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The static quadrupole moment (Q) of the 2.614-MeV 3~ level in 28Pb has been measured by observing
the angular distribution of inelastically scattered ‘He and %O ions following E3 Coulomb excitation. The
reduced matrix element for the E3 transition from the ground state to the 3~ state, B(E3) T, was also ob-
tained. Distributions were taken over the range 80°-170°, using a multiple solid-state—detector array, at
a-particle energies of 19, 18, and 17.5 MeV, and at an oxygen energy of 69.1 MeV. Differential inelastic cross
sections were in the range 10-40 ub/sr for o’s and 200-300 ub/sr for oxygen. The 19-MeV data showed strong
interference between the Coulomb-excitation amplitude and an amplitude resulting from direct nuclear
excitation. The remaining three sets of data showed no such interference and were analyzed simultaneously
using the symmetrized semiclassical Coulomb-excitation theory of Alder ef al.: The fitted parameters
B(E3) 1 and Q are correlated, with best-fit values of B(E3) T =0.584-0.04 ¢? b® and Q= —1.30.6 b.
The o data are not very sensitive to Q and yet are essential to the result, for the analysis of the « and oxygen
data together limits the acceptable parameter range much more than if the oxygen data alone are used.

I. INTRODUCTION

VER the past few years many experiments have
appeared whose aim has been the measurement of
static quadrupole moments of the first excited 2% states
in even-even nuclei.! The method used in these experi-
ments has been to try to observe second-order effects
that may occur when the levels are Coulomb excited,**
an example being the deviation of the angular distri-
bution of the inelastically scattered particles causing the
excitations from the first-order prediction. The differing
results of several experiments suggest that one must
treat with reserve the various numbers for the quad-
rupole moments and their reliability estimates. It
should be reemphasized?® that these Coulomb-excitation
“reorientation” experiments must be done over a con-
siderable range of angles, energies, and bombarding
conditions if reliable Qs are to be extracted from them.
In particular, bombarding energies well below supposed
Coulomb barriers have to be used in order that no
amplitude other than that due to electric Coulomb
excitation be involved in the inelastic exit channel and
in order that the simplest interpretation of the semi-
classical Coulomb excitation theory* be valid.
Despite the difficulties, reorientation experiments can
provide reliable values for quadrupole moments. Thus,
for instance, there is evidence that the moments of
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several one-phonon 2% levels in the so-called spherical
vibrational nuclei are nonzero'?; their absolute values
give information on anharmonicities in the vibrations
within a macroscopic model® and valuable numbers for
comparison with predictions of microscopic-model wave
functions.”

No reorientation experiments exist for the one-phonon
3~ vibrational levels of nuclei excited by E3 Coulomb
excitation; indeed, few £3 Coulomb-excitation experi-
ments have been done at all.® The doubly closed shell
nucleus Pb has as its first state the 3~ octupole
vibration at 2.614 MeV. There exist several microscopic
calculations of the wave function of the 3~ level based
on particle-hole excitations of the core,? and a measure-
ment of the quadrupole moment of that state would be
of some interest. In this paper we report on such a
measurement, which is based on observation of the
Coulomb excitation of that level.

The differential cross sections for the inelastic scatter-
ing of « particles to the 3~ state in *®Pb were measured
at bombarding energies of 19, 18, and 17.5 MeV, and
for the inelastic scattering of O ions at an energy of
69.1 MeV. The experimental techniques used are dis-
cussed in Sec. II. Evidence is presented that at the
lowest two a-particle bombarding energies we are deal-
ing with Coulomb excitation alone. At 19 MeV, there is
interference from nuclear effects, although 19 MeV is a
bombarding energy below most prescriptions (e.g., Ref.
1) for “safe” Coulomb-excitation experiments, and
proportionally as far below the “Coulomb barrier” as
other experiments' that have attempted to measure

6 See, for example, K. Kumar and M. Baranger, Nucl. Phys.
A92, 608 (1967).

7 See, for example, M. Baranger and K. Kumar, Nucl. Phys.
A122, 273 (1968).
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A239, 487 (1957); O. Hansen and O. Nathan, Nucl. Phys. 42,
197 (1963); T. K. Alexander, O. Hiusser, K. W. Allen, and A.
E. Litherland, Bull. Am. Phys. Soc. 14, 123 (1969).

9V. Gillet, A. M. Green, and E. A, Sanderson, Nucl. Phys. 88,
321 (1966) ; and Refs. 42 and 43.
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fine details from Coulomb excitation. With the 69.1-
MeV 0 ions no effects other than Coulomb excitation
and nucleon tunnelling are believed to be taking place.
The three sets of electric excitation data (o’s at 18 and
17.5 MeV, 0 at 69 MeV) were analyzed together
using the symmetrized semiclassical theory of Coulomb
excitation reviewed by Alder ef al.* The theory involved
is discussed in Sec. IIT where it is shown that the only
second-order paths that contribute significantly to the
observed deviations of the cross sections from the first-
order perturbation theory expressions are those involv-
ing reorientations among the magnetic substates of the
3~ level itself. (This is true only in special cases such as
28Ph which has a relatively isolated first excited 3~
state.) Thus the first-order cross section do™ needs
correction, to good approximation, only by a term
do®? proportional to the quadrupole moment Q, and
hence the analysis of the « and 1*O data yields values of
Q and B(E3), the reduced matrix element for the up-
ward E3 transition.

The use of the semiclassical theory to predict the
cross sections is probably valid, since the Sommerfeld
parameter 7 is roughly 12 in the a experiments, and 50
in the 0O experiments. The procedure adopted to
symmetrize the semiclassical expressions is discussed
later in Sec. IIT. Calculations® on the validity of the
symmetrized semiclassical theory for £2 reorientation
experiments show that the corrections from a full
quantal treatment are negligible if # is greater than
about 5. We assume in the £3 case that for our values of
n the theory we use gives an adequate description.

In Sec. IV the details of the analysis of each of the
data sets are presented. In Sec. V we discuss the results
obtained and their uncertainties. The value of B(Z3)
obtained is compared with previous experimental values

10U, Smilansky, Nucl. Phys. A112, 185 (1968).

for this quantity, and the value of Q obtained is com-
pared with model wave-function predictions.

II. EXPERIMENTAL TECHNIQUE

The Emperor Tandem at the Williams Laboratory
was used to produce o beams of up to 1 uA *He?* and
oxygen beams of 200 nA YOS5t on target. Silicon surface-
barrier detectors were used to measure the elastic and
the inelastic scattering for both the a and the oxygen
data. The detectors had depletion depths of 600 p at
100-V bias and were stopped down to 0.25-in. diam by
10-mil stainless-steel defining apertures. The solid angle
subtended by each detector was 1.008 msr with in-
dividual variations of up to 0.3%,. The detectors were
mounted in a precision ring fitted to an Ortec scattering
chamber and could be positioned with an angular ac-
curacy of 0.1°. Tests with detectors on opposite sides of
the beam showed that experimental asymmetries were
<0.3%. Eight detectors were used to take the 19-MeV
« data and the pulses were routed into four analog-to-
digital converters (ADC’s). For the remainder of the
experiment, six detectors and six ADC’s were used.
There are several advantages to the multiple-detector
system over other methods of measuring the inelastic
scattering, a major one being that even with the low
cross sections, the data could be accumulated in a
reasonable time. There was no magnetic analysis of the
reaction products, and so no corrections were needed for
variations in the charge-state populations of the out-
going ions. A further advantage is that the effect of
beam movements over possible target nonuniformities
was largely eliminated.

The targets used were evaporated from 99.7%, en-
riched *®¥Pb onto 10-20-ug/cm? carbon foils. A thick-
ness of 144 ug/cm? was used for the « runs and 59
ug/cm? for the oxygen runs; these were, respectively,
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TaBLE I. Summary of some experimental details for the & and oxygen Coulomb-excitation
measurements on the 3~ state of 28Pb at 2.614 MeV.

Average Target Energy
Energy Charge® beam thicknessP loss aTotal(a, )°
(MeV) Ton (mC) (nA) (ug/cm?) (keV) (mb
19.0 ‘He2* 10 250 54 144 16 7.8+£0.4
18.0 ‘He?+ 9 300 144 16 1.84+0.3
17.5 ‘He?t+ 26 1000 144 16 0.8+0.1
69.1 1606+ 20 2004 59 112 oee

8 Approximate total charge for each datum point, with 6-8 angles meas-
ured simultaneously.

b Assuming Rutherford scattering (see Fig. 6) and a mean charge of the
Faraday cup of 2+ and 8* for a and 160.

16 and 112 keV thick to the beam. No target deteriora-
tion was observed after many hours of bombardment.
The target thicknesses were estimated from the Ruther-
ford cross section (see, however, Fig. 6), the known
solid angle, and charge. The mean-charge states in the
Faraday cup were taken to be 2+ and 8+, although
that for O was somewhat less. The current integrator
used (BNI model 1000) was accurate to 0.19%, but it was
used only to monitor and check different runs and
targets, thus no measurements were needed of the
charge-state distribution of the beam or of the Faraday-
cup efficiency.

Figure 1 shows examples of the spectra of 19-MeV «
particles taken at 90° and at 170° and accumulated for
7 h with a 250-nA beam of ‘He?+. The full width at half-
maximum (FWHM) of the Pb groups is about 80
keV; the peaks in the spectra were identified by their
kinematic variation with angle. Peaks from light con-
taminants in the target show the expected kinematic
broadening. The inelastic group from the scattering to
the 28Pb 3~ state (2.614 MeV) is clearly identified and
is well resolved in the spectra; the laboratory ratio of the
inelastic-to-elastic scattering could be extracted with
~59%, precision. The inelastic a groups have cross
sections of 1040 wb/sr and the inelastic-to-elastic
ratios were (0.6-1.0) X 10~ In order to resolve the in-
elastic groups from the background high peak-to-valley
ratios were essential; typical values for s in this ex-
periment (measured 3 MeV below the elastic peak) were
(4-6) X 10%:1, achieved by careful attention to colli-
mator details. The background in this region was
mainly due to slit scattering, and recent experience'!
suggests that it could perhaps be reduced still further.
Dead-time corrections to the « data (<19%) were
estimated from the known characteristics of the
analyzers. Corrections were applied for the small
differences in solid angles of different detectors. The
geometrical solid angles were known to 0.1% and the
same detectors and apertures were used for all the data
taking.

The absolute inelastic cross section in the c.m. was
obtained from the laboratory ratio Riap of the inelastic-

11 F, Resmini, A. D. Bacher, D. J. Clark, E. A. McClatchie,
and R. deSwiniarski, Nucl. Instr. Methods 74, 261 (1969).

¢ The errors quoted are statistical only and do not allow for:possible
systematic losses, e.g., 21Po ions that leave the target.
d Limited by energy dissipation in target.

to-elastic yields and the actual c.m. elastic cross section
by the expression

do (0') iner/ dQ2=do (0) o1/ QX G’ /G X Riab,

where 6’ and § are the respective c.m. scattering angles.
The ratio of the c.m.-to-lab cross sections is denoted by
G for the elastic’group and G’ for the inelastic group.
At 170° G is 1.039, but G’/G is only 1.0030. The devia-
tion of the elastic scattering from Rutherford (Fig. 6
and Sec. IV) at 19 MeV was considerable and amounted
to 129, at 170°. The value used for do./dQ was the
actual c.m. cross section as is discussed further in Sec.
1v.

Traces of Si, S, and Cl contaminants were identified
on the target, and at angles forward of 85° the elastic
scattering groups from these elements were too close
to the inelastic peak position to allow a reliable meas-
urement. The percentage effect of the quadrupole
moment on the inelastic angular distribution is largest
at the backward angles, and this is where the data can
be obtained with least interference from other groups.

The «a peak marked *'Po in the spectrum is of par-
ticular interest; it is attributed to the decay of 0.52-
sec 2'Po by a 7.45-MeV « particle!? and thus gives a
direct measurement of the total cross section of the
28Ph (e, 1) ?''Po reaction. The total (a, #) cross section
is 7.840.4 mb at 19 MeV, measured with the 144-
ug/cm? target. The error quoted is statistical only, and
the value with a 54-ug/cm? target was 109, less,
indicating a possible loss of low-energy #'Po ions before
they decay. Recent measurements at this laboratory®
have confirmed the #'Po identification by determining
the half-life and energy spectrum of the decay &’s and
finding very good agreement! with accepted values. The
21Pg peak has the same intensity in all detectors where
it is not obscured. This reaction proceeds via compound
nucleus formation and is the major cause of the devia-
tion of the elastic scattering from the Rutherford value
evident in Fig. 6. The (e, p) and (e, ) reactions on
28Ph have at most 19, of the (a, #) cross section, since

12 C. M. Lederer, J. M. Hollander, and I. Perlman, Table of
Isotopes (John Wiley & Sons, Inc., New York, 1967), 6th ed.

13 A. R. Barnett and J. S. Lilley, Contributions I.C.P.N.S,
(Université de Montréal, Montreal, August 1969), p. 296.
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they did not appear in the spectrum, and other ener-
getically allowed reactions have negligible Coulomb
barrier penetration probabilities; the relative pene-
trability of /=0 protons to /=0 neutrons is 6)X107¢ at
19 MeV. Table I summarizes the total « bombardments
at the three energies.

The 18-MeV « data shown in Fig. 2 are four of six
simultaneous spectra taken in 6 h with an average beam
of 350 nA*He?*. The broader peak between the inelastic
3~ peak and the ®Pb elastic peak is seen in all the «
spectra and is due to the Si(e, ay.7s)%Si*(y)2Si
nuclear reaction of the elastic @’s in the detector. The
deexcitation v ray escapes from the detector. The peak
is shifted to a lower energy and broadened, probably
because the high ion densities from the recoil Si result
in imperfect charge collection (a pulse-height defect).
The effect has been studied experimentally by Kraus-

haar ef al.* for the case of 15.1-MeV protons, and they
find quite good agreement between their data and
theoretical predictions.

Figure 3 shows some of the 17.5-MeV « data taken
in 5 h with a 1-uA “He?* beam. Most of the contaminant
peaks are identified, and also the expected position of the
2% state at 4.070 MeV in 2%Pb is indicated. No evidence
was seen for the £2 Coulomb excitation of this state,
consistent with the known B(£2) value® of 0.3 ¢* b2,
for which the expected 6=m cross section is less than
0.07 of the £E3 Coulomb excitation of the 3~ state. The
pronounced tail extending to about 1 MeV below all the
elastic peaks never amounted to more than 0.19, and

¥J. J. Kraushaar, R. A. Ristinen, and R. Smythe, Phys.
Letters 25B, 13 (1967). .

5 C. F. Ziegler and G. A. Peterson, Phys. Rev. 165, 1337
(1968).
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seems to be an individual detector phenomenon in-
dependent of count-rate, angle, and other variables.
This tail does not affect the present measurement, but
its presence sets a limit to the accuracy with which
inelastic peaks with excitations <1 MeV can be meas-
ured with these detectors. Indeed, while spectra from a
natural lead target (100 pg/cm?) taken at 18 MeV
showed the presence of the expected E2 Coulomb
excited states at 570 and 897 keV in 2Ph and at 803
keV in 2Pb, the detector tail sharply limited the ac-
curacy of that cross-section measurement. The natural
lead spectra also showed a group at 2.6 MeV with about
the same relative intensity as in the 2Pb data. The peak
is the unresolved group of states: 2.614 MeV in 2%Pb,
2.625 and 2.664 MeV in *"Pb and 2.649 MeV in *¢Pb,
all of which are excited with similar B(E3) values.’
¥xamples of the O spectra are shown in Fig. 4.
These data were taken simultaneously in about 29 h
using a 69.1-MeV ¥0%*+ beam with an average intensity
of 100 nA. Beams of 400 nA or greater severely

CHANNEL NUMBER

worsened the resolution by melting parts of the target.
The FWHM of the peaks is 300 keV. The inelastic cross
sections are about 10 times larger than for the a case,
while the elastic cross sections are about the same. The
same collimators as for the « data were used, and they
have equal solid angles (to within known corrections of
<0.3%). The relative elastic peak areas decrease with
angle according to the Rutherford law, and Fig. 4 shows
clearly the almost constant inelastic-to-elastic ratio of
about 0.8XX1072. The elastic G factor at 170° is 1.171,
but the ratio G'/G again is only a small correction of
1.0035 at this angle. Dead-time corrections for the
oxygen data were measured with a pulser which was
triggered by the digital output pulses from the current
integrator. The count-rate dead times amounted to
0.1%. As expected, the slit scattering for the oxygen
was more pronounced, and at forward angles the
increasing elastic tail and decreasing inelastic yield
make the measurements less accurate. There was,
naturally, no problem from light contaminants in these
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Fic. 4. An example of an oxygen run at 69.1 MeV on a 59-
pg/cm? enriched 28Pb target. All detectors have equal solid angles.
The 3~ inelastic group is prominent with a ratio to the elastic
group of ~0.8X107%. Also present at slightly lower energies are
a number of groups attributed to nuclear tunnelling reactions.
The calibration peak, of energy (25/36) E16o, was obtained from
a short bombardment with the 5t charge state of %0 using the
same analyzing magnet setting and a lower terminal voltage.

spectra. A calibration group (mear channel 300) of
energy 25/36 of the elastic oxygen energy was obtained
from a short bombardment with the 5% charge state,
using the same analyzing magnet setting and a lower
terminal voltage of the Tandem. The peaks appearing
between channels 340 and 400 were then identified as
being due to various nucleon tunnelling reactions leaving
the residual and outgoing nuclei in single-particle states.
In the spectra (particularly at 160° and 170°) there is
evidence for the following nucleon tunnelling reactions
arising from ¥0-+28Pb: YOy 5. +2"Phyg 5., "Op.51+*"Pbg 5.,
and YOgs.+2"Pbosyr (unresolved), YOg.s.+27Pby.es,
5Ny .s.+29Big g92, and also Ny .+ 2Bi; g0;. The nucleon
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tunnelling reactions peak at backward angles, as would
be expected.’® The E2 cross section to the 2% state of
208Ph at 4.07 MeV has a predicted value of about 109,
of the E3 cross section at 110°. There is evidence for it
at channel 400; at other angles the E2 state tends to
be obscured by nearby tunnelling peaks.

The elastic and inelastic angular distributions result-
ing from the « particle and the oxygen spectra are
shown in Figs. 6, 7, and 9-12 and are discussed in
Sec. IV.

III. THEORY

The theory of the Coulomb-excitation process has
been extensively investigated by many authors and is
presented in detail in the review article of Alder et al.*
which also appears (with corrections) in the useful
reprint selection on Coulomb excitation by Alder and
Winther.? Excitations by nuclear interactions between
the target and the bombarding ion are specifically
excluded from the theory, which then predicts the
probability of excitation (P) of nuclear levels caused by
the time-dependent electromagnetic interaction. The
absolute cross section for the excitation is obtained on
the assumption that the sum of the elastic and Coulomb-
excited inelastic cross sections follows the Rutherford
law, i.e.,

do = PdoRush. (1)

The electric multipole operators causing the nuclear
transition are defined* as

M(E}‘) :‘") = fr)\Y)\u(07 ¢)p(r) dT:

and the unknown quantities in the theory are the
reduced transition matrix elements of these operators
(in various multipole orders) between the levels; it is
this nuclear information which is obtained by com-
parison with experiment. For example, the reduced
matrix element between the ground state and the ex-
cited state under consideration, B(ZA)=B(E\N) T,
defined as

B(EX, I—>17) = LA 1)7 [(T: || M(EN, p) || 1P,
occurs as a scale factor which, in principle, could be
determined by a single measurement of the ratio of the
inelastic to elastic cross section at one angle. It is,
however, essential to check experimentally that the
assumptions of the theory hold, and without such test a
single point could give an unreliable result.

The influence of the static nuclear multipole moments
in the Coulomb-excitation process is in general called
the reorientation effect; considerable attention'—3 has
been concentrated on the deviations to be expected from
the first-order theory from the effect of the static
quadrupole moment Q of the first excited state. A num-
ber of experimental attempts (summarized in the

16 G. Breit, Phys. Rev. 135, B1323 (1964), and references
therein.
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Tasre II. Calculated parameters for the various experimental conditions. The symbols are defined in Sec. IIL.
The energy is quoted at a point halfway through the target.

Energy Ton i &y vifc o /vs aiy dogV/dog® »
(MeV) (F)

19.0 ‘He2t  11.852 0.930 0.1010 0.9272 6.831 0.9818
18.0 ‘He?t  12.177 1.015 0.0982 0.9230 7.243 0.9831
17.5 1He2t  12.350 1.063 0.0969 0.9207 7.469 0.9837
69.02 1606+ 49.725 1.046 0.0963 0.9794 7.524 0.9989

8 This value is the ratio of do"(*) calculated using the Biedenharn-Brussard symmetrization expression to do @ calculated from the Alder ef al. expression,

as discussed at the end of Sec. III.

review of de Boer and Eichler,! and also, more recently,
in Refs. 17-19) have been made to measure this effect
and, by isolating it from competing second-order
processes, to determine Q for excited 2+ states in both
light- and medium-mass nuclei. All these experiments
have thus considered the reorientation effect following
E2 Coulomb excitation. They have used a variety of
incident ions (*He to *S) and bombarding energies,
and the direct inelastic scattering technique as well as
various y-ray techniques, e.g., measuring de-excitation
v rays in coincidence with back-scattered heavy ions.’
In the case where the £2 inelastic cross sections are
large, and multiple Coulomb excitation takes place,
the E2 computer code of Winther and de Boer® has
often been used. Conversely, when the excitation prob-
abilities are small, and the semiclassical theory is valid,
the perturbation theory results of Alder ef al.* can be
used to calculate the absolute excitation probability.
The measurement of the reorientation effect following
E3 Coulomb excitation reported in this paper was
interpreted using the second-order perturbation theory
results of Alder ef al.* The probability of excitation in the
« experiments is 1074, and in the %O case it is 107%; as
we discuss later it does not follow that the higher-order
terms in a perturbation calculation of the cross section
will be small relative to the first-order term. The ob-
served cross section for inelastic scattering, do, is written

do=doeW+deD4doc® (2)

asin Eq. (ILD 11) of Ref. 4. Here, do® is the first-order
excitation cross section, do? is the cross product be-
tween the first- and second-order transitions, and do®
is the second-order cross section. The semiclassical
theory is applicable when the dimensions of the orbit
are much larger than the relative Compton wavelength,
so that wave packets can be constructed which follow

17 J. J. Simpson, U. Smilansky, and J. P. Wurm, Phys. Letters
27B, 633 (1968); 28B, 422(E) (1969); J. X. Saladin, J. E.
Glenn, and R. J. Pryor, Phys. Rev. (to be published).

18 A, Bamberger, P. G. Bizzeti, and B. Povh, Phys. Rev. Letters
21, 1599 (1968); O. Hiusser, B. W. Hooton, D. Pelte, T. K.
Alexander, and H. C. Evans, 4bid. 22, 359 (1969); J. R. Kerns,
J. X. Saladin, R. J. Pryor, and S. A. Lane, Bull. Am. Phys. Soc.
14, 122 (1969); 14, 123 (1969); G. Engler, ibid. 14, 122 (1969).

1 D. Cline, H. S. Gertzman, H. E. Gove, P. M. S. Lesser, and
J. J. Schwartz, Nucl. Phys. A133, 445 (1969).

20 A, Winther and J. de Boer, in Coulomb Excitation, edited
by K. Alder and A. Winther (Academic Press Inc., New York,
1966), p. 303.

classical hyperbolic orbits. The ratio of the Coulomb
length a to the Compton wavelength of relative motion
is defined as the Sommerfeld parameter n:

n=a/A= (Z1Z:6*/me?) [/ (Ti/ mv)

where my is the reduced mass of the bombarding ion.
The values of 5; for our experimental conditions are
given in Table II along with other relevant quantities.
The other parameters in the theory are defined in a
symmetrized manner* as follows:

d¢f=Z1Zze2/mngf, (3)
7]1'=Z1Z262/ﬁ‘lli, (4)
Eir=mnr—15, ()

in the usual attempt to define a mean classical orbit
having an excitation probability along it which would
closely approximate the results of using a full quantal
calculation.

The general second-order perturbation-theory result
for the various terms in (2) is given in Ref. 4: the ex-
pression for de® in Eq. (IT A 28), for do*? in Eq.
(II D 12), and for do® in Eq. (II D 13). The functions
ark (Mhobrfs, 0) and Brx(\ihefids, 0) are defined in terms
of the classical orbital integrals I,,(6, £) according to
Egs. (IT D 9) and (II D 10) of Ref. 4. The electro-
magnetic transitions induced by the Coulomb field of
the projectile take place from the initial state ¢ through
an intermediate state z to the final state f, with the £
parameter of the two transitions being written £;,=
ne—ni=§& and &;=n,—n,=§&. The summations in the
equations cited are to be taken over all possible second-
order paths leading to the final state. Besides the
reorientation effect, for which z=f, the most important
contributions to de™? may be expected to be (a) the
E2, E1 path 0+—2+—3~ via the one-phonon quadrupole
vibration in 28Pb [ this is a state of 4.07 MeV which has
the large B(E2) value® of 0.3¢ b?or nine single-particle
units (s.p.u.) ], and (b) the E1, E2 path 0*—1"—3" via
the giant dipole resonance, which is situated in 25Pb
at about 15 MeV.2t We evaluated de®? for path (a),
using the known B(ZE2) T and assuming that the
B(E1) | for the 2+—3~ transition was 107 s.p.u.?

2 E, G. Fuller and Evans Hayward, in Nuclear Reactions,
edited by P. M. Endt and P. B. Smith (North-Holland Publishing

Co., Amsterdam, 1962), Chap. III, p. 113.
22 The single-particle unit is defined in Eq. (13).
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Tasre ITI. Theoretical predictions using the symmetrized second-order perturbation expressions of Eqs. (6)—(8) for the absolute
cross sections for a’s at 18 MeV and for oxygen at 69.02 MeV. The basic parameters B(723) =0.58¢2 b* and Q=1.0 b were used in

the calculations.

do® do(1:2) do® doD —dg2 doRuth 104 do®/doRrutn
Beam Angle (uh/sr) (ub/sr) (ub/sr) (ub/sr) (mbh/sr)
1606+ T 148.49 34.33 5.08 114.16 135.75 10.94
i 289.53 27.69 2.29 261.84 543.00 5.33
1He2t T 11.81 0.73 0.029 11.08 111.75 1.06
(18 MeV) 3T 22.53 0.57 0.013 21.96 446.99 0.50

It is unlikely that the transition is so strong, yet the
contribution to de® from (a) is less than 39, of that
provided by the reorientation effect with a quadrupole
moment of 1 b. In the case of path (b) we simulated the
effect of the giant dipole resonance by a single state at
15 MeV with a B(E1) T from the ground state of 10
s.p.w. and a B(E2) | for the 173~ transition of 0.1
s.p.u. (again, improbably large); the result was simi-
lar to that for path (a), and hence more detailed con-
siderations! are not necessary. We thus believe that in
the case of ?®Pb no second-order paths involving other
levels are affecting the Coulomb-excitation cross section.
The “M1 reorientation effect,” i.e., second-order paths
involving magnetic dipole transitions between the sub-
states of the 3~ levels, is difficult to estimate: It has been
shown! that in the case of quadrupole Coulomb excita-
tion of 2* levels in even-even nuclei the effect is negli-
gible compared with the E2 reorientation. We assume
that this is also true in the case of octupole Coulomb
excitation; and hence the general theoretical expressions
given in Ref. 4 can be specialized to the situation where
only one final 3~ level and only the quadrupole reorienta-
tion effect are important. The summations over inter-
mediate states simplify greatly and the results are

do® = (4n%/73) (Zre/Tiv;) %0 sin4(10) dQX B (E3)
X Z Y;m(%ﬂ', O>I3u2(9; 5)7 (6)
N

16w (21\1/2 zf>3<w>”2 :
9 = e 2 e a1
do 5><73(47r) (ﬁvi 2 ai/ % sin™(16)dQ
X B(E3)XeQX X2 Vau(3m, 0)15,(6, £)Bs-u(32£0, 0),
®
(7
and
127 Zle)‘l(vi) :
do® = 2V (=) a8 sin4(% B(E
’ 52><73(7wi o) G (30)d2X B(E3)

XeQ*X 3 [es,2(32£0, 0) +85,2(32£0,0) ], (8)

where the static quadrupole moment Q, of a state with
spin 7 is defined* as

eQ=(167/5)"(1 || M(£2) || I)
X[1(21-1)/(21+1) (I+1) 21+3) ] (9)

The functions axx and SBxk become

2
(3240, 0) = 5 (3 3)Y3m<%w, 0) Vi (b, 0)

wop2 \M1M2K

XI3M1 (0> 5)12112(07 0) )

323
Bu(3240,0) = 5 ( )Yg,q(%w, 0) Vi (i, 0)

pipg \M1M2K
1 ® dx
x=o [ = Lan(6, 49 130.6, =),

with £=¢£;;. These functions and Eqgs. (6)-(8) were
evaluated on the CDC 3100 computer at the Williams
Laboratory. The orbital integrals required, 75,(6, £) and
15,(0, £), are tabulated by Alder and Winther® for a
range of values of £ at 10° intervals; they were inter-
polated to the appropriate ¢ value by the Lagrange
method using the more slowly varying function InZ,,(£).
The 1963 values of the Atomic Constants were used*
in the calculations.

The sensitivity of the theoretical predictions of the
cross section to the higher-order terms do? and do® is
shown in Fig. 5 and in Table III. The value of the cross
section do®W4do? is plotted in Fig. 5 for «’s and for
150, with B(Z£3) =0.58¢2 b, both for Q=0 (i.e., do®
alone) and for Q=—1.3 b. The oxygen data are seen to
be rather sensitive to Q, and do?/dc¥=0.23 for
Q=1Db at =m; for o’s the value is 0.06 at =, and the
sensitivity to Q is much less. Nevertheless, we will show
in Sec. V that botk the a data and the oxygen data are
essential in limiting the values of B(%£3) and Q that
simultaneously fit all the experimental results.

It is at first sight surprising that the perturbation
expressions, Eqs. (6)—(8) that correctly predict an
excitation probability of 10 for de™® (**0) should also
predict such a large contribution from the higher orders.
A measure of the perturbation expansion parameter is

23 K. Alder and A. Winther, Kgl. Danske Videnskab. Selskab,
Mat.-Fys. Medd. 31, No. 1 (1956).

24 Tt seems common practice in current work to use the original
numerical constants given by Alder ef al.* based on the proton-
mass scale, e.g., the number 12.65 in the numerical expression for
£, Using the 2C-mass scale and the 1963 Atomic constants, we
find this constant (2V2/au!?) to be 12.699 MeV~V% where « is
the fine-structure constant and % is the atomic mass unit in MeV.
However, even though a significant change in £ and in I),2(¥)

results, the final absolute theoretical cross sections differ by less
than 0.05% in the E3 case.
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the value of the function F;;® (w, £), defined® to be the
square root of the excitation probability for backward
scattering: In general we define® an amplitude param-
eter for any angle 6 as

Fif™(0, £) =[Py (6, £) ]2 (10)

For the E3 experiment we have the small expansion
parameter (¢=¢'~1.0)

Fi/® (x, £)=0.01
=0.03

for the « experiments
for the %0 experiment.

This parameter, however, contains both the intrinsic
strength of the coupling between the states 7, f by the
interactions with the electromagnetic field of the pro-
jectile, and various £-dependent terms, having the
approximate form e~?7%. Thus the intrinsic coupling
strength x;;® of the i—f transition is defined*% to be
the value of F;;™ (6, £) with both §=7 and £=0 (the
zero energy-loss case). Consequently, the general sym-
metrized intrinsic strength parameter, using Eq. (10),
becomes

Xy W=F O (9=, £=0)
A=) Ze (I, || M(EN) [[1/)
(2)\—1) Hﬂ’l)if aif)‘(ZIi-{—l) ’

where the symmetrized velocity v;,= (vi0,)%% The
parameter x;;® was introduced by Alder and Winther?
in their discussion of multiple Coulomb excitation. The
L3 intrinsic strength x;,®=0.14 and the quadrupole
interaction intrinsic strength x,;®=0.31. While the E3
and E2 inlrinsic strengths are comparable, the ¢ffective
strengths® in the perturbation expansion are given by
Fiy®(m ¢) and FzP(m, 0), and these differ in the
ratio 1:10.

The do® term for O is only 39, of do® at 8= for
Q=1b, and Fig. 5 shows that it is even less important
at other angles. There are many higher-order do®?®
paths by which terms of the order of do® can arise and
which may have either sign relative to do®. Masso and
Lin” have evaluated some do®® terms for £E2 Coulomb
excitation and show that one term largely cancels the
do® term over a range of £ values. No third-order theory
exists for 723 Coulomb excitation, and the only second-

=4q1/2

(11)

25 K. Alder and A. Winther, Kgl. Danske Videnskab. Selskab,
Mat.-Fys. Medd. 32, No. 8 (1960), reprinted in Ref. 2.

2% Alder and Winther (Ref. 25) introduced the function
Fiy™ (0, £)—which is called x;;™ (6, £) in their Eq. (2.10)—to be
the measure of the perturbation expansion parameter. We have
altered the notation to avoid confusion between the fumciion
xisf™ (0, £) and the strength parameter x:;;® [Eq. (11) above and
Eq. (2.11) of Ref. 257, which measures the intrinsic strength of
the EX transition in the nucleus (Ref. 1). However, it is the value
of the function F;;® (4, £) which determines the applicability
of perturbation theory (Ref. 25) rather than the value of the
strength parameter x;;® alone (although the condition x;;®M<«1
is certainly a sufficient one). The function F;;® (9, £) is the
product of x;;® and &-dependent orbital integrals.

27 J. F. Masso and D. L. Lin, Phys. Rev. 140, B1182 (1965).
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F1c. 5. Sensitivity of the predicted « and oxygen angular
distributions to the value of the quadrupole moment of the 3—
state. For a’s, do® was negligible, and for oxygen it was small, as
indicated. The final data, for reasons discussed in the text, were
fitted to an expression of the form do=do®4-do@,

order (unsymmetrized) calculation known to us is that
of Beder® for the case of the E3 excitation of the 3~
1.35-MeV state in ¥F. In the absence of specific esti-
mates of doe®? terms, we decided to neglect the do®
term in evaluating the theoretical cross section, and we
fitted the data to the expression

do=do®4do®»
=B(E3)A(6)[1+0B(0)], (12)

leaving two parameters to be determined: B(#3) and Q.
It should be noted that were Q to have a ‘“rotational
value” of about —5 b, then do® would be comparable
with do®? and with do®, so that the perturbation
treatment would not be applicable to all. In the 2%Pb
case, with Q=—1.3 b, the perturbation expansion is
reasonably adequate.

The theoretical predictions and the parameters
involved were symmetrized according to the method
suggested by Alder et al* as given in Egs. (3)-(5).
This leads to the factors

(Zie/Tiv))*(vi/o )2 and  (Zie/Tw;)* (vi/v))

(as well as terms containing the symmetrized param-

28 . Beder, Phys. Letters 3, 206 (1963).
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particles on 28Pb with n=12, we have
da'unsym(]')/ do sym(l') =2.20

at 0=, while® for 30-MeV “F on 2Si (y=16) the ratio

The symmetrization procedure is to some extent ad
hoc, and the question of the accuracy with which the
symmetrized semiclassical cross section approaches the
result of the quantal calculation has been investigated
by many authorst?49:3 with the emphasis heavily on
the E2 case. Smilansky®™ has calculated quantal effects
in two-channel multiple Coulomb excitation of 2% states
and finds that deviations from the symmetrized semi-
classical calculation become important for small 7,
small £ and for light nuclei. We assume that these
general conclusions apply to E3 Coulomb excitation,
and from the results discussed in his paper we expect
that quantal corrections should be very small. Bieden-
harn and Brussard® discuss the symmetrization pro-
cedure in detail and suggest an alternative method to the
usual (Alder ef al.) replacement of v by (vw,)'?, or,
equivalently, g by n4, where

na= (nng) 2.
They replace n by ng, where
8= {2(32+1) (n+1)/ [0+ D+ (n 2+ 1)} 13
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Fic. 6. Elastic « angular distributions at 19, 18, and 17.5 MeV
plotted as a ratio to the Rutherford value. The target thickness
was calculated by assuming Rutherford scattering at the forward
angles. Statistical and systematic errors are $0.5%. The solid
curves are optical-model fits to the data with the only variable
being the depth of the imaginary part of the potential, Wp.
The form used was

V(i’) = VR f(r,fo,(l) +VCon17

W (r) =Wpda'(d/dr)f(r;xd,a"),
where f(7,70,6) = {1+exp[ (r—70413) /a]}? and Vgow is the
potential of a uniformly charged sphere of radius 7.4, The fixed
parameters were V=225 MeV,7o=1.17F,a=0.70 F, »’=1.30 F,
a’=0.70 F, and 7.=1.25 F; Wp had the values 18, 10, and 6

MeV and the bombarding energies of 19, 18, and 1.75 MeV,
respectively.

eters a;; and £;;) appearing in Egs. (5) and (6), re-
spectively, for do®? and do®. Values of (v;/v;) are
given in Table II. It is assumed in Ref. 28 that for
heavy-ion Coulomb excitation with large values of 4 the
differences between the symmetrized and unsym-
metrized semiclassical calculations is very small, but
that is not the case. For our example of *O-2Pb with
n=>50, the difference between the first-order calcula-
tions is 25%, i.e., dounsym®/dosym®=1.25 at ==. The
two effects of the symmetrization procedure are an
increase® of £ and an increase® of @, and both effects
decrease the cross section. For the case of 18-MeV «

29 In terms of the ratio {=AE/E, .., where AE is the excitation
energy, we have £ir=ni(2i/v;—1) =Eunsym[ 1+ 10+35024+(35/
32) 3t '] and aif=a'unnym7"i/7)f =aunsym(1+%§+%§2+ ‘1%{3'{'"')'

while still retaining the definition &;;=n;—n; For large
values of n;~n;, the expression np~(n2+1)Y2. We
evaluated the ratio of cross sections using the two pro-
cedures, i.e.,

dop®/do s ®=n48/955,  forall 8, ¢

and found that for O the change is a 0.19 effect, while
for 4He it is a 29, effect (Table IT), well within our
experimental accuracy.

The ratios v;/¢ and v;/¢ are ~0.1, so that relativistic
effects® might be expected to be of the order of 1 or 29,
of do®.

IV. ANALYSIS

The differential cross sections for the elastic scattering
of o particles off 2°Pb at 19, 18, and 17.5 MeV are given
in Fig. 6, and the 69.1-MeV 0 elastic scattering results
in Fig. 11. These are plotted as a ratio to the Rutherford
cross section and were obtained by measuring the
angular distribution of the elastic group, using the six-
or eight-detector array and a monitor detector. Over
the range of angles where the distribution followed
Rutherford scattering we assumed that the cross section
was given by the Rutherford law; the absolute cross
sections for the inelastic groups were then obtained
directly from the ratios of the counts in the inelastic and
elastic peaks, and the absolute elastic cross section. The
corrections for the ratios of the inelastic to elastic

301, C. Biedenharn and P. J. Brussard, Coulomb Excitation
(Clarendon Press, Oxford, 1965), Chap. III.
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solid-angle conversion factors are very small (Sec. II),
and the c.m. angles of observation of the two groups
also are very slightly different. The inelastic scattering
angular distributions are plotted in Figs. 7, 9, 10, and 12.
The full lines in the figures are theoretical predictions
of do(0) /dQ for the best-fit parameters, using Eq. (12).
All the data sets (except the 19-MeV « data) were
analyzed simultaneously, and so the lines are not the
best fit to the individual data sets of each of the figures.

A. 19-MeV « Data

At 19 MeV there is a large deviation from pure
Coulomb scattering (129, at 170°) because of com-
pound-nucleus formation: Direct processes have neg-
ligible cross sections compared with the compound-
nucleus cross section doen, and the inelastic Coulomb
excitation is only 10~ of the elastic scattering. The
compound nucleus *?Po will decay almost entirely by
neutron emission, and the subsequent o decay of the
residual nucleus 2'Po leads to the 7.45-MeV « groups in
the spectra of Figs. 1-3. The full lines through the data
points of Fig. 6 are optical-model predictions for the
parameters given in the caption. All the parameters in
the fits were held constant at the three energies except
the depth of the imaginary potential, which was re-
duced at the lower energies. The predicted total reac-
tion cross section agrees with the measured (e, #) total
cross section to within a factor of 2, and doubtless this
agreement could be improved by further parameter
variation.

The differential cross section for the inelastic group
arising from the excitation of the 3~ level is shown in
Fig. 7, together with the prediction based on pure
Coulomb excitation of the level. We have used the
final parameters B(£3) =0.58¢2 b* and Q=—1.3 b, but

T o T T T T T T T T T LA
208pp 4
T 40 i { Eq =190 MeV g
N
(2]
z
£ i
v : 1
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S
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F1c. 7. Absolute inelastic angular distribution of the scattering
cross section to the 3™ state of 28Pb at 19-MeV incident « energy
obtained from the inelastic-to-elastic ratios (see Fig. 1) and the
absolute elastic cross section derived from Fig. 6 (see text). The
curve is calculated with the best-fit parameters that fit the lower
« energy data and the oxygen data. Strong interference from direct
n‘v.;():lear excitation is present and distorts the distribution (Sec.
Iv).
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Fic. 8. Comparison of the E3 Coulomb excitation first-order
cross section, Eq. (6), with the direct nuclear cross section as a
function of incident « energy. The direct nuclear curve was cal-
culated using a distorted-wave coupled-channels code, as described
in Sec. IV A, with a deformability parameter of 8;=0.11. The
optical-model parameters at 18 MeV, in the form given in the
caption to Fig. 5, were V=200 MeV, ry=1.22 F, ¢=0.70 F,
Wp=17 MeV, r/’=1.30 F, a’=0.51 F, and »,=1.25 F. The rapid
energy variation of dogn, rather than its precise numerical value,
is the important point.

since the effect of Q is less than 69, the curve is close
to the first-order prediction alone. The value of B(E3)
is known to lie in the range 0.3-0.8 ¢? b® from a number
of earlier experiments (Sec. V), and this fixes the fotal
inelastic cross section prediction: The #otal inelastic
cross section, estimated from Fig. 7, is within these
limits, and we can be confident that most of the total
cross section is due to Coulomb excitation. The dif-
ferential cross section of Fig. 7, however, shows a
marked deviation® from the Coulomb-excitation theory
which we attribute to an interference between a (small)
amplitude for the direct excitation of the 3~ level via
the tail of the nuclear potential and the amplitude for
Coulomb excitation.

The curves in Fig. 8 are estimates of these effects for
6=175° as a function of « particle energy E.. The curve
labeled doc.® is the first-order Coulomb-excitation
differential cross section, calculated for B(E3)=0.58¢
b3. That labeled doqn gives the variation of the differential

31Tt is instructive to note that the data of Fig. 7 can be fitted
quite well with an expression of the form do=4 (§) B(E3)[1+
B(6)Q], i.e., Eq. (12), with a large negative Q of about 9 b [and
a B(E3) of 0.8¢2 b¥]. (Of course, for such an unreasonably large
quadrupole moment, considerably exceeding the ‘“rotational
value”, second- and higher-order terms cannot be neglected, and
the perturbation expansion is no longer valid.) Nevertheless,
this observation does emphasize that measurements made at
too high a bombarding energy, when effects other than Coulomb
excitation are present, can give totally misleading information.
The same peculiarity has been noted in the fitting of differential
cross sections for the inelastic scattering to the 2% states of
even-even nuclei (Ref. 19).
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Frc. 9. Absolute angular distribution of the inelastic « scatter-
ing cross section to the 3~ 28Pb state at 18-MeV incident energy.
The curve is a fit to the data of Figs. 9, 10, and 12 simultaneously
and is not the best fit to individual distributions.

cross section for direct nuclear inelastic scattering,
calculated by using a distorted-wave coupled channels
code®? and using an octupole deformability parameter
B3=0.11. The optical-model parameters used in the
calculation are given in the caption and give very good
fits to the elastic data (similar to the fits of Fig. 6).
The value chosen for $; is in the region expected® for
208Ph: A value of 83=0.20 increases the cross section by
about 209,. The total cross section from the direct
nuclear scattering is very small. The point at issue here
is the energy variation of the direct nuclear cross section
rather than the precise numerical value, although the
values in Fig. 8 should be a good guide. We will argue
(in Sec. IV B) that dogn falls off so rapidly with energy
that it is most improbable that it is affecting the 18-MeV
angular distribution significantly. The contribution of
the compound-nucleus cross section doe, to the inelastic
« channel was estimated, by a rough Hauser-Feshbach
calculation, to be about four times less than dogn at
E,=19MeV ( $19% of do®®) and also to have about the
same energy dependence as doan. The direct nuclear
amplitude will influence the Coulomb-excitation ampli-
tude coherently, whereas doen will add incoherently to
the final cross section.

We conclude that at 19 MeV the direct nuclear reac-
tion is strongly affecting the inelastic a channel, and we
present the 19-MeV results here in order to make the
case (see Sec. IV B) that the energy variation of dogn
and doe, and their approximate values is such that their
influence at the lower two o« energies can be safely
neglected. It is useful to point out, however, that
19-MeV o’s on 28Ph would have been considered a
“safe’”” bombarding energy for Coulomb-excitation ex-
periments on the basis of a classical prescription for
such ““safe’” energies.!

32T, Tamura, Rev. Mod. Phys. 37, 679 (1965).
3 G. R. Satchler, R. H. Bassel, and R. M. Drisko, Phys.
Letters 5, 256 (1963).

BARNETT AND W. R. PHILLIPS

186

B. 18-MeV and 17.5-MeV « Data

The elastic scattering cross section differs from
Rutherford at back angles by less than 3% at 18 MeV
and less than 29, at 17.5 MeV (Fig. 6). Thus at these
energies the effect of the compound-nucleus formation
is still being felt in the elastic channel, and the question
arises whether the inelastic data, shown in Figs. 9 and
10, can be analyzed in terms of pure Coulomb excita-
tion. We note the following two arguments:

(i) The energy variation of the direct nuclear inelas-
tic scattering doan, given in Fig. 8 and discussed in
detail in Sec. IV A, is very strong; it decreases about 10
times more rapidly than the Coulomb-excitation cross
section as the energy is decreased, and so we expect that
the small nuclear interference present at 19 MeV is most
probably negligible at 18 and at 17.5 MeV.

(ii) The 18- and 17.5-MeV sets of inelastic data can
be consistently analyzed in terms of electric excitation
alone. Any significant interference from other ampli-
tudes at these two bombarding energies would make this
a most unlikely occurrence.

When the elastic scattering [or, more precisely, the
sum of the elastic scattering and the Coulomb-excited
inelastic scattering Eq. (1)7] shows deviations from
Rutherford scattering, one has to present convincing
evidence that the mechanism responsible for the inelas-
tic process is electric excitation alone. Classical criterial
and even the presence of (small) deviations®* from pure
Coulomb scattering, while being useful guides, may not
adequately describe any specific experimental case
which, ideally, should be decided by experiment, as we
have attempted to do above. There remains a further
question concerning the calculation of the theoretical
Coulomb-excitation cross section doe. In the semi-
classical theory the probability of excitation along a
classical orbit is calculated by perturbation theory

20|~ 208pp + g —
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Frc. 10. Absolute angular distributions of the inelastic «
scattering cross section to the 3~ 28Pb state at 17.5-MeV incident
energy. The best-fit parameters are B(E3) T =0.58¢ b* and
0=—1.3 b (see the caption to Fig. 9).

3 M. Samuel and U. Smilansky, Phys. Letters 28B, 318 (1968).
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[Eq. (1)] and then multiplied by the Rutherford
scattering cross section. If the measured elastic scatter-
ing deviates from the Rutherford value, does one use
doRush OF doe in the formula for doe? The question loses
its directness when the semiclassical expressions are
symmetrized, for then the Rutherford orbit itself is
symmetrized and no longer describes the experimental
elastic scattering, even in the case of very small inelastic
and no nuclear effects. We have taken the view that
the theory predicts an absolute cross section for excita-
tion and not the probability for excitation along a
fictitious orbit, and we thus have compared the theo-
retical and experimental absolute differential cross
sections. In most experimental situations in which the
mechanism has been shown to be Coulomb excitation
alone, the elastic scattering will not deviate more than
a few percent from pure Coulomb. In the present experi-
ment, the maximum deviation is ~3%, at back angles
for E,=18 MeV, and the accuracy of the data makes the
discussion rather academic. When the point becomes
more important it will be necessary to develop and use a
more accurate theory of the Coulomb-excitation process.

C. 69.1-MeV 10 Data

At an oxygen bombarding energy of 69.1 MeV, the
scattering is several MeV below the usual prescriptions
for a Coulomb-barrier height and may be expected to be
purely Rutherford. Figure 11 shows this to be the case
to within a fraction of 19%,. This, of course, does not
prove that there is no nuclear interference in the inelastic
cross section, although the comparison with the 18-MeV
o data, where the inelastic channel was all Coulomb
excitation even with 39, deviations from Rutherford,
does make it plausible. The fact that nuclear-tunnelling
cross sections are comparable with the inelastic scatter-
ing (Sec. IT and Fig. 4) in no way suggests that direct
nuclear inelastic processes may be important, since
nuclear tunnelling can take place even when the %O
sees effectively none of the tail of the 2®Pb nuclear
potential. The inelastic cross section is plotted in Fig.
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Frc. 11. Elastic oxygen angular distribution at 69.1-MeV
bombarding energy given as a ratio to the Rutherford value.
Since the ratio is constant, we assume that the scattering is
described by the Rutherford value: The deduced target thickness
is 59 ug/cm? Statistical and systematic errors amount to #0.3%.

COULOMB EXCITATION AND REORIENTATION

IN 208Ph 1217

T T T T T T T T T T T
ZOSPb + 160

B3

o

o
T

Eoxveen = 69. MeV

(MICROBARNS /ST}

300 -

II{

dojyg/ dQ
N
[}
o

I\I
| e=3 \5\1
100 —
oL_L L 1 L L 1 1 1 1 I 1 _J
60 80 100 160 180

120 140
cm. ANGLE (degrees)

TFic. 12. Absolute angular distribution for inelastic scatter-
ing of oxygen ions with incident energy of 69.1 MeV, resulting
in the Coulomb excitation of the 2.614-MeV octupole state of
208Ph, The curve is calculated with the best-fit parameters B( E3) =
0.58¢2h? and Q= —1.3 b (see the caption to Fig. 9). The deviation
from the first-order cross section provides a measure of Q (sece
Fig. 5).

12; the data, together with the 18- and 17.5-MeV «
data, were analyzed on the assumption of pure Coulomb
excitation, as is described in Sec. IV D.

While we believe it is true in the case of ?®Pb that no
other second-order Coulomb-excitation paths are con-
tributing significantly to the cross section [and so we
can use Eq. (12) as a good approximation to the
second-order perturbation theory], the O experiment
poses a problem that so far has not been treated in the
literature. The single-nucleon-tunnelling cross sections
at the back angles are comparable to the octupole
Coulomb-excitation cross section. How important are
virtual second-order processes involving two nuclear
tunnellings which leave *®Pb in its 3~ level, compared
with the second-order Coulomb-excitation term we
consider? This problem is present in /2 reorientation
experiments also but probably to a lesser degree on
account of the larger £2 cross sections. For the present,
we assume that the two nucleon exchange contribution
is not important.®

D. Least-Squares Analysis

The three sets of inelastic scattering data, Figs. 9, 10,
and 12 were analyzed together in terms of the expression

[Eq. (12)]
do(0) =B(£3)A(6)[1+0B(0) ],

which was derived and discussed in Sec. III. The quan-
tities A (6) and B(8) can be evaluated for the different
ions and bombarding energies; they were calculated at
10° intervals and were interpolated to the actual c.m.
angle of observation before being compared to the ex-

% Repeating the measurements with different bombarding
energies and projectiles would help resolve this question and many
others that occur in this type of measurement, as we have em-
phasized. The problem is of course one of the time available:
The data presented here were obtained during 420-h use of an
MP Tandem.
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Fic. 13. A x2 analysis of the combined data of] Figs. 9, 10,
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is the minimum x? value of the data set. Pairs of points outside
the curves show a distinctly inferior fit. Note the large range of Q
over which the o data can be fitted, and that even the sign of Q
is uncertain: B(E3), has the value 0.604-0.07 ¢> b3, The oxygen
data alone define a large region of B(E3)-Q space which can be
characterized by the ranges B(E3) oxygen=0.6240.14 ¢ b® and
Qoxygen=—1.541.0 b. Combining the « data with the oxygen
data restricts the allowed range considerably, to the values
quoted. The small error bars on the figure are the results of a
least-square analysis (Sec. IV D) : We feel they are unrealistically
optimistic.

1
0.50

perimental values. The usual least-squares analysis was
made in terms of the two parameters B(E3) and
[B(£3)Q] and yielded the results

B(E3)15=0.584+0.01 & b® and Q=—1.34+0.17 b.

The correlation coefficient® is p= —0.790, indicating, as
expected, the high degree of correlation between the
two parameters B(E3) and [B(E3)Q]. The value of
x? is 32.3 for 26 data points, corresponding (if inter-
preted strictly) to a 159, confidence level relative to the
expected x?=23. We discuss the errors that we assign
to B(E3) and Q arising from the analysis, from the
neglect of other terms in Eq. (12), and from theoretical
uncertainties, in Sec. V.

V. DISCUSSION

The uncertainties in the values of B(E3) and Q
derived from our analysis are difficult to estimate. The
errors obtained from the least-squares analysis of Sec.
IV D are small, B(E3)1=0.584-0.01 ¢* b and Q=
—1.34-0.2 b, and contain no allowance for the theo-
retical uncertainties in both the shape of the predicted
angular distribution and in its magnitude. The mini-
mum x? value of this analysis, xmin? is 32.3 with 26 data
points. It is rather more informative to present the
results of the analysis in an alternative way. Figure 13
shows curves defining the range of values of B(£3) and
Q for which the x? of the data about the values of Eq.
(12) is less than 2xmin2. The theoretical curves for
values of B(ZE3) and Q outside this range show a

3 A. J. Ferguson, Angular Correlation Methods in Gamma-Ray
Spectroscopy (North-Holland Publishing Co., Amsterdam, 1965),
Chap. IV.
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marked visual worsening of the fits to the data. The
results in Fig. 13 were obtained by calculating
x2(B(E3), Q) over a grid of values indicated by the
scales in the figure, B(£3) =0.4(0.01)0.8 and (—Q) =
0.0(0.2)4.0. Only one minimum was found, identical to
that of the least-squares analysis; however, it was quite
shallow. If the intersections with the ellipse defined by
X*= 2xmin” are taken to give an estimate of the degree of
confidence in the parameters, then we have

B(E3)=0.58-+£0.04 & b* and Q=—1.320.6 b.

It is evident that neither the o data nor the %O data
alone give as precise estimates of the parameters: in-
deed, from the « ellipse of Fig. 13, one cannot even
determine the sign of Q, let alone its magnitude. For
the « data, it is clearly incorrect to assume that the
first-order prediction (with Q=0) is sufficient to deter-
mine B(E3) as accurately as the errors on the data
would suggest. The oxygen data at least restrict Q to
be negative, but the errors on the parameters are about
three times those obtained using all the data.

The value of xmin2/ (N—3) is 1.40, so that, while the
data set is not a very good statistical sample, it is not an
unacceptable one. This consideration leads to a second
source of error, not due to the experimental statistics,
but related to the use of the simple expression (12).
The most important terms ignored in Eq. (12) are
do® and the unknown cross terms doe®®, as discussed in
Sec. ITI. The neglect of these terms will not influence the
predictions of & particle excitation, but could affect the
180 predictions by up to 5% (Table III). It is clearly
possible that the inclusion of higher terms could sig-
nificantly affect the value of Q derived from our experi-
ments, but probably cause little change in B(ZE3).
[Including the do® terms and reevaluating the x2 grid,
in fact, leads to xmin?=32.8 at the values B(£3) =0.60
and Q=—2.0, and to a curve which follows the «
ellipse at larger values of (Q, where the perturbation
expression is invalid. The assessment of errors becomes
essentially subjective.] We give our best estimate of the
correlated parameters, using Eq. (12) for the theoretical
values, as

B(E3) 1 =0.5840.04¢?b® and Q=—1.3+0.6b,

and believe that errors quoted are realistic.

There are several other measurements of the B(E3) 1
for the upward transition from the ground state to the
3~ level. These range from 0.31 to 0.97 ¢ b3, and stem
from investigations that use a variety of experimental
techniques and theoretical interpretations. Total
Coulomb excitation cross sections derived from y-ray
measurements® following heavy ion bombardment of
M8Ph are subject to errors in the determination of the
detector efficiency and in some measure to errors
associated with the neglect of second-order terms in
expressions for the total cross section. Measurements

% A. Z. Hrynkiewicz, S. Kopta, S. Szymczyk, and T. Walczak,
Nucl. Phys. 79, 495 (1966).



186

involving distorted-wave Born approximation (DWBA)
analyses of (p, $") and (e, o) experiments® are subject
to the usual uncertainties of lack of precise knowledge
of optical-model parameters and details of the reaction
mechanism. Inelastic electron experiments are tech-
nically difficult and are involved in interpretation:
B(E3) values from such experiments range from® 0.54
¢* b® to® 0.88 ¢* b, with a recent determination® of
0.724-0.04 ¢ b®. A good measurement of the lifetime of
the 3~ state would provide an unambiguous value for
the upward B(£3) and would remove some uncertainty
from the value of Q obtained in this experiment. The
lifetime is around 25 psec and is in a region where
accurate measurements are difficult. The only lifetime
value reported® gives a preliminary value of the mean
life 7,,=47-15 psec, equivalent to B(E3) T =0.31 ¢2 b2
The present measurement of B(Z£3) T is the most
direct one and probably gives the best available value.

Our results for B(£3) 1 and Q may be compared with
theoretical predictions. There exist a number of cal-
culations on 2Pb: To first order the levels are described
by mixing a limited set of particle-hole configurations
(of protons and neutrons separately) arising from ex-
citations across the closed proton and neutron shells.
In the more recent treatments, Letourneux and Eisen-
berg® use a surface §-function force to mix the configura-
tions, Gillet e al.? use more general residual nucleon-
nucleon interactions, and Krainov® uses an interaction
which is taken to vary with the density of the nucleons
and which is different for the proton and neutron
particle-hole pairs. In all of these calculations a 3~ level
is depressed into the energy gap, and most of the
octupole strength is concentrated on it. It proves
necessary to include ground-state correlations in order
to increase the E3 strength towards the observed value:
In the first two of the above calculations this is done by
using the random phase approximation, and in Krainov’s
work it is done by the use of a method* of treating the
nucleus in an analogous fashion to the Landau theory
of Fermi liquids.®® In Refs. 9 and 42 the energy of the 3~
level is reproduced if many particle-hole configurations

38 J. Alster, Phys. Rev. 141, 1138 (1966) ; Phys. Letters 25B,
459 (1967); A. Scott and M. P. Fricke, 4bid. 20, 654 (1966);
J. Saudinos, G. Vallois, O. Beer, M. Gerdrot, and P. Lopato,
ibid. 22, 492 (1966); G. R. Satchler, R. H. Bassel, and R. M.
Drisko, ibid. 5, 256 (1963); T. Stovall and N. M. Hintz, Phys.
Rev. 135, B330 (1964).

3 H. Kendall and J. Oeser, Phys. Rev. 130, 245 (1963).

4 D. S. Onley, J. T. Reynolds, and L. E. Wright, Phys. Rev.
134, B945 (1964).

4R, S. Weaver, Can. J. Phys. 40, 1684 (1962).

( 42 J.) Letourneux and J. M. Eisenberg, Nucl. Phys. 85, 119

1966) .

4V, P. Krainov, Phys. Letters 27B, 341 (1968).

4“4 A, B. Migdal, Zh. Eksperim. i Teor. Fiz. 43, 1940 (1962)
[English transl.: Soviet Phys.—JETP 16, 1366 (1963)7]; A. J.
Larkin and A. B. Migdal, Zh. Eksperim. i Teor. Fiz. 44, 1703
(1963) [English transl.: Soviet Phys.—JETP 17, 1146 (1963) 1;
A. B. Migdal and A. J. Larkin, Nucl. Phys. 51, 561 (1964) ; A. B.
Migdal and A. J. Larkin, Zh. Eksperim. i Teor. Fiz. 45, 1036
(1963) [English transl.;;Soviet Phys.—JETP 18, 717 (1964) .

471,. D. Landau, Zh. Eksperim. i Teor. Fiz. 35, 97 (1958)
[English transl.: Soviet Phys.—JETP 8, 70 (1959)].
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are included, but the B(£3) for the transition to the 3~
state is about a factor of 2 too small. Krainov repro-
duces the energy of the level and finds B(Z3) T =25
s.p.u. and Q=—2.4 s.p.u,, but does not define these

units. If we use the customary expression?

B(E)\, I[_)If)s.p.zB(Ex)s.p-

el 3V a
=(2\+1) —(—=) R, (13

(2+1) 4-1r<3+>\> s (13)
with Ry=1.24"3 F, for the single-particle unit for the
reduced transition matrix element, then our result for
B(E3) T is equal to 32 s.p.u. In an analogous manner
to Eq. (9) we can define a quadrupole moment single-
particle unit as

€Qs.p.= (167/5)*[B(£2) T 5. (21 +1) ]
X[ (21-1)/(2141) (I+1) (2I+3) 17, (14)

i.e., Os.p.= (2)12R¢? for I'=3. In terms of this result,
our value of Q is equal to —3.0 s.p.u. It is clear that the
particle-hole predictions are in reasonable agreement
with the measurements.

In conclusion, we have described the measurement of
the quadrupole moment of the 3~ octupole state in
28Ph using the reorientation effect following Coulomb
excitation by both o’s and oxygen. In addition, we have
determined the B(E3) T matrix element for the transi-
tion from the ground state. The values for the quadru-
pole moment and the B(E3) are correlated, our best
values being

0=—13+06b and B(E3) 1 =0.582:0.04 ¢ b%.

Even allowing for the difficulties of assigning errors, our
value for Q is clearly not zero; we may note, however,
that the observed value of Q does not imply a large
deformation of the 3~ state. If we were to consider the
system as an axially symmetric ellipsoid in the lowest
state of a rotational band with I=K=3, then the
intrinsic quadrupole moment Qo would be equal to
—3.1 b. This would correspond to a deformation 8 of
about 0.10, a value somewhat smaller than those
associated with “rotational” nuclei. The nonzero
quadrupole moment perhaps alters the macroscopic
picture of the level as a pure-octupole-shape vibration
in that the equilibrium shape can no longer be spherical.
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