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The study of alpha particle inelastic scattering has long.been a

1 method Ffor investigation of collective nuclear exceitaticn., The short

A othe Porwerd hemisphers.  The gualitative features of experimental rssults

for states whicih are excited directly from the ground stabte are described by

the Fraurhofer diffraction model which provides a phase rule fcr locaticn
. , . , . (2) = ,

of maxima. More recently, experimental and theoretical results have been
obtained for states vhich cannot be directly excited. The angular distribu-
ticns to these states contain features which distinctly mark them as proceesding
through a cascade excitation mechanism, w1th "diffraction phases opposite to
the phese rule and less-stzeply sloped angular distributions.

Yie have used the sclective prcperties of mediwn-energy alpha scaltering

&

to perform a high-precision ojthNath investigation of the rare earth regifon

of pe ,fnently-daformed nuclei.. Our xnerunnnts consis ted of scattering

5C MeV alpha particles from several is oLQUWC\le—cnr¢cug metallic foils in

tie rare earth' region. Scattered particles were detected in four moveabls
cenlad lithiwe-drified silicon QLtOLbore._ Special care was taken to keep

* . R ' .
Rt e vyl tigea f veye s P ) T : o ~eemyd oo on ’ :
‘his vwork wus donc under Lhe ausplces of the U.S. AV”" ¢ Energy Commission.
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backgrounds low and to achleve resolutions of about 50 keV. A sample spec-

trum is shown in Fig. 1. In Fig. 2 wé see inelastic angular distributions
_ , . . .

for two of our target nuclei,  The diffraction osciallations are evident and the

Captions to Figs. 1 and 2:
Fig. 1. Experimental spectra of two of the targét'nuclei, showing also some

of higher excited states not included -in the analysis.

5k 176

Fig. 2. .Angﬁlar distributions of excited rotational states of Sml and Yb

excited 50 MeV alpha particles.

maximahin.thé 2+ 1GVels.are ldcated invaccdrdance“with:thelphaée rul¢;“ However?
higher levels différvinvthe'two nuclei indicating-differenceé in shape beyond Yé.
The différeﬁtial.crossvsections to fhe véfious members of the rbfar
tional_baﬁd contain information relevant for the.deteimination of the multipole
expansionlof the deformed nuélear field generated by the intrinsic ground A.
state. Having measured the cross sections up to the 67 and éometimeslB%
‘a-states,.we are, therefore, in a.position to.determine the shape of the nuclear

",field up to Y6. We shall parameterize the shape as illustrated in Fig. 3.

_ Caption to Fig.y3f
Fig. 3. Schematic view of permanently deformed nuclear shapes including v

positive and negative YMO deformations.
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Assﬁmlnu that the dlpha-nuuleug Lnteraction can be lcpleocntcd by a
rl“ld deformed complex Optlcal potentlal which describes the effe»ts of the
intrinsic excitations,(g) we have treated the rotation of the ground state
expliéitly by sol?ing the complex coupléd equations.  Coulomb exciﬁation
effeéts wvere fdgnd to be important and were'treated onveqﬁal fdoting with the
nuclear exéitation. The multiéolé expaﬁsion of the interaction, the number
of Coupied channals, and the number of‘partial ﬁavééIWere'al; carried to
corvergence, .so that thé calculation is an exact numerical solution of the
~ scattering model. _ - : . )
| Because we treat the rotations explicitly, the Optlcal potential
- needs to take account of only the intrinsic excitations of the nucleus, and _
. should, therefore, be essentially the same as for the nearby spherical nuclei.(B)
fWe, therefore,.determined these parameters from‘the elastic cross section of

the spherical Smlh8 nucleus and used them, with only very small adjustments,

throughout the deformed region (see Table I). These paremeters are of coursé

Table I
v w r a r
(o]
148 ; | -
Sm elastic only 65.5 - 29.8 1.h27 671 1.40
Coupled-channels  65.9  27.3  L.Lkho  .637 1.4k
sn'™* elastic only 3.6 294 1.0k .819. 1.40

very different than those obtained by treating only the elastic scattering on

the deformed nuclei. This latter optical potential must implicitly aécount'
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for the-efféct of the rotations on theelastic.crossrsection and because of
the sﬁrong coupling, it'isrdrastically modified as seen in Table I. It is
the potential.appropriate for‘a DWBA calculation_bf'the cross section to the

excited states. The reéults of such a calculation are shown in Fig. 4,

. Caption for Fig. L:

Fig. 4. Optical modelland DWBA best fits to the scattering data on-SmlSu.

The inability of the calculation to fit even thé 2+ state ié apparent, and

 the DWBA approximation is clearly inapplicable..
. . -

A'coupled—channels £it to theSml)+ data 1s shown in Fig. 5, using

‘Caption to Fig. 5:

15k

Fig. 5. 'Coupled—éhannel calculation of 50 MeV alpha particles on Sm using

Bz'and Bh deformation.of.the nuclear shape. The theory'and experimént

agree in locations of maxima, slopes of the‘énvelopes, magnitude of

the cross sections, and depths of minima.

Te

the optical parameters of Table I and adjusted deformation parameters Bz and
Bu. Notice that the experimental data are well-reproduced, even to rélative'

‘depths of the minima of the various states. To indicate the sensitivity of the
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cross section to Bh’ Fig. 6 shows results obtaiﬁed by setting Bh equal to zero

Caption to Fig. 6:
Fig. 6. Sensitivity of the. cross sections of 50 MeV alpha particles to changes
in the Bu_deformation parameters. The bptical potential and Bz were

“selected in each case to.give a best fit to the O+ and 2f states.

and to negative 0.05. . In both these cases the optical parameters and Sz were

" readjusted for a best fit to.the O+ and 2 states.” We see in this‘way that

the value of Bh is quite accurately determined. The agreement found in I'ig. 5

is somewhat improved by -inclusion of a small 66‘as shown in Fig. 7. Tor almost

Ception to Fig. T:

. . v el
Fig. 7. Comparison of the experimental and coupled—channels rqults for Sml’%

including a small negative ﬁ6 term in the nucleus deformation.

all the nucleil we inveétigated, the agreement wag somewhat improvéd by including

‘& small negative B ¢ term.

Fig. 8 shows the best fit to the data on Ybl76,‘agdin;using_the same
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Cavtion to IFMig, 8:

Fig. 8. Comparison of the experimental and best fit coupled-chamnels resultis
e LT it : e mmatdve B deformed: o
for Yo ', Notice that for this case a negative By, deformation term

~

is needed to match the data.

optical parameters from Table I. In this case it was necesSary to use a

" negative 5&. For comparisoﬁ, the failuie of the calculation to fit the data

=y

when the higher-order deformation terms are excluded is seen in Fig. 9. Fig. 10

Cevtions to Figs. 9'ahd'10:

e

Fig. 9. The deteriation of calculated fit to the upper levels of Ybl7° when’

the highér-order'deformation terms are eXcluded.

. 165

[ RS

.Fig.‘lO; Comparison of the experimental and coupled-channel results for Er o
Although no B) term is necessary, the angular distribution to the g*
state indicatés the need for a small negative 66 term injthe nucleax

deformation,

. i . 166 : e o o
shows the data and theory for Er ; in this case we find no necessity for
ircluding a significant 5h term, although the need for a 66 term is most

.o Ve c e : . . + o :
apparent nere, Fig. 11 indicates the poor fit to the 6 - level, vhen the Pg term:
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Cuption to Fig. 1l:

-

» o+ o e s
Fig. 11. The poorer fit to the 6 level Qf-ErlO6 when the P, deformation

term is excluded.

in oxeluded. A summary of the results on the determination of the higher

doformations is presented in Table II.- The‘quadrupole moments of these shapes

Table II

. .y ~Q . - - I
154 158 . Er166 Ybl’?L

Nuclide sm?? s Ga B SECI
5. ~.205 © .225  .235 = -.230  .230 .230 .205
B), L0k LO45 ..030' o. . -.040 -.0k5 ,' -.060
es -.010  -.015  -.015  -.015 0 . -.005 . 0
A 6.k2 _‘7.15 T8 7.95 8.2k 8.23  7.55

B Qo(a)  5.85  6.81  7.30 7.6z 7.57 7.0 6.78

(e)

Electric guadrupole moments calculatcd from the comDLlatlon of P. H. Stelson
and L. Grodzins, Nuulear Data 1(1965), 2l.

are also shown and compared to electric quadrupole moments. . 0of cOurse‘they
are ‘not neccosarlly thc same since our experiments determine the potential
quadrupole momunt

In order to see whether or not these results for ﬁh can be theoretically

predicted, we have performed a calculation using a perturbation model developed
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by Hara d' for tue actinide region. The moa01 mihimizes the bindin g energy of
the nucleus using a Yho defonnatiOn on the Nilsson potential and Nilsson wave

<

et Aona The results of the calculaticns are shown in Fig. 12 along with

(9]
]
£}
&
e
[}
=1

to Fig, 12:

‘A theoretical calculatlon of Sh 1n the rare earth reglon using thc:

l’j
'J
e
.
’-J

[8V]

model of Harada, the experlmentally determlned values (adjusted for
the difference between electromagnetic and optical radii) are alsc

showm.

the measured values. of ﬁh obtained w1th the coupledrchanncls analyols. The

'calculatlon contains a somewhat arblt"ary zero detevm1natlon, corr“sponding~to

s2lection of contrlbutlng Jlleson orbltals. In comparison of thie theory and

experiment, the e\perlmental ﬁ values were adjusted to account for the dlffe ence

- batween electromagnetic and optical potcntial radii.

To summarize, we have measured with high precision the angular distri--

butions of acatternd aluua partlclw exciting members of the rotational band

built on the ground state of even-even rare earth nuclei. The results were

compared with a thcor that solves the scattering nroblem exactly if one

assumes tnat the 1ntevact10n can be represented by an cptical pctential o
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rizid deformed snape. recment between theory and experiment
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or

- implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any-employee or contractor of the Com- .
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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