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‘H. H. Duhm?, J. Saudinocs'’, and J. Mahoney

Lawrence Radiation Laboratory
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‘ October.l967-

‘ABSTRACT

Differeﬁtidl cross seétions for 50¥MeV_alpha particles of members of the
éroﬁnd_state.rotaﬁional pand up to the 6+ or 8+ state wereAmeasured,in-a.num-.
ber of even nuclei ofithe fare éarth region; The data was énalyzed undef the
assumption of a perfect rotor description for the nucleus and,a deformed
optical interaction between alpha and nucleus by solving the resulting
coupled equations. Higher order components YAA and Y6 in the nuélear shapes
were determined with precision. A systematic variation of Bﬁ from positive

values in the light rare earths to negative values in the heavy ones is es-

tablished.
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The rotatlonal spectra of nuclel in the rare earth (A 152 +o ~l90) and
actinide (A= 220 to 250) reglons, 1mply1ng large permanent deformatlons, have
been long known. The electrlc qnadrupole moments of these deformed nuclel have
been accurately determined by several methods. It is certalnly associated
largely with & Y component in the nuclear radlus.ﬂ The knowledge about p0331ble
hlgher components Yh and Y6; however, has been vemy tenuous up to now.

1,2)

Although calculatlons have predlcted a Yh component 1nbtpe‘nran1um region s
the evidence from alpha decayietudies‘is ambiguonea?,- Inelasticudeuteron
scattering near the Coulomb barrier has'provided.evidence for the existencet‘
of such moments in thetrare earth nuclei, but tne_magnitudes and even eignSV'.'
of the moments were not well determinedh)- _Hérevﬁé report a SyStematiC:S%Udy
of the shape of deformed nuclei in the rare earth region throuéh excitationv
’of.the ground state rotational band by alpha particles5). We scattered a
well collimated and analysed beam of 50~-MeV alpha‘particles on several_
metallic folls of isotopically pure elements in the rare earth region.

" Angular distributions were taken with a cooled lithium-drifted multiple
counter array. Speclal care was taken to keepmbackgfounds low and to maintain
resolutions of about 50 keV.:

Alpha particles are a good probe of the nuclear surface. Because they »
are strongly absorbed in the interiof we are assured that most of those.that
are inelastically scattered' are involved in a surface interaction. Moreover;-:'
emen at moderate energy they carry high.enough momentum tnat direct transfer
of large units of angular momentum is possible. This is a desirable feature

since we want to measure the higher order terms ¥ (L > 2) in the shape,

which is possible only when direct excitation  of the J=L member of the band
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competes signifioantly with the cascade.traneition;e"Inxfaot d%‘the directb
excitation alone were present, the angular distributious to'thedJ;L state
would be determined only by the L'th multipoie codponent ofdthe nuclear field}:
Since we have measured tﬁe differential cross sections to the various
rotational levels of the ground state up to the 6T and- sometimes 8" we are
there?orevin a’position.to determine, through a careful aoalyeis, the shape
up to Y6 of the nuclear field produced by the ground state._-‘ |

In our analysms of the data we assume that the alpha-nucleus 1nteractlou‘.v
can be represented by a deformed comblex optical potential1and that the nucleuo;._':
is a perfect rotor, at least up to the 8" state' 'Wé celculate'the'cross ‘
section to members of the ground ‘state band by solvmng numerlcally the coubled
dlfferentlal equations that follow:from-thls,plcture, without further assumptrone6);‘
Coulomb excitation effects were found to be siénificaut and uerejtreated on an
equal basis with the nucleer excitetion. The multipole.expansiou o% the in-
teraction, the number of partial ueves, and the.number of coupled channels
were all carried to eonvergence“eo that we have an exect numericel solution
of the scattering hodel : . : . . A | e

Slnce we treat erl“Cluly the rotatlons, the optlcal notentlal ohOUld
be essenurally the same as that in the nelghborlng spherlcal reglon 51nce in
both cases it must carry-only the effects of_the omltted 1ntr1ns1c excitations.

6,7)"

This is discussed in greater detail elsewhere . There fore, ohe same optlcal

potential was used with only minor adgustments throughout the region from the

178

148
spherical nucleus Sm through uhe deformed reglon to HE™ This means that. '

essentially only the shape parametersvof the optical potential had to be
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determined in the analysis.‘ We parameterize:thebshape-accordihg to:

R =Ry + BT, + BT+ Belgy)

Figure lbshows fhe;data énd'calculétiéﬁ:fgr Sml?%{ -Notice thatAﬁhé only
agreement éccurs_for,au.= f0,0ﬁ.and that thé expefimgﬁtﬁl data»is reprdduced:
in detail, including 1o¢ation of diffrgctibn_péaks,iabsolute magnitude of’thé_
Cross sections, and even depths of the minima of the variogé states. The
dashed and dobted curves show the disagreement vith the daba that is obtained
when BM is respectivélva,Q and ;0.05;‘ We seevin fhisvwayrthat the value of
-éh is quite preciselyvdétermined.‘ |

The agreement is somewhat improved for'almost ;ll.the nﬁclei_by includingn
a small neéative Bg térm; This term has been included in the best fit.curves
shown for three of our target‘nuclei in fig. 2. Here:we easily see such
changes in the datg_as shifts in the position of méxinm;and‘smaller amplitudes
of oscillation which, we fiﬁd, imply.a change invthé sign Qf Bu with increasiﬁg
target mass. |

We have made a preliminary exploration of}deeper.potentials from whiqh
it is alfeady ciear that our deformation parameters'scal? as.B rOIas has
been suggestedS). Accbrdingiy in thekpresentationvof du;'reéults we quoﬁg '
- valves of B r, Or more.preéisely B(ro/l.é); The latter choice is madg,*;L 7'
somewhat arbitrarily, so as to achleve an approximaﬁe correspondehce with Bur'_”
calculated values reﬁorte&:later. In any case the actual value of B used in
our calculation can be obtained from those ﬁe list by reference to the value

of T, used for the optical potential. Our results are summarized in Table I

and fig. 3.
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The deformatlon 62 1s consrstently smaller throughout the reglon than
has usually been . belleved on’ the ba51s of electrlc quadrupole monents

determlned by Coulomb excltatlon experrments V Tworp01nts should be stressed

"1n this connectlon«f There is no reason to belleve that the charge and nuclear e

e

‘fields have exactly the same shape Secondly, thevquadrupole moment does not
define a unlque value of 52 as 1s sometlmes supposed, Thls is because the .
Yh and Y6 components in the shape also contrlbute to the quadrupole moment
(and to every other even moment as does Y ) ‘ | .

To see whether the values of Bh determlned by our analv51svcan be unde
- stood in terms of the 51ngle-part1cle structure of nuclel, We have calculated ﬁf‘

2)

thlS component in the shape by a. 51mple method due to Harada _.,.The change
1n energy of the 51ngle-part1cle'states due to a Yh Ccmponent ih?the shape,‘"h"
V_ of uhe Nllsson potentlal was, computed to first order ‘The.equilibrium value"
vof 5h was cetermlned as the one for which the total: energy was a minimum.

These calculated values are compared in flg 3 w1th the values determlned from 3

the analysis of the uata. .It 1s gratlfylng that this 51mple model reproduces,

very well the observed trend characterlzed by larger p051t1ve By, deformatlons Lo

~ near the beglnnlng of the deformed reglon, decrea51ng to large negatlve valueo;mﬁ
at the end. A more realistic calculatlon by Nllsson.and hrs_coworkersg)
agrees well with cur resultr ‘This calculation tahesvinto account.pairing;v
core polarization, and Coulomb effects. | |

'We wish to thank Claude Ellsworth for the fabrlcat1on.ol the targets

and Noel Brown for his efforts on the computer-program.
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Ly -.sm;5&if?*fcd R e s

158 ... 166 -35"17%;\ﬁerb :

B, eg2u6e,.";o.27o;; lf"d.28é.lvx.oL276;,j;Q.276, . 0.276  0.246
B, 0.048 -Q.OSA_i;ff"e.oaé_: ;'omoakf;;;bLoAS ©-0.05k  -0.072

| B -0.012 ' -0.018 . -0.018 . -0.018 0.0 . -0.006 . 0.0

'Deformatlon parameters, B = (r /l 2)8 obtalned by our analy51s of )O MeV-

alpha scatterlng. The optlcal potentlal parameters used were abouu

= 65.9 W="27. 5 TS = 1. “4 a = 6)7 w1th Only very sllght adJustments'?f”:al

<

'1dlstr1but10n w1th a correct quadrupole moment

e

7678

e

to individual nucle1; The Coulomb potentlal was generated by a unlform charge
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Figure Cap£i§ﬁs S
Fig. 1. Differential cross-sections for 50 MeV alphe parti¢iés séatterea from -
Sm}5u. The cogpled éhannei.calculétioﬁs c§rresponding to values of
B, equal to +o.'o5,"o'.o, and -0.05 are compared. In the iatter two |
cases the dptical potential radius and Bé»WéT? readjusted éo as te
achieve the best possible agreement with the 0% ana 2¥ state. These
results illustrate the extreme sghsitivity fo‘Bh especlally since
differences in the h+ and 6+ éross sections of an order of magnitude .-
appear at ce;tain anglés.
Fig. 2. Coupled channel calculations of £he differential cross sections for
50 MeV alpha particles of three nuclei exhibiting respectively
'positi?e,,zero, ana negative values of Bh are compared with the data.
The shape parameters in each case are exhibited in theAfigures.
fig..3. Solid lines indicate the values of Bh calcuiated in first order
rerturbation thedry based\on the Nilséon scheme. - The vaiues of aué
multiplied by (ro/l.E), that were obtained from an analysis of.the.
scattering. data are shown by solid dots. Thé error bars indicate
our feeling'of’the precision with which the pargmefers can be

extracted.
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