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reproduced the experimental angular distribu-
tions. The pattern of small oscillations super-
imposed on large oscillations suggests passage
of the projectile through the nuclear surface re-
gion without strong absorption. The fine oscilla-
tions are produced by interference between sur-
face-penetrating orbits and grazing orbits on the
far side of the nucleus. There is no experimen-
tal evidence yet for the existence of the small
oscillations, but the narrow forward peak ap-
pears to be authentic. Although inclusion of re-
coil could alter these fits, it would not be expect-
ed to change the prime conclusions to be drawn
from the study on two-neutron transfer® and the
present paper on single-proton transfer: Ab-
sorption of heavy ions in the nuclear interior ap-
pears to be weaker than has been previously rec-
ognized. In addition this work demonstrates that
weak absorption leads to dependence of angular
distributions on form factor shapes, i.e., on
transferred L.

Added note.—Recent DWBA calculations which
include recoil effects (A. J. Baltz and S. Kahana,
to be published) yield angular distributions for
the “normal” L transfers (L =j +3) largely un-
changed in shape and slightly stronger than those
shown above. Non-normal transfers possible for
our cases possess L=j — 3 and therefore contri-
bute weakly (~few percent in magnitude) to the
cross sections. Hence DWBA predictions for

this reaction obtained in a no-recoil approxima-
tion are changed little when recoil effects are
included.

In an ongoing experiment, additional data for
the **Sc ground state were taken with a counter
telescope in the conventional manner and have
been added to Fig. 3. These data give additional
evidence of the forward peak for L =4,
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Short-Lived o Emitters of Thorium: New Isotopes 2!8-220Th
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The a-decay energies and half-lives of three new thorium isotopes, *'8722%Th, have
been measured by a simple recoil technique. The observed a-decay widths are in quali-
tative agreement with Mang’s shell-model theory.

The sudden decrease of a-decay reduced widths
in translead elements with neutron numbers N
<128 has been known for more than a decade.!
Initially interpreted as an indication of a sudden
change in the nuclear radii, the data have since
found a more natural explanation by considering
the shell structure of parent and daughter nuclei.?
For daughter nuclei near the neutron shell clo-
sure at N=126, the extra binding implies corre-
spondingly short half-lives in the submillisecond
region. The majority of nuclei near N=128 have

so far been studied by the helium-jet transport
technique®~® which is useful for parent half-lives
in excess of 1 msec. The short-lived nuclei of in-
terest have been observed as members of a decay
chain starting from sufficiently long-lived parent
nuclei. More recently, a measurement has been
reported” making use of the pulsed beam from a
heavy-ion cyclotron. The present Letter presents
measurements of a-decay energies and half-lives
of 217°220Th  go far the most proton-rich nuclei
near N=128. The experiment was performed
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with a variable-rate, fast beam-pulsing system
on the MP tandem accelerator and used a sensi-
tive recoil technique which should allow studies
of more neutron-deficient nuclei in this mass re-
gion.

The thorium isotopes were produced by the (O,
3n) and (*°0, 4n) reactions on enriched targets of
204,206-208p)y hy using pulsed %0 beams from the
upgraded Chalk River MP tandem accelerator.
The beam-pulsing system,® located between the
injector and the low-energy end of the accelera-
tor, was used in two modes. For the study of
submicrosecond isotopes an electrostatic deflec-
tor and a two-gap buncher provided 5-nsec-wide
beam pulses on target, with a pulse spacing of
400 nsec. Longer-lived isotopes were observed
by using only the deflector to produce pulse widths
in excess of 0.5 usec with adjustable repetition
rate. Reaction products recoiling out of the tar-
get were collimated to +5° and stopped in a 0.4-
mg/cm?-thick catcher foil of carbon selected for
low in-beam background. The arrangement is
shown schematically in Fig, 1(a). « particles
from the catcher foil were observed between
beam bursts in a 100- um -thick annular surface-
barrier detector shieided from charged particles
coming directly from the target. A transverse
magnetic field of ~1 kG was applied between
catcher foil and detector to reduce background
from low-energy electrons. With the present ar-
rangement most of the recoils from the (*0,xn)
reactions are collected, while background from
spontaneous fission and a activities from heavy-
ion transfer reactions are strongly suppressed.
This feature is of importance because the fission
cross section alone? is about 2 orders of magni-
tude larger than the cross sections of interest.

a activities were assigned on the basis of exci-
tation functions and parent-daughter relationships.
As an example a delayed a-particle spectrum fol-
lowing bombardment of a 0.6-mg/cm?-thick 2°°Pb
target with 91-MeV 'O is shown in Fig. 1(c). The
a groups from the new isotopes 2®Th and 2'Th
have intensities roughly equal to groups from
their known daughters 2Ra and 2'Ra. The as-
signments are further confirmed by the yield
curves [Fig. 1(b)] whose maxima occur at bom-
barding energies expected for (*¥0, 3n) and (*¢O,
4n) reactions. Figure 2(a) shows a time spectrum
for the 9.34-MeV « group from 2°Th correspond-
ing to a half-life 7',,,=1.05+0.03 usec for this
isotope.

The results on a-decay energies, @, values (in-
cluding recoil and screening corrections) and half-
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FIG. 1. (a) Experimental arrangement. (b) Excita-

tion functions for the production of 218 21Th using the
reactions 206Pb(160, 3n) and *°pPb(1€0, 4n). The units are
approximately millibarns. (c) Delayed a-particle spec-
trum from bombardment of a **’Ph target with 91- MeV
180, The energy resolution is about 100 keV, and the &
energies given are corrected for energy loss.

lives of 217"218Th are summarized in Table I. The
data are from the present work with the exception
of the alpha-decay energy of 2Th which was giv-
en previously.® The a energies were determined
using thin sources of ?*!Am and 2'?Bi as energy
standards and after correcting for energy loss in
the catcher foil. The @, values of the new iso-
topes agree well with the mass predictions of
Wapstra and Gove.'® The a energies of groups
from Ra and Rn daughters were in excellent
agreement with previous work except for #'°Ra,
where our E,=9.34+0.02 MeV is slightly larger
than previously quoted values.”*!!

From the experimental decay widths I'y, re-
duced widths y,? were calculated using the rela-
tion vy, 2=TIy/2P,, where P, is the penetrability
of an o particle with angular momentum L facing
a Coulomb potential at an assumed radius R
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FIG. 2. (a) Decay curve of the 9.34-MeV @ group
from 21%Th observed using a time-calibrated time-to-
amplitude converter. (b) Reduced c-decay widths >
for known o emitters of thorium. Theoretical widths
calculated from Ref. 2 are given separately for even
(solid lines) and odd (dashed lines) nuclei. Experimen-
tal values for even (open circles) and odd (open trian-
gles) nuclei were extracted as explained in the text.
Data in parenthesis are uncertain because of unknown
spins and the existence of several decay branches.

=1.57AY% fm, The reduced widths y,2 are com-
pared in Table I with calculations based on the
shell-model theory of Mang.? Unique configura-
tions of 1k, ,"1(m)2g,,,Y2(v) and spins of 0* or

2* were assumed for parent and daughter nuclei
with N> 126. For isotopes with N <126 the 3p,/,
and 2f;,, neutron orbitals were assumed to con-
tribute to the @ decay. The comparison is ex-
tended in Fig. 2(b) to all known o emitters of
thorium. Some of the experimental values above
221Th are shown in brackets because several
branches with similar a-decay energies exist,
and spin values are unknown for both parent and
daughter nuclei. Furthermore, the assumption of
pure configurations should be less reliable for
these nuclei. The theory reproduces well the
sharp drop of ¥, 2 below N =128 and the pronounced
odd-even effect above N=128. The agreement
near N=128 is impressive considering the simpli-
fying assumptions of the theory, and lends support
to the spin values and configurations assumed for
the ground states of these isotopes.
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TABLE I. o decay of 2177220Th,

a energy Q « (expt) Q o (predicted)? L value vy 2expt)® v l(theory)®
Isotope (MeV) (MeV) (MeV) T4/ q(expt) assumed (keV) (keV)
Alrh 9.25+0.02  9.46%0.02 9.42 2527  Usec 5 0.098 0.44
28y 9.68+0.02  9.90%0.,02 9.90 1228  nsec 0 2.24 2.00
A9y 9.84+0.02 9.55=0.02 9.40 1.05+0.03 psec 0 1.44 (1.44)
20Th 8.79+0.02  8.99%0.02 9.00 9.7 £0.6 usec 0 3.23 2.56
4Ref. 10.

YDerived from the experimental half-lives by assuming branching ratios of 100%. The quoted 'yLz are about a fac-
tor of 70 smaller than the reduced widths 6,2 tabulated by Rasmussen (Ref. 1),

CRelative reduced widths calculated from Ref, 2 using pure shell-model configurations for parent and daughter
nuclei. The calculated reduced widths were normalized to the experimental reduced width for 2197y,

325



VoLUME 31, NUMBER 5

PHYSICAL REVIEW LETTERS

30 Jury 1973

80. Hausser, J. S. Geiger, W. G. Davies, M. A. Lone,
and J. C. D. Milton, Atomic Energy of Canada Limited,
Chalk River Nuclear Laboratories, Report No, CRNL-
754, 1972 (unpublished).

9T, Sikkeland, Phys. Rev. 135, B669 (1964).

04, H, Wapstra and N, B, Gove, Nucl, Data, Sect. A
9, 267, 303, 357 (1971),

HR, D. Griffioen and R. D. MacFarlane, Lawrence Ra-
diation Laboratory Report No, UCRL~10023, 1961 (un-
published).

Null Search for Bursts of Gravitational Radiation
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A calibrated detector of kilohertz-band gravitational radiation has been built which has
sufficiently improved sensitivity over Weber’s apparatus to allow comparison with his
two-detector coincidence results. No events were observed by us at 710 Hz during a re-
cent three-month period of observation. Weber’s data at 1661 and 1030 Hz would imply
that we should have seen more than 400 events. During these observations, our sensi-
tivity to gravitational bursts was many times that of Weber during 1969—1970. Absolute

limiting flux values are given.

Large bursts of kilohertz-band gravitational ra-
diation have been reported by Weber.!"® The
most significant features of Weber’s observations
and analysis are his claims of (1) excess coinci-
dences (above chance due to noise) in a two-detec-
tor system and (2) a sidereal correlation of these
coincidence events. Estimates*?'S of Weber’s de-
tection sensitivity to gravitational radiation im-
ply mass loss rates of (10°-=10%mg/yr for our
galactic nucleus, if the source is there. Ques-
tions regarding Weber’s sensitivity claims have
been raised by others.’”” We examine here only
the implications of claim (1). Sufficiently large
bursts should produce unmistakable output on a
single, large detector of adequate sensitivity. A
two-detector experiment is not necessary if local
interference is small. Although Weber’s detec-
tors are not calibrated directly, existing data on
his system provide some yardstick for compari-
son of our independent results. In this Letter we
examine Weber’s limiting noise using published
data,3'® report our observations, and compare our
flux limit with our estimate of Weber’s minimum
detectable flux.

It is necessary to perform the classic Weber
two-detector coincidence experiment in order to
verify the claimed flux of gravitational radiation
(GR); occasional signals in a one-detector sys-
tem might come from some local source of inter-
ference. However, given this claimed observa-
tion of GR above a certain flux level, a more sen-
sitive single-detector null result is sufficient to
disprove the claim.,
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For the mechanically resonant aluminum bar
(one-dimensional oscillator) detectors discussed
here, the energy of oscillation varies slowly, ex-
cept during shock excitation. Per mode, the res-
onant bar has an rms thermal potential or Kinetic
energy (Brownian motion) of $#7. A sudden in-
crease in this energy due to a burst of gravita-
tional radiation can be distinguished from Brown-
ian motion. For two detectors in coincidence,
this ultimate energy resolution depends on the
type of signal processing and extra noise present.
In nuclear counting, the signal-to-noise ratio (S/
N) is greatly improved by using two detectors in
coincidence because the “noise” pulses are brief
compared to the time between pulses. However
the detection systems discussed here are limited
(see below) by wide-band white noise, and a two-
detector coincidence system gains no more than
a factor of 2 in S/N over one detector. More ex-
actly, a two-detector coincidence system is not
more than twice as sensitive than one detector if
the signal is less than the limiting Brownian-mo-
tion and preamplifier noises. However, a two-
detector system does offer immunity from occa-
sional local interference. Finally, in a null-
check experiment of this kind, we must be care-
ful to address the questions of detector frequency,
threshold sensitivity, and signal signature as-
sumed in the data analysis.

In maximizing the sensitivity of a detector sys-
tem to gravitational radiation, we must optimize
several parameters.® The transducer has capaci-
tance C,. We define 8 as that fraction of the



