to diminish to a negligible
value before the beginning of the next cycle.

The delayed y rays were detected by a 50-cm?
Ge-Li detector separated from the counting posi-
tion of the rabbit by 8.5 mm of graphite and 3 mm
of Pb. The vacuum of the rabbit transfer tubing at
the counting position was separated from the room
atmosphere by a 0.25-mm-thick Be window used
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to minimize B bremsstrahlung. After waiting
typically 0.5 half-lives from the end of the irra-
diation period for short-lived activities to de-
crease, delayed y rays were counted and routed
into either halves or quarters of a 4096 -channel
pulse-height analyzer.

Timing for operating the valves and the beam
chopper in the rabbit system and for the routing
into sections of the analyzer memory was provided
by a 10-channel crystal-controlled programmer.*?
This digital timer consists of two scalers for each
of the 10 devices it can control, and a frequency
divider for reducing the frequency of a 10-kHz
oscillator with an accuracy of one part in 10° to
a basic clock frequency. By means of a front-
panel pin-board configuration, 10 independent time
intervals for driving external devices can be set.
Accuracies of one part in 10* were typical for the
time intervals used in this work. A typical time
sequence for one complete irradiate-count cycle
is shown in Table I. Many different timing se-
quences were used during this work.

III. RESULTS

Initial spectra, taken using '°0 ions at 30-MeV
incident lab energy and with a timing cycle appro-.
priate for 2°0 decay, showed the presence of a v
ray near 1848 keV with a half-life shorter than
13 sec. Mak, Spinka, and Winkler,* in their study
of 80(*®0, 1%0)?°0 at 26 MeV, reported seeing an
unidentified y ray near this energy which decayed
faster than the 2°0 lines. Both their spectra and
ours contained many y rays due to compound and
transfer reactions on !%0 and 2C in the targets.
However, all of the lines in our initial spectra
were positively identified as belonging to known
activities except the one near 1848 keV. This is
probably the same y ray as one of the two un-
identified lines reported by Mak, Spinka, and
Winkler.? Runs on natural oxygen targets and both
thin and thick carbon targets did not reveal this
v ray.

TABLE I. A typical timing sequence, suitable for a 6-sec activity.

Function Start time (sec) Stop time (sec)
Pumpdown 0.0 37.5
Open beam valve 30.0 37.0
Irradiate target 30.5 36.5
Transfer target 37.5 39.5
Count in first quarter 39.6 45.5
Count in second quarter 45.5 51.5
Count in third quarter 51.5 57.5
Count in fourth quarter 57.5 63.5
Transfer target 63.6 65.6

Reset to zero

65.7
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In order to increase the yield of this line, the
beam energy was raised to 40 MeV and spectra
were routed into four quarters of the analyzer in
6.8-sec intervals. The net yield of the 1848-keV
v ray, corrected for dead time (2%), is shown for
each time period in Fig. 1. This gave a prelimi-
nary result of 6.4+ 0.5 sec for the half-life of
this line.

The timing cycle was then reset to maximize
the yield of the 6.4-sec activity in the presence
of the 13.6-sec 2°0 activity. In particular, the ir-
radiate time was shortened from 14 to 6.4 sec.
Weak sources of “°K(1460.75+ 0.06 keV °) and
88y (1836.13 + 0.04 keV °) were situated near the
Ge-Li counter to calibrate the energy scale simul-
taneously with the counting of the new activity.
Part of the spectrum from the first timing period
is shown in Fig. 2. In addition to the 1848-keV
line, 1431- and 2538-keV lines of about the same
half-life were observed. Another run at 40 MeV
with much higher dispersion (663 eV/channel) was
taken to determine more precisely the energies of
these three lines, and part of this spectrum is
shown in Fig. 3. After considering effects due to
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FIG. 1. The yield of the 1848-keV vy ray in each of the
four time bins.
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the nonlinearity of the system, statistics, and
slight gain differences between the first and sec-
ond counting periods (only partially compensated
for by the ®®Y calibration), the energy of this line
was determined to be 1847.69+0.25 keV. Two
methods were used to determine the energy of the
1848-keV line. Although the peaks are slightly
asymmetric, a least-squares fit using Gaussians
and an estimate of the centroid positions shown in
Fig. 3 gave results which agreed well within the
0.25-keV quoted uncertainty. Spectra similar to
Fig. 3 determined the energies of the other two
lines as 1431.3+0.5 and 2538 +2 keV. No other
unidentified y rays below 5 MeV were seen in
these spectra.

The half-lives of the three lines were determined
by averaging the results of the low- and high-dis-
persion runs at 40 MeV, and Fig. 4 shows the re-
sults for the three lines at all measured beam en-
ergies. A value of 6.3+0.3 sec is adopted from
several runs on the 1848-keV line at 40 MeV,
after correction for dead time as measured by the
8%y yield in each time bin.

By averaging several runs, the 1431-, 1848-,
and 2538-keV y-ray intensities were determined
to occur in the ratios 0.16+0.05:1:0.10+0.02.
Table II shows the production cross section for
the 1848-keV y ray at three energies.

IV. IDENTIFICATION OF THE
DAUGHTER NUCLEUS

A search of the recent literature revealed a very
likely candidate for the nucleus in which these y-
ray transitions occur: 3*P. Measurements by
Harris, Nagatani, and Olness® and others” had in-
dicated that the energies of the first three excited
levels of ¥*P were at 1432+ 3, 1848+ 3, and 2540
+3 keV, respectively. In order to decrease the
uncertainties in the energies of the first two ex-
cited states, a Zn,P, target 500 ug/cm?® thick on
a thick Ta backing was bombarded with 3.0-MeV
tritons from the 3.5-MeV Van de Graaff to pro-
duce these y rays via the reaction 3'P(¢, p)*3P.

The same Ge-Li counter as that used in the 20
+%0 work was placed at 90° to the triton beam,
and *K and ®®Y calibration sources were counted
simultaneously with the y rays from 3¥P. Because
of the relatively long lifetimes® of the first two
excited states of P, the y-ray lines in the (¢, )
reaction had essentially the instrumental line
shape and the errors due to the setting of the 90°
detector angle were negligible. Runs at two dif-
ferent gains were taken, and spectra very similar
to that shown in Fig. 3 were obtained. In this way
the energies of the y rays from the first two exci-
cited states in **P were determined to be 1431.4
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FIG. 2. Part of the delayed y-ray spectrum obtained with a 6.4-sec irradiation time. The numbers above the peaks
are energies in keV and the parent nucleus is indicated under each peak.

+0.3 and 1847.60+0.15 keV. The results of these
measurements and those of the *0 +!%0 work are
summarized in Table IOI. The fact that no known
nucleus with a half-life near 6 sec emits y rays
of these energies and the close correspondence
between the energies seen in Table III definitely
establishes the daughter nucleus as **P. Averag-
ing the present and previous results, we adopt
an energy value of 2539+ 2 keV for the third ex-
cited state of *¥*Pp.

V. IDENTIFICATION OF THE
PARENT NUCLEUS

The question arises as to which parent nucleus
is responsible for the 6.3-sec half-life. Since the
1848-keV line is not made by bombarding targets
of natural oxygen on tantalum or carbon on tanta-
lum, it is unlikely that the target responsible is
heavier than 0. The compound nucleus for

TABLE II. The measured cross section, integrated
over a 630 + 200-ug/cm?-thick 180 target, for the pro-
duction of the delayed 1848-keV vy ray at three 180 beam
energies.

Production cross section Target
180 beam energy for 1848-keV y ray thickness
(MeV) (pb) (MeV)
23 147 5.7
30 113+ 57 5.1
40 510 +200 4.2

180 + 180 is 3%S, and contaminants much heavier
than 0 would make it very unlikely to produce
delayed y rays in 3*P. Also, no activity was seen
arising from any parent nucleus heavier than
mass 34. There are thus only five possibilities
for the parent: %P, %8i, *si, %Al, or an isomer
of 3°p.

A. Isomer of ¥P

The y-ray branching of the low excited states in
33Pp is shown in Fig. 5, as reported by Harris,
Nagatani, and Olness.® Although there are no
known very high-spin states in P, it is always
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FIG. 3. Part of the high-dispersion run, showing the
energy calibration of the 1847.7-keV line. The vertical
lines show the channel numbers used to compute the en-
ergies.
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FIG. 4. The measured half-lives for the three new y
rays at different beam energies. At 23 MeV the half-
life of the 1848-keV 7y ray was only determined as being
less than 10 sec.

possible that heavy-ion reactions such as **0Q + 120,
which can carry many units of angular momentum
into the compound nucleus, could populate a very
high-spin isomer, which is unknown because it
cannot be populated by ordinary reactions such as
‘“P(t,p)“P,

Since the yield of the 1848-keV line is 10 times
that of the 2539-keV line, the hypothetical isomer
in 3*P would have to decay to both the 2539- and
1848-keV levels. If the isomer were the parent,
the y ray from the isomer to the 1848-keV level
would appear above 690 keV in the observed y-ray
spectra. Including effects of attenuation and effi-
ciency, the observed spectra show no y ray of
sufficient intensity above 500 keV. Thus we ex-
clude this possibility.
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FIG. 5. Part of the mass-33 level scheme. The mass
of 38i is the estimate of Ref. 1. The y-ray branching
ratios in 3P are from Ref. 6. Small recoil terms for
the energies of the first two excited **P levels have been
included.

B. Al *si, and P

Using the masses of Garvey et al.,! the threshold
lab energy for making %Al is 24.4 MeV, yet the
1848-keV line is observed as low as 23 MeV. The
recent compilation by Cerny® shows that these
mass estimates are usually within 150 keV of the
measured masses in this region. Even if the mass
estimate were in error by a few MeV, the reaction
180(*80, 3p)*Al would still have a cross section un-
observably low at 23 MeV in the present experi-
ment. Also, the expected half-life of 33Al is of the
order of 50 msec for a slightly retarded but al-
lowed Gamow-Teller decay. These two arguments
exclude the possibility that the 6.3-sec activity is
33A1, followed by sequential B8 decays through 33Si
to 3P,

The reaction *0(**0, 2p)**si, followed by g decay
to an excited state in 3P ~33P* 15, is excluded be-
cause the mass estimate for 3‘Si would have to be
in error by 6 MeV for it to be a delayed neutron
emitter to the 2539-keV level in ¥P. Similarly,

TABLE IIl. The results of y-ray energies seen by previous and present 3!P(¢, )P work and delayed y-ray energies

from 180 +180,

31P(t,p)33p 31p(t’p)33p 180+130 delayed y rays
Previous results Present results Present results
(keV) (keV) (keV)
1432+32 14314 +0.3 1431.3 0.5
1848 +32 1847.60 +0.15 1847.69+0.25
2540 +3b 2538 x2¢

2 Reference 6.

b Mean of the values 2538 +4 keV from Ref. 6 and 2542+ 3 keV from the summary of previous work given in Ref. 7.
¢ From columns 1 and 3 a mean value of 2539+ 2 keV is adopted for the third excited state of 33P.
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the reaction '20(*%0, p)*P(8~)*°S* —~ 33P* +d is ex-
cluded because the mass estimate for 3P would
have to be in error by 13 MeV.

c. Bsi

The remaining possibility for the parent is 338i,
produced by '®0(*®0, 2pn)**Si, as shown in Fig. 5.
The numbers for the proposed 8 branches are de-
rived from the observed intensities and the re-
ported® y-ray branching in **P. More than half of
the 1431-keV y rays seen in this work are due to
the (8+3)% branch® to this state from the 1848-keV
level.

The ground-state B-branching strength is un-
known, and is dashed in Fig. 5, but using the mass
for 33Si shown in this figure, the values of log ft
to the 2539-, 1848-, and 1431-keV states are
greater than 4.4, 4.0, and 5, respectively. These

6.3-sec 338i 1257
values are consistent with allowed Gamow-Teller
B decays from the ground state of 338i (expected
spin-parity J* =£") to the first three excited states
of 3¥P. The presence of the numerous other activi-
ties in the target precluded any attempts to mea-
sure the 38i 8 branching to the ground state of 3P,
33Si could also be made by the reaction "0O-
(**0, 2p)*3si, but the targets used contained only
0.14% '"0. From the runs on natural oxygen tar-
gets (0.037% 1"0) at 40 MeV, less than 15% of the
1848-keV y rays are made by %0 +170.

VI. SUMMARY

Delayed transitions in %P have been identified
from the 80 +!80 reaction, and these are almost
certainly due to the 6.3-sec 33Si nucleus. It is ex-
pected that heavy-ion compound reactions will re-
veal more neutron-rich isotopes in the future.

TWork performed under the auspices of the U. S. Atom-
ic Energy Commission.
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Excitation functions have been measured at laboratory angles of 60, 80, and 120° in 50—-100-
keV steps for proton scattering from the 0%, 2", and 4" members of the ground-state rotation-
al band in 2!Si. Prominent structure of width 300 keV is seen in both the 2* and 4* cross sec-~
tions at all three angles and throughout the entire energy range from 16 to 18.2 MeV. At 60°,
there is a 30% change in the 2* and 4* cross sections over the resonance at 17.7 MeV. The
presence of this structure makes very dubious the quadrupole and hexadecapole deformations
extracted from direct-reaction analyses of proton scattering below 18 MeV,

I. INTRODUCTION

Several scattering experiments have indicated
that 2°Si possesses a hexadecapole deformation,

but the values obtained from high-energy a-parti-
cle and electron inelastic scattering experiments
are a factor of 3 smaller than the values derived
from low-energy proton scattering. The value ob-



