
VOLUME $ I, %UMBER $ PHY SISAL RK VIE%" LETTERS 30 JULv 1973

Possible L-Dependent Angular Distributions in the Reaction sCa(' N, '3C)~9Sc y
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The reaction 48Ca(» N, »~C) ~Sc has been investigated at 50 MeV using a magnetic spec-
trometer. Angular distributions were extracted for 16 levels below 5,8 MeV excitation.
The relative yields of levels were found to be similar to ( He, d). The ground-state angu-
lar distribution (transferred L =4) peaked at the most forward angle observed (9' c.m. ),
but the yields of other strong levels (L- 2) did not. This apparent L-dependence was re-
produced by no-recoil distorted-wave Born-approximation calculations using weakly ab-
sorbing potentials.

The angular distributions obtained in transfer
reactions induced by heavy ions not far above the
Coulomb barrier have been characterized as aris-
ing from simple semiclassical considerations.
The common assertions are that the trajectories
are governed by Coulomb forces and that the nu-
clear potential is very absorptive for close en-
counters of the projectile and target nucleus. In
this picture large-angle scattering and reactions
are sharply reduced because of the absorptive in-
teraction at short distances. Likewise, forward-
angle reactions are unlikely because the nuclear
potential is small on the distant Coulomb trajec-
tory. The resultant angular distribution is inde-
pendent of transferred L and is more or less bell
shaped, peaking at an angle corresponding to a
grazing collision and falling rapidly at larger and
smaller angles. A recent study of the (' 0, "0)
two-neutron transfer reaction on the even Ni iso-
topes' has given evidence that these simple argu-
ments are not always applicable: The measured
angular distributions continue to rise at small
angles for some isotopes. A simple interpreta-
tion of these results is that the absorptive poten-
tial may not be so strong as hypothesized, and
hence the attractive real potential can deflect the
projectiles from Coulomb trajectories to a more
forward direction. In this paper we report on the
single-particle transfer reaction "Ca("N, "C)"Sc,
in which are seen deviations at forward angles
from the normal bell-shaped angular distribu-
tions. Distorted-wave Born-approximation
(DWBA) calculations using weakly absorbing po-
tentials exhibit an L (form factor) dependence for
the detailed forward cross sections and repro-
duce the experimental observations.

The (' N, ' C) experiment was performed using
a 50-MeV "N beam from the Brookhaven National
Laboratory tandem Van de Graaff to bombard a
l3-gg/cm' target enriched to & 97% purity in ~'Ca.

Reaction products were detected by three 50-mm
&& 10-mm silicon position-sensitive detectors in
consecutive focal planes of the Massachusetts
Institute of Technology multigap spectrograph,
now at Brookhaven National Laboratory. Detec-
tor positions on the focal planes were staggered
so that at any magnetic-field setting, each count-
er viewed the same excitation region (of width
=1.2 MeV). The relative solid angles of all mag-
net gaps were carefully measured with Ruther-
ford scattering of 50-MeV ' N from thin tantalum
and gold targets. Angular distributions for "C
in the 6' charge state were taken for the low an-
gles available in the multigap: 72'~ ~~,b~ 372'
in 72' steps. Amplified signals for position times
energy (XE) and energy (E) were digitally divid-
ed and stored in 64(X) x 256(E) channel arrays in
the Z-7 computer.

The magnetic spectrometer was used because
one of the purposes of the experiment was to
search for forward peaking. The advantages of
a spectrometer, crucial to the experiment's suc-
cess, are as follows: "Ca("N, "C) has a posi-
tive ground-state Q value, and separation of par-
ticles by mass-energy product (mE/q') in the
spectrometer eliminated interference of the elas-
tic peak with the @=0 region, as occurs in a
counter telescope. The fine resolution of the
spectrometer (typically -75 keV in this experi-
ment) allowed extraction of angular distributions
for all levels below 5.8 MeV, albeit with some
ambiguity for the closest of them, -80 keV apart.

At each magnetic-field setting, mE/q' is given
by position on the focal plane, and varies slowly
across the length of one detector. Therefore,
after a, detector is calibrated in energy, m/q'
(and hence the identity) of any particle hitting the
detector is well determined. The precision with
which m/q' is determined depends on the energy
resolution of the detector. This totally eliminates

320



VOLUME 31, NUMBER $ PHYSICAL REVIEW LETTERS &0 Juz, v 1975

l00
I I I I I I I

CA
I I I I I I I I I

Z.'

O
lO

OO
lA LA
~ee

Y) CU

N bJ

UJ

Ld

1.0 = ~ e I

& O.OI— ~ ~
I I I I

e w e e e o—emeeeee ooo—
L I I I I I

DlSTANCE ALONG FOCAL PLANE

FIG. 1. Spectrum of Ca{ N, C) Sc at 6)&ab =222 ~ &lab 50 MeV. This spectrum comprises six individual over-
lapping position-sensitive detector spectra, each taken at a slightly different spectrometer field setting. These
have been normalized to each other, leaving the vertical scale arbitrary.

ambiguity between, e.g. , "C and "C, whose m/p'
differ by 8% (for q =6), while the energy resolu-
tion of the detectors is better than l%%uo at these
energies. 99'%%uo of the elastically scattered "N's
were emitted in the two highest charge states in
the angular range observed. Calculations' in-
dicating similar behavior for nearby masses,
along with the highly negative Q values for com-
peting reactions, eliminated any possible confu-
sion between "C and other ions of the same mass
and charge. -79% of the ' N's were emitted in
the highest charge state, in agreement with these
calculations, ' independent of angle. These cal-
culations also predict that 90'%%uo of the reaction
"C's are emitted in the 6' charge state; hence
the observed 6' yield multiplied by 1.11 gives
the yield to all charge states.

Figure 1 shows a composite "C spectrum at
8»-—222, comprising six overlapping individual
counter spectra. Immediately striking is the
range of excitation energy over which strong
states are seen. The classical distance of clos-
est approach is matched for the incoming and out-
going channels (an approximate condition for max-
imum cross section') at Q= —4 MeV, correspond-
ing to E„=6 MeV. Hence below this energy one
expects the level-strength envelope to decrease
with &„. In the analogous reaction ("0,"N),
done at 48 MeV, matching takes place at Q= —8

MeV, just below the ground state, and there lev-
el strengths decrease sharply as E„ increases,
as is expected. In ("N, "C), curiously, there is
little evidence of such a decrease as &„departs
from the optimum value. For this reaction the
"Q window" is broad enough to permit observa-
tion of at least 6 MeV of excitation. Although
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FIG. 2. Comparison of relative yields of levels in
(~ N, ~~C) and (~He, d) (see Ref. 5). For those levels
seen in both reactions, relative strengths generally
match within a factor of 2, except for the ground state,
-4.5 times stronger in (~4N, ~3C) on this scale.

surprising at first glance, this broadness is in
fact predicted by no-recoil DWBA calculations.

The strongest states in the spectrum are those
known to be largely single particle in nature.
[The ground state is wf„,with a ('He, d) spectro-
scopic factor 8= 1.0, and the 3.08-MeV level is
mP, &, with S = 0.68.'] Particle-hole states (of both
parities) are seen weakly. These results strong-
ly reinforce the assumption implicit in use of
DWBA that ("N, "C) is mainly a, direct one-step
process. It is notable that relative yields of lev-
els in ('He, d) and ("N, "C) match very closely
(Fig. 2), despite strength variations over 2 or-
ders of magnitude within each reaction. (' N, "C)
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FIG. B. (a) Angular distributions of Ca(~4N, ~C) to
the ground state (L =4) and 8.08-MeV state (L = 2) of
4~Sc. Multigap data, filled circles; scattering-cham-
ber data (see added note), open circles. Reproduction
of the 8.08-MeV state is representative of other strong
L - 2 states. The factors by which the DWBA calcula-
tions are multiplied to match the data are given in the
figure. (b) Elastic scattering of ~4N and ~~C from 48Ca

at 50 MeV. The former data were taken in the multi-
gap and the latter in a scattering chamber. Solid lines,
fits to elastic data with Woods-Saxon parameters giv-
en in the text.

also weakly excites two known "Sc levels (E„
=3.91 and 3.99 MeV) not seen in ( He, d) at 30
MeV bombarding energy. ' Their appearance in
this experiment may give an indication of the
strength of multistep processes.

DWBA calculations for 'Ca(' N, "C) were car-
ried out using the heavy-ion finite-range code
DRC, ' which makes no recoil correction. Optical
parameters were obtained from fits to measured
elastic scattering of 50-MeV ' N and "C from
~sCa (Fig. 3). There was considerable degener-
acy in parameters which fitted the elastic data.
In particular very little sensitivity to the imag-
inary well depth was found. (Optimum 1t' was ob-
tained by varying cross-section normalizations
within + 5/g, well within the target-thickness un-
certainty. ) A set of parameters for a, Woods-
Saxon well which gave good y' was the following:
real well depth V = 70 MeV; imaginary well depth
8'=10 MeV; diffusivity a =0.5 fm, all in both
channels; and radii R =7.470 and 7.326 fm in the

incoming and outgoing channels, respectively,
for both real and imaginary wells. These absorp-
tive wells are considerably shallower than those
used in most other heavy-ion work, but weak ab-
sorption has been instrumental in reproducing
the general features of the isotope-dependent vari-
ations in Ni("0, "0) angular distributions at this
laboratory. ' In the DWBA calculation the trans-
ferred proton was taken to be bound in "N and
'Sc with the appropriate separation energies in

wells of r, =1.25 fm and a=0.65 fm.
Spectroscopic factors for 'Sc were extracted

using the expression o,„z, = (C'S,)(C'S, )oDR-, where
OUR(- is the prediction of the distorted-wave cal-
culation, and C'S, and C'S, are the spectroscopic
factors for the proton in "N and Sc, respective-
ly. C'S, for the P,&, proton in '4N was taken equal
to 0.688.' Spectroscopic factors for all but one
very weak state agreed with those extracted from
( He, d) ' within 65%, showing that an arbitrary
overall normalization is unnecessary with the
level of absorption used here.

The semiclassical strong-absorption model
predicts a single peak in all angular distributions
at an angle corresponding to grazing collisions.
The five strongest 'Sc levels had such angular
distributions, with one notable exception: The
ground state showed a higher peak at the most
forward angle observed, 9' (c.m. ). If we assume
that the transferred proton is in the P,&, orbit in
"N, and ignore spin-flip and recoil effects, se-
lection rules for ("N, "C) dictate that only the
mf, &, ground state is populated by L =4. If tenta-
tive spin assignments' are correct, the other
four strongest levels would be populated by L «2,
offering the possibility that angular distributions
are influenced by I value as with light ions. An-
gular-distribution shapes calculated by the DWBA
did indeed depend on L for angles forzvard of -15'
(c.m.). Above this angle, L=0, 2, and 4 were
quite similar in general shape, but the most for-
ward peak appeared at 10' for L = 4 and 6' for L
= 2. This result was insensitive to changes in E„
between 0 and 5 MeV. This 4' difference was cru-
cial in reproducing the experimentally seen in-
crease in the ground-state yield and decrease in
the 3.08-MeVP», (and other L ~ 2) yield at the
most forward datum point (9'). Correct predic-
tion of observed forward peaking (or lack there-
of) arose naturally in this case from the weak-
absorption assumption: The prediction was in-
sensitive to changes in W between 6 and 14 MeV,
but the forward peak shrank drastically for W
=25 MeV. Figure 3 shows how the calculations
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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. Kshsna,
to be published) yield angular distributions for
the "normal" L transfers (L =j+ &) largely un-
changed in shape and slightly stronger than those
shown above. Non-normal transfers possible for
our cases possess I-=j —2 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.

)Work performed under the auspices of the U.S.
Atomic Energy Commission.
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The Q-decay energies and half-lives of three new thorium isotopes 218-220Th, have
been measured by a simple recoil technique. The observed o.'-decay widths are in quali-
tative agreement with Mang's shell-model theory.

The sudden decrease of +-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
techniques ' 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 n-decay energies and half-lives
of '" ~'Th, so far the most proton-rich nuclei
near N= 128. The experiment was performed


