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D~;ri'ERJlHi.U\.'l'ION OF Yl~ Dl':FOm1A'l'IONS 'IN 'I'HE RARE EAH'l'}I 
REGION BY INELASTIC ALPHA PARTIC]~E SCA'lr'l'~:RJlITG 

D. L. Hendrie, N. K. Glendennine;, B.G. Harvey, O. N. ·Jarvis 
ti. H. Duhm, J. IvIal10ney, and J. Sauclinos 

L:'· ... 'l'2nC2 H~,·_·U.atioll L:i.1)o!'ato,l.'y, University of California, B2rl~eley, Californi·~ 

'l'he study of alpha particle inelastic scattering has long. been a 

.::'r':.i.tfalr!l·2tho"i. :'01' investigation of collective nuclear c;.,:cit"tti.cn. '2.'ho2 sllol't 

\·;o2.v0· L;n:;th and. 1a1'::;e absorption of the alpha particles at t1~e nuclec.r Si.lri'n'~e 

L;::-~j,.3 to :iistinct dl:::~fraction- type oscillations in the un gulal' distributions 

for states '.;hicLl are e:-:citecl clil'cctly fronl the ground stat,~ arE c,escri.bec. by 

th~ Fra'..mhofe1' diffraction model (1) \v"hich provicies a phase rule fer location 

of ma.."{ima. More recently, experimental 1:L11.d theoretical results (2) have been 

obtained for states ';.'hich c~L11.not be directly excited. The cUlgulal' distl':.bu-

ticns to these states contain features ,·:hich distinctly mark them as proce'2ding 

through a cascade e:{citation mechanism, ,·:ith' diffraction !)!lases opposite to 

the phC' . .sE! rule ::md less- steeply sloped. angular distributions. 

'de have used the sclectiveprcperties of medium- energy alpha sC2.tte:dng 

to perform a high-precision systematic investigation of the rare eal'th l.'eC;:.O!l 

of' pcnw...:'1'2ntly- deforrne~ nuclei. Ou!' experiments consisted of scattering 

• 5(; MeV alpha p(irticl'~::; fl.'om several isotolJically- enriched liletallic foils in 

ti:e rare earth' region. Scattered. particles i-lere detected. in fom' moveab12 

cv)l~c!. Ii thlU:!l- drifted silicon detector'':;. Sl)ccial care I:a.s taken to keel) 

,r. 
:l'l::'s 'Itor}: jone 
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b[~ckgrl)l~nd..s low and to achieve resolutions of about 50 };:eV. A sample spec-

trunr is shown in Fig. 1. In E'ig. 2 we see inelastic angular dist:ributions 

• 
for two of our target nuclei. The diffraction osciallations are evident 8...'".d the 

Captions to Figs. 1 and 2: 

F::.G• 1. Experimental spectra of two of the target nuclei, showing also some 

of higher excited states not included in the analysis. 

Fig. 2. 154 176 Angular distributions of excited rotational states of 8m anel Yb 

excited 50 MeV alpha particles. 

+ maxima in the 2 . levels are located in accordance· with. the phase rule. However:, 

higher levels differ in the two nuclei indicating differences in shape beyond Y2 , 

1ne differential cross sections to the various members of the rota-

tional band contain information relevant for the determination of the multipole 

expansion. of the deformed nuclear field generated by the intrinsic ground 

state. 
+. + 

Having measured the cross sections up to the 6 and sometimes 8 

states, we are, therefore, ina 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. 3: 

Fig. J. Schematic view of permanently deformed nuclear shapes including , . \J 

, 
po:::i ti Ve and negative Y1j.0 

deformations. 
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Asstu!ling that the alpha-nucleus interaction can be represented by u 

rigid deformed complex optical potential 'vlhich describes the effects of the 

intrinsic excitations, (3) we have treated the rotation of the ground state 

explicitly by solving the complex coupled equations .. Coulomb excitation 

effects ·.~ere found to be important and were' treated on equal footing 'vlith the 

nuclear excitation. The multipole expansion of the interaction, the number 

of coupled channels, and the number of partial ,;,aves '\-lere all carried to 

cor:vergence, so that the calculation is an exact munerical solution of the 

scattering model. 

Because we treat the rotations explicitly, the optical potential 

needs to take account of only the intrinsic excitations of the nucleus, and 

should, therefore, be essentially the srune as for the nearby spherical nuclei. (3) 

We, therefore, determined these parameters from the elastic cross section of 

the spherical Sm
148 

nucleus and used them, vrith only very small adjustments, 

throughout the deformed region (see Table I). 'l'hese parameters are of course 

Table I 

v w r a· r c 

11~8 
Sm elastic only 65.5 29.8 1.427 .6'(1 1.40 

Coupled-channels 65.9 27.3 1.440 .63'( .1.44 

154 
Sm elastic only 3!~.6 ' 29.!~ 1.404 .819. 1.40 

very different thun those obtained by treatine only the elastic scattering on 

the deformed nuclei. This latter optical ,potential must implicitly account 
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for the eff~ct of the rotations on the elastic, cross section and because of 

the strong coupling) it is drastically modified as seen in Table 1. It is 

the potential appropriate for a DWBA calculation of the cross section to the 

excited states. 'rhe results of such a calculation are shown in Fig. 4. 

Caption for Fi8. 4·: 

Fig. l~., Optical model and DWBA best fits to the scattering data on Sm154. 

+ The inability of the calculation to fit even the 2 state is apparent) and 

the DWBA approximation, is clearly inapplicable. 

, 15}+ 
A coupled-channels fit to the Sm data is shown in Fig. 5) using 

Caption to Fig. 5: 

Fig. 5. Coupled-channel calculation of 50 MeV alpha particles on Slll154 using 

(3 2 and (31~ def'ormationof the nuclear shape. The theory and experiment 

agree in locations of maxima) slopes of the ,envelopes) magnitude pf 

the cross section:.::) and depths of minima. 

the optical parameters of 'fable I and adjusted deformation parameters 13
2 

and 

/3}+. Notice that the experimental data are well-reproduced) even to relative 

depthn of the minima of the various states. To indicate the sensitivity of the 

.' 

'.' 

, , 
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cross section to (34 J Fig. 6 shows results obtained by setting f\ equal to zero 

Caption to Fig. 6: 

Yit;. 6. Sensitivity of the cross sections of 50 MeV alpha particles to changes 

in the (34 deformation parameters. The optical potential and 13
2 

were 

selected in each case to give a best fit to the 0+ and 2+ states. 

ar.d to negative 0.05. ' In both these cases the optical parameters and P2 vTere 

readjusted for a best fit to. the 0+ and 2+ states.' We see in this way that 

the value of (34 is quite accurately determined. 'I'he agreement found in Fig. 5 

is somewhat improved by inclusion of a small (36 as shovm in Fig. 7. For almost 

Cl:l.ption to Fig. 7: 

Fig. 7. 1'~:4 
Comparison of the experbnental and coupled-channels results for Sm "'. 

including a small neGative {36 term in the nucleus de:t'ormation. 

.• all the nuclei we investigated, the aGreement was somewhat improved by including 

a small negativ~ A term. " 1-'6 . 

Fig. 8 shows the best fit to the data on Yb176,' again using the same 
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Csutirnl to Fig. 8: 

}'is. 8. Comparison of the exper:iJncntal and best fit coupled-channels results 

for '-~ 176· 
J.O • Notic~ that for this case a nCBativc i\ deformation tCl':n 

i:3 needed to mateh the data. 

optical pc~rallleters from Table I. In this case it was necessar;y- to use a 

neL~:1tive [)1 • 
, ~ 

For comparison, the failure of the calcul at iOll to fit the data 

i\'h.;:-n the higher-order deformation te1111s are excluded is seen in F'ig. 9. Fig. 

C~otions to Figs. 9 and 10: 

Fig. 9. 'I'he deteriation of calculated fit to the upper levels of Yb
176 when 

the higher-order deformation terms are excluded. 

Fig.' 10. Comparison of the experimental and coupled-channel results for Er166. 

. ,+ 
Although no f.\ term is necessary, the anBular distribution to the 0 

state indicates the need for a small negative /36 term in the nuclear 

deformation. 

1. th' t d t· f E 166 . t1' . f' d . , .. S,:QvTS e a.a a an neory or I' ; 1n us case we .1n no necessJ.."GY Ior 
. 

includine a significant Pl.~ term, although the need for a P6 term is most 

10 

F · 11' l' 't1 . t',....+ 1 ] ·0 t' "' 'lg. 1na.1ca"Ges· w poor. f1 t to nc 0 . eve oJ ,':!len ne P6 terr.l 

• 
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Caption to Fig. 11: 

Fig. 11. 
+ -- - 166 

The poorer fit to the 6 level ofEr when the f36 deformation 

term is excluded. 

].;3 cxclud.cU. fI.. sLUlllllury of the results 011 the determina.tion of the hiGher 

d(~formations is presented in Table II. The quadrupole moments of these shapes 

Table II 

Nuclide 152 Sm 154 Sm 
158 ---

Gd Er 
166-:'- Yb17L~ Yb176 -- ~f178 

(3 
2 .205 .225 .235 .230 .230 .230 .205 

r~ 
1--')+ .040 .01+5 .030 0 _.OLI-O - .OLI-5 -.060 

" P6 -.010 - .015 -.015 -.015 0 -.005 0 

Q 6.42 7.15 '7".76 7·95 8. 21~ 8.23 7.55 
0 

Q 
(a) 

5.85 6.81 7.30 7·62 7·57 7·40 6.78 
0 

(a)Electric quadrupole moment s calculated from the compila.tion of P. H. Stelson 
and L. Grodzins, Nuclear Data 1(1965), 21. 

are also 3ho"l11 und compared to electric quadrupole moments. Of course they 

are not necessarily the same since our experiments determine the potential 

quadrupole moment.-

In order to See whether or not these results for f.\ CUll be ~heoretically 

predicted, we have performed a calculation using a perturbation model developecl 
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b:>' ·~~:l1'a\.b. 1'01' tile actinide region. The model minimizes the binding enerGY of 

the nucleus using a Y40 deformation on the Nilsson potential and Nilsson 'lTa-.,e 

rt~~ct..Lol1s. ~'he results of the calculations are shown in Fig. 12 alor.g i'ii.th 

Cc.ption to l!'ig. 12: 

j;1 ; .v 
- -';"J-

, '") ......... A t~leoretical calculation of ~4 in the rare earth region using the 

Dlo(lel of Harada, the experilnentally determined values (adjusted fv!' 

the difference bet\"een electromagnetic and optical radii) are also 

sh(Y,m. 

the measured values of t34 obtained \'li th the coupled- channels analysis. The 

calculation contains a somewhat arbitrary zero determination, corresponding to 

s~lection of contributing Nilsson orbitals. In comparison of the theory and 

expe!'iment, the experimental ~~ values 'I-lCl'e adjusted to account for the difference 

b.=bicen 8lectromagnetic and optical potential radii. 

'1'0 sununarize, \-le have measw'eJ. vTith high precision the angular ciistl'i-· 

butions of scattered alpha particles excitingme..'nbers of the rotational bani 

b<!ilt on the gl:ound state of evell-even rare earth nucl~i. The results \-iere 

cOIl:pared 'i-tith a theory that solves the scattering problem exactly if one 

a.;;sumes that the interaction can be repr~.3ented by a..'1 optical potel::'lal ot 

j' i ·::!ldz fer the f 1.:!' oS t tiI:tei:l.cc1.ll'ate l:i2aSurcn:211 ts of highel'- Ol'd.Cl' ci('fol'mat :"OIl:3 

in thc.3c pel'l!l:::nently defol'med. nuclei. 

• 
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