Submitted to Physics Letters B ' | LBL-227
' AT EIVED Preprint °.&

MADIATIL G i A

LAEYRI T D
DOCUMENTS SE. 7o~V

STRONG AND WEAK 0% EXCITATIONS IN THE "*2ce(p, §)1*%Ce AND
- 0ce(p, y'?8ce REACTIONS '

J. D. Sherman, B. G. Harvey, D. L. Hendrie,
M. S. Zisman and Bent Sgrensen

September 1971

AEC Contract No, W-7405-eng-48

4 R
TWO-WEEK LOAN COPY
This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

L27-1491

e



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



iiie | LBL-227

STRONG AND WEAK o EXCITATIONS IN THE
1l+oCe(p t)138

1h2 o )1ho

e(p,t)"""Ce AND

Ce REACTIONS

J. D;'Sherman, B. G. Harvey, .D. L. Hendrie, and M. S. Zisman

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
vand'
Bent S¢rensen
-The Niels Bohr Institute
University of Copenhagen

. Copenhagen, Demnmark

September'197l

P ‘ _ . .
+ . - : _ S Lo - ,
The O level structure of lhoCe and 1380e as revealed by the 1 2Ce(p,t).
14 - R , ‘ L -
and OCe(p;t) reactions is reported. Comparisons are made to a model which

mixes the anharmonic pair vibration with "two multipole-phonon" 0 excitations

‘ + . .
and "one-phonon" O proton configurations.

During the past few years muck theoretical and experimental work has

been directed at the‘pair vibrational concept. In the region of closed neutron

shells for A 2 90, (p, t) experiments [1] have revealed frequent deviations from

‘the uncoupled-harmonic (u.h.) pair V1bratlonal (p v.) model [2-4]. ‘These devia-

tions are appareht in the p.v. excitation energy and its transi}ion_strengfh

~ relative to the neighboring N-2 ground state transition Which it‘wou1d equal in

the u.h. model. However, recent theoretical calculations in the Zr (N = 50)

region [5].have.shown that these deviations can, in large part, be understood by

* ' o _ : :
Work- performed under the auspices .of the U. S. Atomic Energy Commission.
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coupling the anharmonic p.v. to ofher nuclear states charactefized by JH_= O+.
These statés included gquadrupole pair Vibratiéﬁs [3], two-multipole excitations
such as (2+(S)é*)o+, and admixtﬁres of a Of protonvtwo-quasiparfiéle configura~
tion with‘the_heutron p.v. The purpose of this letter is to tgst the coupled-
anhafmonic_(c;a.)»p.v.vdescriﬁtion at N = 82 by checking-iﬁs coﬁsisteﬁcy with

1ug,1ho

+ e :
the O structure observed in the ° Ce(p,t) experiments.

 The reactions used a 30.3-MeV proton beam prepared by the Berkeley 88-inch

.eyclotron high resolution beam line [6]. Self-supporting metallic foils of

1ho

1ho Ce target

12

Ce (0.400 mg/cmz) and Ce (0.790 mg/cm2).were prepared. The

had 10% lhOCe impurity; uncertainties in the target thicknesses are *15%. Reaction
particlés were detected in Si detectoré and identified in a Goulding-Landis AE-E

: . I as. o 1bO 138 . _
particle identifying system [7]._ Resulting Ce and Ce spectra are shown in
figs. 1(a) and 1(b). We had energy resolutions (FWHM) of 30 keV in lhoCe and

55 keV in 138Ce. We were able to identifyih6 discrete peaks in luOCe and 22 peaks

in 138Ce. Differential_cross—sections,were extraqted for most of these, but for

the reméinder of this discussion we will be éoncerned only with those states‘
characterized by JH = O+.

The O+ assignments aré made on the basis of thé feamiliar L = 0 (p,t)
aﬁgul@r distributions. These angular diétributions>are given invfigs. 2(a)

38

and 2(b) for lhOCe and . Ce, respectively. Five such states are found in

L o .

H0ce at E_ < 6.36 MeV. The ground state and 3.23 MeV levels are most
strongly populated. The latter state has been interpreted [8] as the antici-
pated p.v. state} The 1.90 MeV andA3.O3 MeV states are weak, but‘the

differential cross sections are reliably extracted. Extraction of the

5.57 MeV»differential cross section in lhoCe was hampered by background
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and é l38Ce cohﬁaminant.peak.‘ The shape dées suggesf»a10+ assignment fof‘this
state. Two O+nétates in 138Ce havé been found at Ex <>3.62“MeV. The ground . .
state is strongiy populateanwhile the 2.32 MeV‘O+.1evél is comparatively weak.
The solid linésvin fig. 2 aré>twd—nﬁclebn tfaﬁsfer DWﬁA calbulationé [9] which v
use étructuré émﬁlitudes defivgd from\wavé fﬁnctions éhat are to be @eséribed.
:ProtOn [10] and triton [lll.opticai model parameters are £akén from‘the'litefa_
tureil The DWEA céiculations are ndrmalized tovthé 35° point (lab angle) of\the

200 5.6) %6 (3.23 MeV) transition. Generally, the DWBA fits are good.

p>t)

We now¥describe a coupling model which attempts‘to understand the
deviationé»of'ﬁarmonic theory from experimeﬁtal resuifs}"The.calcﬁlations are
.quite similér‘to.thosé performed in the Zr case [5], and we‘summarizé that work _
in~reld£ion tb thé Ce experiments. »Thevcollective boson wave functions used to
déscfibe‘the.gfound_states‘(o; or 0_ in our qotétion) éf neighboring nuclei and
| fﬁé p.y;.(0_0+)'ére calculated.by a bosoﬁ exbénsion method [12,i3]:u§ing tﬁe
Tamm-Dancoff basis (TDA). The neutron_Hamiltonién is of the form

H +H = ZE: €. N, - ~§:' G.., P P,
sp P 2t i I S S L I

J 33!

with-

‘The residual pairing interaction is often represented by a constant matrix
. : . ) : i : o s

33"

to bxtract pairing‘matrix elements thut feproduce the experimental mass dif-

element -G = G_thatvis_inversely proportional to the-nuclear,maésg In order

ferences, wﬁiCh,éreléorrected for effects other than pairing [22], we introduce l :
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configurations above N = 82, G,
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different pairing force matrix elements for configurations below and above
: . ; _ v v
the closed shell [5,22]. .Three parameters were adjusted, Gll for pairs in

for pairs below N = 82 and finally G or

22 12 f

interactions between a pair'below and a pair above N = 82. Anharmonicities
then correspond to all terms of the pairing force_which are not taken into

account in the TDA. Neutron pairing strengths Gli = 0.127, G22 = 0.197 and

C-12 = 0.155 MeV are found to fit the ground state mass differences of all

stable Ce isotopes within experimental uncertainties. The method also yields

+ : '
predictions for non-collective O " states. These latter states are calculated

in harmonic épproximation only [12]; and these are represented in our notation

!

- as (Ot)'

The residﬁal.qﬁadrupole interaction may have a dramatic effect on the p.v.
' 138

‘ - +
energy in the c.a. calculation [3]. Spin-parity 2 assignments in ~~ Ce at

0.796 MeV and 1.510 MeV can be made from (p,t) angular distributions [8] and

: S +
138Pr decay [14]. The 138Pr decay study also revealed a 0

from a stﬁdy of
State at l.h?? MeV which if weakly populated in the (p,t)‘reaction would not
have been resolved from the nearby 2 level in our experiment. The two-neutron

. .
hole 2 configuration corresponding to the 0.79 MeV 1evel’(2_ in our notation)
in }38Ce'is éxpected‘to'combine’in the u.h. approximation with the two-neutron

1ko

. + .
particle configuration corresponding to the 0.64 MeV 2 - state (2+) in 7 “Ce.

The result would be a J = 0 to 4 multiplet (2_2,) at E{u.h.) = 5.33 MeV in
140 ' | ”

Ce. In the c.a. theory a stfbng splitting between the (O_O+) and (2_2+)

o

states [15] accounts for the energy depression of the u.h. p.v.
The next step in the calculation involves the two multipole-phonon

. ' +
surface vibrations. One—phonpn multipole vibrations, a 2 (1.59 MeV) and

140 140

37 (2.46 MeV), have been seen in the Ce(a,a') [17] and Ce(p,p') [18]
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experiments. Thus one could expect 0 states in Ce at 3.18 MeV with

(2"

-Xf2+)o+ configuratioﬁ‘and at 4.92 MeV with (3~ *73')O+:configuration if

the ﬁarmonic phdnon model.were accufatef A random—phéée approximation (RPA)
caléﬁlaﬁidn.anaiégoﬁs to ref. S‘is carriea out in order to derive wave functions
fdf‘ﬁhe ﬁﬁoémuitiﬁole phoﬁoh‘states.» These wave functians do not have the
cohgreﬁce-éroperties which could provide (p,t)-ﬁransitionvstrength:of their

' 1ko,, B

obserVed>magnitude,-e.g. for the 3.03 MeV level in e.

As a’biausible'éxplanation for the.experimentally observe@xdistribution,

of L = 0 strength we'éonsider the admixture of the twamultipoleASurface vibra-

“tions meﬂtiohed‘abbve’ahd the p.v. The mixing amplitudes are calculated [5]

RN

.»»byvdiagonélizihg the Hamiltonian

P

H=H +H + H, +
S T - N

in an orthogonal basis constructed from the p.v. (O_O+), the two-multipole

xphonop’étatés'(é+)2+ and (3_)2

,» the state (2_2+)
0 © .0 -0

4 and four proton states

e

-described in the following paragraph. Hsp.is the single—particle part derived from
vone—nuglebn transfer experiments [19].,'HP is the pairing force.of which the neutron
.pért»was described above, and HA (A = 2,3) the separable multipole forces.

. P , _
Another 0 state in lhoCe which is sharing two-nucleon transfer strength

. . ' - .. " - . B + ' R
is the 1.90 MeV state. This level may be analogous to the‘l.76 MeV O state
. 90. _ o )

in Zr, i.e., it appears to be a two—quasi—particlé proton configurétion )

lhoCe ground state: The'l.QO MeV state was observed with a

weak sbéctféécopic factor intfhe lhlPr(d,3 Lho

139La(3 )lhO

ofthogonal td_the

He) Ce experiment and was not seen

in the Hé;d_ Ce.reaction [20]. Four proton states of two quasi-

partiple_naﬁuré appear below 6 MeV in an RPA diégdnalization [21] ofva_protoh
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pairing force df strengfh Gp = 0.201 MeV (the same as was used to define the
. , ) . . R »
superfluid proton basis for the RPA diagonalization of the 2 and.3 states)..

. . + X -
They couple weakly to the (2 )24 and (3 )2
0 ' Q

with the p.v. The proton quasi—partiéle étates are all included in the

+ States and only in second order

'admixtureICalculation outlined above. Réference 5 indicated that to be suc-

cessful in describing the experimental transition strehgth to states of proton
nature dne.may have to édd_proton—neutron pairingvfofces. The-proton;neutron
parts of the ﬁulﬁipolé forces by ﬁhemséives do in the present case explain the
distribﬁtioh $f (p,t) strength among.low—lying lL“OCe states. Hoﬁever, the

energyvof the proton "one-phonon' state is predicted too high (possibly due to

inadequacies in the proton s.p. energies), so the (p,t) strength acquired by

toupling may be overestimated.

The 5.57 MeV level in luOCe hasiabout the same additional energy com-

1380e has above.its ground state,

pared to the p.v. as the 2.32vMeV level in
and the (P;t) ﬁransition‘strengths are equal. It therefore appears natural to
. B . . t

associate the 5.57 MeV level with the configuration (O_O+) corresponding to the

. 1
noncollective_state-(o_) at 2.32 MeV in 138

v ’
Ce. The (0_0,) and (2_2+)O+ states
are predicted inithe c.a. theory to be very close in ehergy, and they therefore

mix although their coupling matrix element is small. Their calculated, summed

- + : ~
(p,t) strength exceeds the 0 strength actually observed in this_excitation

-region. However, unresolved moderately weak L = 0 (p,t) strength between 6

and 7 MeV excitation energy could be present. ' .
Experimental and theoretical results are summarized in fig. 3. The
experimental (p,t) cross sections are normalized to the 3.23 MeV state which
140 B '

is associated with the p.v. in Ce and the resulting relative strengths are

given in large figures. This method of normalization is chosen in order to
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bfaciiitaxe'tﬁe comﬁarison with the éoupliﬁg éalculation ;esults whicﬁ are"
ndrmaiized fo the theoreticél p.v. The ca;cﬁlated ground_stéte eross;seétions‘
are theg overéstimated. Usihg_a different sét of opticai modei pafameters ‘ ;
étill'basea on-fhe'average parameters ofvréfs; 10 and ll,;fhe A = 1k0 aﬁd

A ; 138 groﬁnd stéte cross séctions reduéed to 149 and 163 with 5 poorer'fit_ )
v:to'fhé'éngular diétfibﬁtiong. In additién to obtical model parametér ambigu-
:ities, othér.,rgasoné for the over—estimatédvground'state crosé sections could
lbédslighfly incorrect ratios of particle and hole (p,t) amplitudes or slightly
incérrect améuntsIOf‘pairing anharﬁbnicifies. Furthermore, the poséiblé
inédeéuacy-of the WoodsfSaxén form féctdrs wiﬁh fixéa binding energy_uSed in
the DWBA'cal¢gIgtions [9]_shoﬁld be‘kept invmihdu_ We beqformed a separaﬁé
¢alculatioﬂ ﬁéing harmonic‘oécillatdf form factors asyﬁptéticélly mafched £o

140

Hankel functions [23]. TIn this case the ratio of the
1404, ¢

Ce (g.s.) cross
ée@tibn‘to the 3:23?MéV)”cross:sectionbinCreases by 20% relative to the

138

Woods—Saxon'calculatiOn,. Similarly, the ratio of Ce (g.s.) cross section to

luOCe (3.23 MeV) cross sedtion'increases by lh%}f Optical model parameters were
‘held constant in this énalysis. Co-
To the right of experimental levels in fig. 3 known JI'I values are given.

To the_left qf thg calculated states are the J«valuesjbf the quanta‘of hole

pairs (minus suffix),"particle pairs (plus suffix) or "one-phonons" on which
‘numericalfsﬁfficés indicate a proton two-quasi-particle state. For ;hOCe‘both
- the u.h. and c,a. pictures are given. In the c.a. case the dashed line con-

néﬁting-a giVéh state with a u.h. state intends to show the dominanf configura~-
tion . in the caa. wave fqnctionQ As an energy scale the (p,t) Q—Vaiue re;ative

i . Cn v ' y e
142 lhoCe (g.s.) is-used in order to emphasize the

to that of the Ce(p,t)
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significant enérgy'shift of the Q-value for the (O_O+) pair.vibrafion state;

138 1hp

away from Ce (gs.) = (O;) and of the ~ “Ce (g.s.) = (O+) away from

llLOCe (g.s.) = (0). Both Q-values’ are reproduced by theory.

142 1ko

Summarizing, the (p,t) reactions on the Ce and ~ ~“Ce isotopes

. : o +
has revealed, as in most previous cases for A =90 [1], a JH= 0 level

vstrucﬁuré thaf deviateé sighificaptly from harmonic p.Vv. theory. However

the déscribéd modei calculation seems able to exyiain the redistributioh of
(p,t) strength from the harmonic p.v. to a number of low—lying staﬁeé, to

give a plausible feason for the large energy shift of the p.v. and: for the
occurrehée of'two O+ le&éls in lhOCe (p,t) below the p.v. The 5.57 MeV staté
is likely to reﬁresent the first.finding of a”pair—anélqgue‘ofba noncolleétive

state that was predicted in ref. 12.

We would like to thank P.VD{ Kunz for use of his two-nucleon transfer
version of the code DWUCK, and C. Maples for the use of the pfogram LORNA which

was used to establish energy scales in ourvspectré.
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Figure Captions -

Fig. l.“ Spe.ctra .of ll"Q’lhOCe('p,t.)'reaa.ct:‘i.ons t_a.ken at Ep = 30./3 MeV. , o , L
Fig. 2 ‘ VDiiffer_enti‘al .crOSS—secfions ';‘.‘or L =20 transitibns Iand DWBA lca.lcul‘ations ‘
using the coupled-anharmonic theory. A sinéle ncirl_nal:i'zation factor is used. v
Fig. 3 Summary of .calcula.tec.i and éxperimer_rtal erllergie’s and (p,t) cross seétidns
.coﬁx_pére_d_ét the peé.k near 3'5-° for the selected statve.év considéred. o I
)
' ‘e
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