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and that when the Strutinsky method is used, the
correction as suggested by KS is incorrect.
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o. particles in the energy range 11-18 MeV were used to excite the 2+ and 4+ members
of the ground-state band in ~28m. The measured excitation probabilities were analyzed
in the framework of Coulomb excitation and the deformed optical model. The resulting
electrical transition matrix elements and optical-model deformation parameters are
(0 IIm (E2) II

2'& = (1.86+ 0.08)e b, &0+
II ~ $4)ll 4'& = (0.»+ 0.09)e b, p2 = 0.214*0.007, and

P4= 0.038 + 0.007.

The hexadecapole deformations of the even-
even isotopes in the rare-earth region were mea-
sured during the last few years by inelastic e
scattering. ' ' The earliest experiments" used
bombarding energies higher than the Coulomb
barrier and the excitation interaction was con-
sidered to be mainly nuclear. The measured
cross sections for the members of the ground
band were analyzed in the framework of the de-
formed optical model. The deduced deforma-
tions are thus model dependent in two ways:
(a) They depend on the validity of the assumption
that the deformation parameters of the optical
potential are related to the corresponding mass
deformations, and (b) they assume that a simple
rotational model holds rigorously for the lower
members of the ground band. Later on, low-en-
ergy n particles were used to Coulomb excite
the 4' level in the ground band. ' ' The single-
E4 mode of excitation contributes about 10%%uo of
the total excitation cross section, while the re-

mainder is due to a double-E2 excitation pro-
cess. From the measured E4 transition matrix
element (0'llm(E4) II 4'), one can deduce the cor-
responding deformation parameter by assuming
a functional form for the charge distribution,
e.g. , deformed Fermi distribution. The nuclear
and charge deformation parameters thus obtained
are in fair agreement. It seems, however, that
the most sensitive way to study the connections
between nuclear and charge deformation is the
measurement of the interference between nucle-
ar and Coulomb excitation. This has also the ad-
vantage that the parameters to be compared are
determined under nearly the same conditions in
one experiment.

In the experiment reported below, the elastic
and inelastic cross sections were measured at
energies between ll and 18 MeV. In this energy
range the low-energy data supply the matrix ele-
ments of the charge quadrupole and hexadecapole
operators and the high-energy data determine
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the optical-model deformation parameters P,
"

and P~ . The intermediate energies give infor-
mation concerning the products of charge and
mass deformations and enable the determination
of their signs. The measurements were per-
formed with the beam from the EN tandem Van
de Graaff of the Max-Planck-Institut, Heidelberg,
using '"Sm targets (20 pg/cm') on thin carbon
backings. The scattered particles were detected
with Si detectors at 170', 150', 130, 120', 100',
90', and 70' relative to both sides of the beam
axis. Spectra were taken at intervals of 1 or
sometimes 0.5 MeV. The energy resolution in
these spectra, full width at half-maximum, was
20 keV. ' The excitation probabilities RI defined
by R, = (do/d&), '"'/(do/d&), i were obtained from
the various peak intensities which were extract-
ed with the help of a computer code for line-
shape analysis. ' Elastic cross sections were
measured as a function of the bombarding ener-
gy at ~ =170' and ~ =150'. They indicate that de-
viations from the prediction of the pure Coulomb
law start at bombarding energies around 13 MeV.
In the following we shall refer to the energy range
below 13 MeV as the sub-Coulomb range.

The analysis of the sub-Coulomb data was car-
ried out in the framework of Coulomb excitation.
It was observed by Alder et al. ' that quantum-
mechanical corrections are quite important for
the extraction of the (O'I!m(E4) II 4') matrix ele-
ment. We have therefore performed exact quan-
tum-mechanical calculations by solving numer-
ically the three-level coupled-channels problem.
The contributions from virtual excitation of high-
er levels were calculated using the semiclassi-
cal Coulomb-excitation code. ' The experimen-
tal results did not allow the matrix elements
(0'ill(E2)II 2') and (2'Ilm(E2)II4') to be deter-
mined independently. Instead, the measured life-
times' of the 2' and 4' states were used to cal-
culate the ratio (2'1l m (E2) II 4+)/(O'III (E2) II 2')
=1.63+ 0.02. This ratio was kept constant through-
out the analysis. The results for the charge-
moment matrix elements are summarized in Ta-

ble I together with the results of other measure-
ments. Our data are consistent with the more
recent measurements which indicate that the F4
matrix element obtained in Ref. 3 is too large.
The charge-deformation parameters were calcu-
lated from the mean values of the (0'llm(E2)II2')
and (O'Ilm(E4) II 4') matrix elements assuming
a deformed Fermi charge distribution, With a
charge radius of 6.09+ 0.015 fm and a diffuseness
of O. B fm suggested by muonic atoms, " the de-
formation parameters are P, =0.268+0.006 and

P~ = 0.058 a 0.012.
The analysis of the data from the higher ener-

gy range was performed in the framework of the
deformed optical model. Our treatment of the
problem followed the standard lines which are
discussed in the literature. ' Some points had
to be given special attention: (a) The Coulomb
interaction plays an important role in the energy
domain under consideration. The long range of
the E2 component requires the integration of the
differential equations to rather large distances
(-150 fm), and also the inclusion of many (a few
hundred) partial waves. The former requirement
was met by choosing the Noumerov method" to
integrate the coupled differential equations. The
inclusion of the many partial waves was done fol-
lowing the method discussed in Samuel et al."
(b) The charge matrix elements were taken from
the sub-Coulomb analysis. They were not varied
together with P, and t), . The charge radius R,
= 7.5 fm was used to determine which form of
the Coulomb potential should be used depending
on whether x &R, or r)R, . R, also includes
the contribution due to the Q. -particle charge
radius. (c) The optical potential was expanded
in powers of the deformation parameters up to
the fourth order. Comparison of third- and
fourth-order calculations indicates that the con-
vergence is rapid enough and justifies the use of
the fourth-order expansion. The "spherical"
optical-model parameters V„W„RO, and a
were taken from Ref. 2. In spite of the lower
bombarding energies used in our experiment,

TABLE I. Transition matrix elements between the first three members of the ground band in 5 Sm.

This
experiment Ref. 3

Coulomb excitation
Ref, 4 Ref. 14

Lifetime,
Ref. 3

Electron
scattering,

Ref. 5

(a!I m(E2) 2+) (e b)
&OII («) 4) ( b')

1.86 + 0,03
0.37 + 0.09 0.45 +0.09

1.84 +0.02
0.35 + 0.07

1.88 + 0.05 1.83+0.02
0.37 + 0.02
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TABLE II. Optical-model parameters for the & scattering on Sm.

Bombarding
energy
(MeV)

Uo
(MeV)

8'0
(MeV)

Ro
(fm)

Th, ls
experiment

Ref. 2

Ref. 1

14—18
27.5—32.5

50

45.0
50.0
65.9

11.2
11.2
27.3

7.963
7.963
7.685

0.605
0.605
0.637

0.214 + 0.007

0.205

0.038 6 0.007

0.040

Errors corresponding to 1 standard deviation in X with respect to P2 and P4 .
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FIG. 1. Measured and calculated elastic cross sec-
tions and the excitation probabilities for the 2+ and 4+

levels. All results are normalized to the expectations
of the pure Coulomb-excitation theory.

we had to modify them only slightly (Table II) in
order to fit our elastic scattering results. Most
coupled-channels calculations were done by lim-
iting the number of levels to 3. In some test
cases the 6' level was also included, but only a
minor change was observed. The P, parameter
was set equal to zero in all the calculations.

The experimental results together with the
best-fitting theory are shown in Fig. l. In order
to emphasize the interference between the Cou-
lomb and nuclear modes of excitation, we nor-
malized the experimental and theoretical excita-
tion probabilities by the prediction of the pure

Coulomb-excitation theory. The 2' excitation
probabilities show a very marked destructive
interference between the nuclear and Coulomb
contributions. The excitation probabilities de-
crease below the prediction of the pure Coulomb
theory reaching a minimum whose depth and posi-
tion depend on the scattering angle. Above a cer-
tain energy the nuclear amplitude dominates and
the deviations from the Coulomb predictions in-
crease very rapidly. The 4' excitation proba-
bilities show almost no destructive interference
pattern, and they seem to follow the predictions
of the pure Coulomb theory even for those ener-
gies where R, shows deviations. %e believe that
the behavior of R, and R4 near the Coulomb bar-
rier can be qualitatively explained in the follow-
ing way. The destructive interference in the 2'
excitation is due to the different signs of the nu-
clear and Coulomb interactions because the main
contribution to the 2' excitation amplitude comes
from first-order Coulomb and nuclear process-
es. The most important components in the exci-
tation amplitude for the 4' state are (a) two-step
processes due to either E2 Coulomb or A. = 2 nu-
clear excitations, (b) direct E4 excitation, and

(c) direct X = 4 nuclear excitation. The bulk of
the cross section comes from the square of (a),
while the processes (b) and (c) contribute to the
cross section mainly through their interference
with (a).

A series of excitation functions were calculat-
ed in which the signs of P, and P,

" were changed.
The excitation probabilities R4 normalized by the
pure Coulomb excitation are displayed in Fig. 2

for ~ = lVO . The two signs shown as indices of
R» refer to the signs of P» and P», respectively.
Figure 2 clearly indicates that the interference
between the various components in the scattering
amplitude is quite important. A comparison be-
tween R4" and R4 shows that measuring the
excitation function at backward angles is a very
convenient tool to obtain the sign of the A. =4
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However, the products P„R should be equal' if
the two sets of data are consistent. Using this
criterion, the nuclear deformation parameters
were calculated to be P, =0.279+ 0.009 and P~"
= 0.050+ 0.009 for a radius parameter R = 6.093
fm. These values are within the uncertainties
in agreement with P, and P~ .
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FIG. 2. Calculated excitation probabilities of the 4+

level for various charge and optical-model deformations
(see text). The results are normalized to the expecta-
tions of the pure Coulomb-excitation theory.

charge and optical-model deformation parame-
ters. The pure Coulomb-excitation measure-
ments are almost insensitive to the sign of P4

as indicated by the convergence of the various R4
functions at 14 MeV.

The P, and P,
"obtained in our measurement

together with the results of Ref. 1 are given in
Table II. These values are different from P,
and P, since the radius parameters are unequal.
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Higher-Order Correlation Properties of a Laser Beam*
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The intrinsic third-order intensity correlation function of a laser beam has been mea-
sured by a digital correlation technique, for a He:Ne laser operating near threshold. The
results are compared with some recent calculations of Cantrell, Lax, and Smith and are
found to be in good agreement.

In recent years there has been considerable in-
terest in the correlation properties of laser light,
particularly when the laser is operating near its
threshold of oscillation. However, with one ex-
ception, ' all correlation measurements have been
confined to the second-order intensity correla-
tion function, and the higher-order correlation

properties have received little or no attention. '
The reason is not hard to find. Correlation ex-
periments of the third or higher order involve
measurements of the arrival times of three or
more photons, and require an order of magnitude
more electronic data storage and analysis than
the corresponding second-order problem. At the
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