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Relativity, Nuclear Polarizability, and Screening in Sub-Coulomb Elastic Scattering

W. G. Lynch, '" M. B. Tsang, '" H. C. Bhang, ' ' J. G. Cramer, and B.J. Puigh'"
Xuclelr I'hysics Laboratory, University of Washington, Seattle, Washington 98195

(Received 29 October 1981)

Elastic scattering of p-shell nuclear projectiles from Pb has been examined for devia-
tions from Rutherford scattering. Four effects can be important: atomic screening, vac-
uum polarization, nuclear polarizability, and a relativistic effect of dynamical origin.
The presence of atomic screening, nuclear polarizability, and the relativistic effect was
observed, thus constituting the first measurement of this relativistic effect using com-
plex nuclei and the first measurement of nuclear polarizability in an external Coulomb
field.

PACS numbers: 25.70.Hi, 11.10.@r, 21.10.Ky, 24.90.+d

Measurements of Coulomb excitation and Cou-
lomb-nuclear interference have long relied on
the dominance of the Coulomb force in sub-Cou-
lomb nuclear scattering to determine nuclear de-
formations and other spectroscopic quantities. It
has been known for some time that accurate
measurement of these quantities can require cor-
rection for small effects such as nuclear polar-
izability, atomic screening, and relativistic ef-
fects." In addition, exotic phenomena such as
the formation of superheavy quasimolecules have
been suggested to occur for colliding heavy nu-
clei. ' Despite their relevance, these effects
have eluded measurement because of their dis-
couragingly small size in systems and energies
where Coulomb excitation can be neglected. For
P-shell nuclei scattering from '"Pb where such
isolation can be made, four effects are important
at the 0.1% level.

(1) Relativistic effect. One can isolate this
nonkinematic relativistic correction to Rutherford
scattering by examining the Klein-Gordon equa-
tion for a particle in a Coulomb potential V~

(P'c'+ m'-c')g= (E —Vc-&)'g

= (E' —2Ey, , + y,.„P)g, -

where E is the total energy of the particle (in-
cluding the rest mass) and P'= h V'. The Klein-
Gordon equation given here differs in form from

2

cex (2)

where o-,"'=
Jo (dE/E')o"'(E) o'"(E) is the

photoabsorption cross section for nucleus i, and

eZ, is the charge of nucleus i. The values of o,
used in these calculations are 0.316,' 0.44, ' 0.44,
0.585, ' and 16.0 for "C, "N, "N, "g, and '"Pb
respectively.

(3) Electron positron vacuum-polarization For.—
point nuclei vacuum polarization is accurately
described by the Uehling potential V„,&'.

the corresponding Schrodinger equation princi-
pally by the additional term proportional to Vc,~'.
This Vc,„&' term causes the fine-structure split-
ting in pionic atoms which has only been meas-
ured recently in pionic titanium. 4 For the heavy-
ion systems discussed in this work, this term
causes an observable deviation b =(o- oR„,„)/
OR„,h from Rutherford scattering.

(2) Nuclear polarizabitity When.—the target
and projectile are separated but in close proxim-
ity, both nuclei are excited virtually to the giant
resonances, particularly the giant dipole reso-
nance. Since the giant dipole resonance domin-
ates the photoabsorption cross section one can
express the effective potential V„„for nuclear
polarizability in terms of the inverse-energy-
weighted photosum o,"':
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where n is the fine-structure constant and 4, is
the reduced electron wavelength (386 fm). For
finite nuclei, V„,h should be folded over the
charge densities of the projectile and target nu-
clei thus obtaining V~ which contains finite-size
corrections to VU,h.

'

! (4) Electron screening. —calculations show that
the effects of electron ionization of the A and I-
shells are negligible and that polarization of the
K shell is very small at most energies, especial-
ly for E&& ~ 20 MeV. We therefore use a static
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FIG. 1. Five theoretical predictions of & as a func-
tion of center-of-mass scattering angle for 50-MeV
f 6O + 208pb
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FIG. 2. Five theoretical predictions of R~/&(150 gab))
for 0+ pb as a function of E)~b. Corresponding ex-
perimental measurements of B&l~ are also plotted.

screening potential V„derived from relativistic
Hartree-Fock electron wave functions. "

The deviation 6 for each of these effects taken
separately is plotted as indicated in Fig. 1. The
theoretical curves were obtained by using the
classical approximation of Newtonian mechanics.
Excellent agreement (1 part in 10') was obtained
when this calculation of the relativistic effect was
compared to the quantum-mechanical solution of
Eq. (1)." The solid line in Fig. 1 is the calcula-
tion of the total deviation from Rutherford scatter-
ing when all of the above effects are considered
simultaneously. One can see that screening is the
largest correction at forward angles while the
other three effects become more important at
large angles.

In this Letter we describe the measurement of
sub-Coulomb elastic scattering with the systems
("C, "N "N "0)+'"Pb. To measure these
small effects (few tenths of 1%), the experiment
was designed to constrain the total systematic
error below 0.05%. This accuracy requirement
precludes the measurement of angular distribu-
tions since such measurements require the deter-
mination of absolute scattering angles to essen-
tially unattainable precision. Instead, we meas-
ured the energy dependence of the cross section
ratios o(&„b)/o(30 (lab}) at fixed angles where
6I)~ ——140, 145', 150', 160, and 170 . Since the

980

angular dependence of the Rutherford cross sec-
tion is energy independent, any energy depen-
dence in these ratios is caused by one or more of
the four effects mentioned earlier. In Fig. 2 we
have plotted the ratio R, yz(150 (lab))= to(150')/
oR „,h(150')]oa„,h(30')/o(30'), where o(&) is the
cross section for elastic scattering when one or
all of the above effects have been included. Since
we are measuring the energy dependence of A, /f,
one can see that at energies below 20 MeV atomic
screening is the dominant effect because of its
effect on the forward-angle cross section. As the
energy is increased the relativistic effect and
nuclear polarizability become comparatively more
important and dominate above 40 MeV.

The experimental data mere taken in the 152-em
scattering chamber of the University of Washing-
ton tandem Van de Graaff accelerator. The bom-
barding energies chosen easily satisfy the sub-
Coulomb assumption. This was further checked
for "C and "0projectiles with measurements at
much higher energies. A detailed discussion of
the experimental arrangement will be presented
in a later publication. " Data were taken with
symmetric detectors at 6I&,b

= + 30, + 140', etc. ,
and a 1-mm-wide strip '"Pb target to virtually
eliminate sensitivity to beam motion. At energies
of 20 MeV and higher the ratio of the integrated
peak to the integrated background under the peak
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was generally greater than 2 && 10'. The correc-
ti'ons to the data for multiple scattering only ex-
ceeded 0.05%% at energies less than 20 MeV. At
energies greater than 20 MeV, background sub-
traction and multiple scattering introduced sys-
tematic errors of less than 0.03%% and 0.02%%,

respectively. Counting statistics was the domin-
ant contributing factor to the experimental error
for all beam energies and angles.

Statistically averaged experimental data for
"O+ Pb at 61~ =150', normalized to the theo-
retical calculations, are shown in Fig. 2. Similar
results were obtained with sixteen other excita-
tion functions measured with other projectiles
and at other scattering angles. For each excita-
tion function there is, on average, one normal-
ization constant which is a function of detector
solid angles and scattering angles and was deter-
mined in the least-square fits described below.

The data were quantitatively compared with the
theoretical calculations by fitting the data with
use of a potential of the form

Vioc = Vco„i+ „-,Vco„i /2V+a2Vp()i +asV, „,

where —Vc,„,'/2p is the effective potential de-
scribing the relativistic effect and the a,- are
theoretical parameters. Both the a; and the
normalization constants for the data were deter-
mined in these fits. With all of the a, set equal
to 1, the four sub-Coulomb effects assume their
nominal magnitudes. The calculations at ener-
gies less than 20 MeV are dominated by the
atomic screening; therefore we chose to fit the
data only at energies greater than 20 Me V in
order to minimize sensitivity of the fit to any
errors in the screening calculation. The fit over
this energy domain was found to be insensitive
to a, (the vacuum polarization para. meter), and
therefore a, was set equal to 1 in the fits de-
scribed in the following discussion. This insen-
sitivity can be understood by examining Fig. 2

where it can be seen that the anticipated devia-
tion from Rutherford scattering caused by vacu-
um polarization changes by only 0.05% for E&,b
&20 MeV.

!
A simple contour plot of y2/v as a function of
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FIG. 3. Comparison of ~ with the corresponding
plot of the residual deviation from Rutherford scatter-
ing caused by nuclear polarizability and the relativistic
effect. Inserted in the upper right-hand corner is a

2contour plot of X /v as a function of aq and a&.

a, and a, with v =376 is shown in the upper right-
hand corner of Fig. 3. As a function of a, and a„
g'/v has a long minimum whose major axis is
given parametrically by the line 1.1a, +a, = 2.43.
This long y'/v minimum has the consequence
that the linear combination 1.1a, +a, can be deter-
miried with some accuracy while the relative
magnitudes of a, and a, cannot be determined
with any accuracy. The absolute minimum of the
y'/v function occurs at a, =2.4 and a, = -0.2 with
y'/v =0.940. Choosing the nominal values a, = 1,
corresponding to the original parameter -free
calculation, gives y'/v=0. 956, 2-3 error bars
away from the g' minimum. In comparison, for
a, = a, = 0 (i.e., no relativistic effect or nuclear
polarizability) g'/v assumes the value 1.25, far
outside the realm of possibility. Other fits con-
sistent with these have also been obtained by
fitting on a contracted data set in which all data
points with E&,b &30 MeV have been excluded.
One consequently concludes from all these fits
that a linear combination of the relativistic effect
and nuclear polarizability close to that predicted
from the parameter-free calculations is needed
to fit the data.

This residual deviation from Rutherford scat-
tering caused by nuclear polarizahility and the
relativistic effect can be seen graphically in Fig.
3 where the quantity ~ given by

~ = R,yz (expt. ) -R,~z (theory: screening +vacuum polarization) (5)

is plotted versus the inverse of the classical turning point A,p(150'(lab)) for particles which scatter to
0»b ——150 . The abscissa (1000/R,p) is proportional to E»b and allows one to superimpose data for all
projectiles. The solid curve is the corresponding theoretically predicted ~ for "O projectiles which
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describes the relativistic effect and nuclear po-
larizability. (Similar calculations for "N, "N,
and "C agree within 0.1% with this "0 calcula-
tion. ) In this figure the data for a given beam
energy and projectile have been averaged over
the measured backward scattering angles (6&,b
= 140', 145, 150', etc. ) in order to improve the
statistics. It can be seen in Fig. 3 that above 20
fm ' (which corresponds roughly to E» = 20 MeV
for "0) the data agree substantially with the pre-
diction, but below 20 fm ' the data lie slightly
above the prediction. This enhancement below
20 fm ' may in part be caused by our neglect of
atomic polarizability. It should be pointed out
that the screening effect we are subtracting from
the data to make this plot changes by more than
0.8% from 10 to 20 MeV; thus a 10% underesti-
mation of this screening effect could give rise
to the discrepancy.

In summary we have seen unambiguous evi-
dence for the presence of a combination of nu-
clear polarizability and the relativistic effect.
It is not possible from numerically fitting the
data alone to determine the relative importance
of these two effects. Nevertheless, if one sets
nuclear polarizability at its normal value with a
25% error one has a measurement of relativistic
dynamics with 30% accuracy. By taking the
opposite tack and assuming the validity of rela-
tivistic dynamics, one has a measurement of

averaged nuclear polarizability with 25% accura-
cy. Static electron screening appears to be rea-'

sonably accurate (to within 10%) while the meas-
urement of vacuum polarization was masked by
the uncertainties in atomic screening.
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Measurement of the g Factor of the 237pu Short-Lived Fission Isomer
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The perturbed-angular-distribution method has been used to measure the g factor of the
7 =122(10)-nsec fission isomer in Pu. To eliminate unwanted perturbations, a special
cubic nonparamagnetic alloy, UIr2, was heated to 950'C and used as the target. The
quantities measured were 422=+0.21(6) and g= —0.45(3). The g factor is consistent with
the I=3 ground state of the 871 2+ Nilsson. orbital, and the fission anisotropy is consistent
with &= 2 at the second saddle point.

PACS numbers: 21.10.Ky, 21.10.Pc, 27.90.+b

The fission isomers offer a unique opportunity
to study nuclear structure at large deformations,
and several beautiful experiments" have shown
that the isomers have axis ratios of the order of
2 to 1. With the exception of '"Pu, ' more de-
tailed information on the structure of these inter-

esting nuclei has not yet been obtained because of
the difficulty of making magnetic-moment meas-
urements in the actinides. The perturbed-angu-
lar-distribution technique usually employed for
g-factor measurements of isomeric states re-
quires that the nuclear alignment be preserved
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