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ABSTRACT

138,140 14

The nuclei Ce have been studied by means of the

0Ce(p,t),

142 . 140 . ,
Ce(p,t) and Ce(p,p') reactions at 30 MeV. Angular distributions have been

measured from Olab =,16° to 64°. The inelastic scattering data were analyzed with
DWBA td confirm multipolarities and extract deformation parameters for the strongly
excited levels. The (p,t) data'were also analyzed with DWBA to obtain limits
on the two-nucleon orbital angular momentum (L) transfer. 'This analysis, plus
the empirical angular distribution shapes of levels with known Jﬂ, permit us
to suggest (or at least limit) JTr values for many new levels. The {(p,t)
differential.cross sections have been further analyzed in terms of simple two
neutron configurations through the enhancement factor concept. The two neutron
transfer results are discussed in ﬁerms of the pair vibration model.

142,140 ' 140
Ce(p,t), Ce(p,p'),

NUCLEAR REACTIONS:
Ep = 30 MeV; measured level energies and 0 (0);
DWBA analysis, deformation parameters,

enhancement factors.
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I. INTRODUCTION

. ; . , 1-3 .
Previous investigations of the (p,t) reaction on the Ce isotopes
have been directed mainly toward investigating the usefulness of a pairing
: . L . 4 '
vibrational model interpretation at the N = 82 closed shell. Consequently,
a detailed analysis of the spectroscopic information available from the (p,t)

: 142 140 ' ' . .
reaction on Ce and Ce targets has not been given up to now. The. combina~
tion of high beam energy, good energy resolution, and reasonably characteristic
angular distributions which hold for the present (p,t) experiments makes such

an analysis possible. The 14(.)Ce(p,p') experiment, done simultaneously with the

140 : s . . . . .
: Ce(p,t) reaction, is also reported here. This reaction is of interest to
" . . 5 N . . 140
compare with the isoscalar excitation of collective levels in =~ Ce as well
U . L : . 6,7
as comparing with other inelastic proton scattering measurements on N=82 nuclei.

A report on part of the data discussed here is given in Ref. 2.
II. EXPERIMENT

A. Targets

Self-suppoiting 1.9 cm diameter targets of 142Ce (0.4O-mg/gm2, 90%_

enriched) andvl4OCe (0.79 mg/cm2, 99.5% enriched) were used in these experiments.
All handling of thé Ce targets was done in an Ar atmosphere and the targets

were kept in vacuum for long term storage. Details of the target preparation

may be found in Ref. 8.
B. Experimental Procedure

Thé‘experiments were carried out with a 30.3 MeV proton beam obtained
from the Lawrence Berkeley Laboratory 88-Inch Cyclotron high resolution beam

. 9 ‘ . . .
line. The data were measured in a 91 cm diameter scattering chamber by means

142

of a pair of two-counter telescopes. For the Ce + p experiment, 250 pm AE
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Si(P) énd 3 mm E SiéLi) detectors were used; while for 140Ce + p experiments,
5 mm Si(Li) counters were used. Cooiing of the detectors to -25°C was
accomplishéd by means of thermoelectric coolers. The AE-E signals fed a
Goulding—Landislo particle identifier which produced good separation of the
charge one réaction products. A split Faraday cup, mounted approximately 1.5
meters from the target'poéition, monitored the directionalvstability of the
beam as well as providing charge integration. Target thickness monitoring was
accomplished by a fixed-angle detector mounted in the séattering chamber.
'Figures 1 and 2 show triton spectra from the 142Ce(p,t) and 14OCe(p,t)
reactions, respectively. The energy resolution in the 142Ce experiment was
30 kevV (FWHM) while in the 14OCe experiment it was about 55 kev. Triton and

proton angular distributions (Figs. 3-6) were measured between 16° and 649 {(lab).

C. Data Calibration

1. M%e(p,p")

The 140Ce(p,p') spectra were calibrated on the basis of known 140Ce

11

: . . .1 . .
excitation energies as well as several proton groups arising from -light

target impurities. The results are given in Table I, where they are compared

: , 5 . N
with the 14OCe(OL,OL') experiment. The proton energy resolution limited

. . . 40
analysis to the strongly excited states in L Ce.

2. 142Ce(p,t)

11,12

These spectra were calibrated using yY-decay results as well as

' 7 . .
two impurity peaks from the 19F(p,t)l F reaction. (see Fig. 1). The calibration

4

‘ . . 0 .
covered the full range of excitations observed in the l 2Ce(p,t)14 Ce reaction,

142 .
and extrapolations were not necessary. The Ce(p,t) spectra yielded a total

of 45 levels in 140Ce.v These are listed in Table II, whe:e they are compared

. . 140
with previous results for the Ce level structure.
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3. M%eper . i
The energy calibration of the 138Ce data‘relied en accuratevexcitation
energies derived from‘Y--decay‘studies.13 The average excitation energies of
the 21 observed levels are listed in Table III, along with results from earlier
work. The 10% 140Ce impurity in thevl42Ce target. allowed the 140Ce(p,t) Q—valﬁe

to be measured relative to that for the 142‘Ce(P,t)ireaction. ‘The result we

obtained was -8.167+0.020 MeV, in good agreement with previous values.- 14

'D. Normalization

.Absolute cross sections from the 140Ce.target were thaiaed by two
methods; The first method_involved a direet weighing of the.target along with
accurate measurement ef the derector soiid angles. fhe second method involved-
norﬁalizing the measured elastre scatﬁeriné angular distriﬁution tozoptieal
model predictions.> The optical parameters chosen were obtalned from a global
aﬁalysis15 of proton elastlc scatterlng and are‘glven as set Pl in Table IV._v_
These twe methods agreed to 5%. Slnce no elastlc proten data.werevraken on the

2Ce targer, this.normalization was obtained eniy frsm rhe target weight.

Dead time corrections were made with pulser signals triggered by
the mqnitor.detector; the monitor was also used to nprmalize the data.frem
angle to anéle;. The absolute.eross'sections displayed invFigs. 3-6 are

estimated to have an uncertainty of * 10%.

III. ANALYSIS AND DISCUSSION

140 ’
A. Ce(p,p")

The proton inelastic scattering results are given in Table I and
, : . . T
Fig. 3. Good agreement with excitation energies and J assignments was

found with the 14OCe(Ot,_OL') work.5 We did not observe the 2.35 MeV and 3.04 MeV
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levels reported there; it is likely that the better resolution (35 keV) of

the (a,a')~experiment allowed identification of these weakly excited levels.

6,

In previous studies of inelastic scattering of 30 MeV protons from

138 144 . .
Ba and Sm (also N = 82), it was found that the angular distribution

shapes are characteristic.of the orbital angular momentum transfer (L).

. T + . , .
Since these are J = O targets, spin-parity values could then be obtained

through use of the natural-parity selection rules, Je =L and Te = (-)L, where

Je and T are the spin and parity of the excited state. These empirical

angular distribution shapes are shown as dashed lines in Fig. 3 for levels with

il + - +
J =2, 3, and 4 . Good agreement between the shapes determined in Refs.

6 and 7 and our 140Ce(p,p') data is found for the L = 2 and L = 3 transitions,
while the L = 4 shape is qualitatively similar.
. 140 . ' . , . )
The Ce(p,p') angular distributions were analyzed using a collective
model form'factor16 in a DWBA calculation. 1In this theory, the optical model
analysis of the proton elastic scattering determines all parameters except the

deformation parameter BL which normalizes the distorted wave predictions

(ODW(@)) to the experimental differential cross sections (Oexp(O)) by the relation

Ooyp (@ = By Ty (O - . - (1)

, 17
The ODW(@) were calculated using the code DWUCK74. Detailed formulae for

evaluation of 0 (0) have been given in the literature.> 16718

The solid curves shown in Fig. 3 are DWBA predictions uéing proton
optical model parameters taken from the literature15 (and listed as set Pl in
Table IV). The form factor included a Coulomb ekcitation contributionl6 as
well as real and imaginary nuclear terms. This last term has improved fheoretical
comparisons with experimenté involving inelastiq scattering of protons,-l9

3He,2o and 4He2l particles. Inclusion of the imaginary term also affected the

' 19-21 .
BL values extracted from the data; in particular, the 83 for the 2.469 MeV
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level and the 82 for the 2.902 MeV state were decreased by about 30%
cempared to the values obtained from the analysis using only a real
form factor. Excluding the Coulomb excitation term caused the first
maximuh of the L= 2 angular distribution to Shlft (by 3°) to smaller.
angles without significantly changing the. magnitude, while the L 3
predictien was hardly 1nfluenced. |

The DWBA normalizations to experiment are given in Table I

in terms of the deformation lengths22 L = BL RR' where RR = 1.17 Al/3.

The isoscalar transition rates in single particle units were calculated

' 1

from

2 2 /B R_\2
- _ 27 (L+3) L R . v s,
Cis (L,0:> L) = 4T (2L+1) R ' (2)

1/3

. . . 2 .
where Ru =1.2 A is the uniform mass radius. 3, These isoscalar .

transition rates are compared with,the 14QCe(a,a') results in Table I.
Good agreement between the two experiments is found for.the Zf'and 4f
states. The odd parity levels (2.469 MeV 3 and 3.264 MeV 5 ) are not
in such good:agreement, although the 63_vaiues extracted for the 2.469
MeV level from the two experiments are consistent within errors. The
3  isoscalar transition strehgth derived from'(p,p'),is 40% greater .
than that from (a,a') and'is nearly the_same as thelelectromagnetic

transition rate.24
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142,140

4
B. Ce(p,t) 1 0'138Ce

1. DWBA Analysis

Triton angular distributions from (p,t) reactions are known to reflect ' -
. v . 25
the total orbital angular momentum (L) of the two picked-up neutrons. The -
_ . 26-28 - . . -
zero-range single step DWBA treatment - of two-nucleon transfer reactions is
generally successful at providing a reasonable description of angular distribution
NS . 29 - -
shapes for  vibrational nuclei, although for permanently deformed nuclei calculations

including inelastic processes are different in shape from DWBA predictions.30

Further, finite-range DWBA31'32

does not seem to differ from the zero-range
DWBA as regards angular distribution shape. Thus, by using zero-range DWBA
angular distribution predictions as a guide to assigning L transfers, along with
' ) ; i + it '

the natural-parity selection rules for a J =.0 target, J values or at least
T . . 142
J  limits can be assigned to many of the levels observed in the Ce{p,t) and
140 . o ; . . . . . .
Ce(p,t) reactions. Wherever possible, empirical angular distributions are
also used as a supplemental aid in assigning multipolarities to states with

ﬂ -
unknown J .

A comprehensive discussion of parameters that are required for a

. » o . 25 |

zero-range DWBA calculation of the (p,t) reaction has been given. In that : : g
work the DWBA predictions were not very sensitive to the choice of optical
model and form factor parameters, although significant changes in the angular P
distribution shapes were noted when configuration-mixed wave functions caused
destructive interference at the nuclear surface. Since our conélusions

concerning parameter sensitivity were not appreciably different from those of

Ref. 25, we will not discuss this point in detail here.
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Straightforward assumptions about the required parameters resulted in
favorable comparisons between the calculations and experimental results for

. 40 138, . o
levels in 1 Ce and Ce for which final J1T values are known. The proton15 (P1)

, 33 . '
and triton ~ (TD optical model parameters of Table IV were used. Form

2

+ +
factors were constructed for O and 2 levels utilizing the (1lh ) and

11/2

2 . . . ' ,
(2d3/2) single particle wave functions according to Ref. 27. The bound state
geometry is included in Table IV.

4
The results for the two form factors are shown for the 1 OCe ground

2

oo : +o I .
(0') and 1.595 MeV (2 ) levels in Fig. 4. The solid curve used the (lhll/z)

form factor, and the dashed curve correspohds to the (2d3/2)2 form factor.

- - . ' : . 3
Similar calculations are shown for the 140Ce(p,t) reaction leading to the 1 8Ce

‘ground (O+) énd,0.788 MeV'(2+) levels in Fig. 6; Both form factors.give good
agreement for the angular distribution shape in each case. Discuésion of the
DWBA normalizations for each of these two form factors is'given in the next
section.

The effect of varying QQQalues'has sizéble influegée on the shape_of thé
DWBA predictions. Figure 7 illustrates this Q-value effect for the L = 2, 3,
and 4 transitions; a shift of tﬁe first maximum to larger angles as the Q-value
becomes more negative is seen. ~Such a shift for the L = 4.case is‘experimentally
observed in the (p,t) transitions to the 140Ce(2.080 MeV} éﬁd l38¢e (1.822 MeV)
states, whose Q-values are'—6.2 MeV and -10.0 MeV, respectively. However,
detailed empirical comparisions of experimental angular distributions directed
towards examining Q-effects are difficult, and the DWBA must be relied upon to
describe thié effect for the L. = 3 and L = 4 transitions. Higher L transfers,
such as the;7— level at 2.130 MeV in l38Ce, are not accurately described by
DWBA calculations at forward angles. It is thus difficult to make restrictive

assignments for levels whose angular distributions are characteristic of L 2 6.

Fig. 7 also shows that, for a given Q-value, adjacent L values are similar at

c.m. angles beyond about 16°.
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2. Enhancement Factors

‘A method of obtaining spectroscopic information from absolute
two-nucleon transfer cross sections by analyzing with zero-range DWBA is possible
, : L s . 34
by using the empirical normalization (N) of Flynn and Hansen 4 with the enhancement

factor35 (€) defined by

oexp(e) = Ne cDW(O). ' v (3)

We used the value N = 218 obtained from Ref. 34; this is consistent with

. . . 25 . , 36
the (p,t) work on the titanium,  and zirconium  isotopes. However, several

,37

(t,p) works3 have shown that the normalization N depends strongly on the

choice of parameters used in the DWBA célculation, so our choice of N = 218
requires that our parameters be chosen in a manner consistent with the prescription
‘ given in Ref. 34.»

. Since the magnitude of ODW(O) is sensitive to the two neutron wave
function,26 one may expect € to vary substantially with the choice of configuration.

This is illustrated by comparing the values of‘€ extracted from the ground and

. . -, 138 140 . . 2 » 2
f1rs; excited states in Ce and Ce assuming a (lhll/Z) or a (2d3/2)

configuration. PFor N = 218, the results are listed in Tables II and III with

the 8[(lhll 2)2] given first, followed by the E[(2d3 2)2] given in square brackets.

/ /
2
For both l40Ce and 138Ce, the E[(lhll/Z)'] values are considerably larger than those
found with the (2d3/2)2'configuration.
3. Energy Dependence:
The 142Ce(p,t)l4OCe ground state (L=0)'and 3.73 MeV (L=2) angular
' 3 1

distributions have now been studied at 21.5 MeV , 30.3 MeV, and 52.1 MeV.
These data therefore offer an opportunity to check the adequacy of zero-range
DWBA in describing the energy dependence of two-nucleon transfer reactions.

Other investigations of this topic have been made PreViously.25’38'39
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The L = 0 and L = 2 (p,t) angular distributions from the‘present work and

those from Refs. 1 and 3 were analyzed by forming the ratio R = Oexp(G)/ODW(O).

The calculations used the (1hll/2) bound state form factor described previously.

Three sets of triton optical model potentials, listed in Table IV, were tested
in conjunction with proton set Pl. The results of the calculations afe'given in

. .. 14
Table V. A change of approximately 16:4:1 occurs for the 142Ce(p,t) 0Ce(O.O)

L = 0 transition as the beam energy is changed from 21.5 MeV to 52.1 MeV.

The R values for the L=2 transition at 3.73 MeV over the same energy range

change from 6:2.5:1. These. ratios, with the exception of set P1-T2 for the

52.1 MeV data, are reasonably independent of the opticai model parameters.
This energy dependence may be related to momentum mismatch in the (p,t)
reaction39 which may not be properly described by the zerd—range DWBA. At 21.5,

30.3, and 52.1 MeV the proton and triton grazing parfial waves (where ng = 0.5)

for the L = 2 transition differ by 2, 5, and 9, respectively. ‘These values are

. . L 140 :
one unit greater for the transition to the Ce ground state. Thus, good

angular momentum matching is not obtained in either case for this range of"

incident proton energies.
_ _ 142 140
4, Spectroscopic Results from Cel(p,t) Ce

. . 142 .
The triton differential cross sections from the Ce(p,t) reaction
have been systematically analyzed with the zero-range DWBA theory in order to
. ' m ,
derive L transfers, suggest J assignments, and extract enhancement factors. Form

factors for positive and negative parity transitions were constructed assuming the

(lhll/2)2 and (lhil/2lg7/2) configuratiqns, respectively, with the‘exception of

the L = 1 transfers, for which the (lh9/2197/2) configuration was assumed.

The lhll/2 and lg7/2 neutron hole states have been observed with large spectro-
scopic factors in the 140Ce(p,d) reaction.41
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While it is sometimes impossible to make unambiguous L assignments to
experimental data based on DWBA angular distribution shapes, L=0 transitions
are virtually always identifiable. Figure 7 shows that forward angle data

(not obtained here) would be most valuable for L assignments. Wherever ambiguities

arise, DWBA predictions for both of the possible L transfers are shown in Figs. 4 and
5 with the derived enhancement factors given in Table II. The DWBA calculations used
the Pl and Tl optical model potentials and bound state parameters of Table IV and

the zero-range normalization N = 218.

140
The Ce results naturally separate into low excitation (X 3.5 MeV) and

high excitation (2 3.5 MeV) regions. In the former region considerable

. . , 11,12,42 : .5
information exists from decay data” '~ ' , inelastic scattering”, and proton

transfer work. Above 3.5 MeV excitation, most energy level information is

139

. - 3
derived from two-neutron transfer results and those from the La (" He,d)

. 43 , 142
reaction. While the Ce(p,t) data at 21.5 MeV did not populate states

above 4.8 MeV excitation, the current data vield level structure up to 6.4 MeV. The

142 140

Ce(p,t) Ce data are characterized by a strong L = 0 ground state transition
. ) , . +

with weak excitation of levels up to the 3.23 MeV O state. Above this excitation,

strong transitions are observed in both (p,t) and (t,p) experiments.l'3 In general
our results (Table II) agree with previous information, with the exceptions noted below.

In the 2.0 to 2.5 MeV region_several closely spaced levels exist
which could not be resolved in this experiment. The 2.08 MeV level is most
consisten£ witﬁ an L = 4 DWBA shape, indicating that the contribution from the
2.108 MeV state'[J1T = (6)+] is small. There is no evidence for the population of
the unnatural-parity (3+) state at 2.412 MeV,althdugh'it would have been resolved
from the nearby 2.47 MeV level. A cross section of < 0.5 ub/sr is an upper limit
for exciting this stéte. The 2.471 MeV angular distribution was not well fit

by any single L transfer, and is probably a doublet made up of the 2.464 and 2.481

MeV states. The 2.912 MeV level has an L=2 shape and thus we suggest that this
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level be assigned Jn = 2#. We associéﬁe this state with ﬁhe 2.899? MeV level
aSsigned (1,2)+ in the decay data.

The 3.026 MeV level has the characteristic L=b angular distribution shape
implying Jn_= O+. This state is probably the same.as the 3.04 Merlevel which
was ekcited_in the (a,a') experiment.5 The 3.334 MeV angular distribution is
not chafactegistic of any natural-pari;y transition. This weak level [l-éub/sr]
might be associated with the 3.3197 (l,Z)f level observed in the decay data, and
is the mostlikely candidate_in our data for the excitation of an unnatural-parity
state. | |

Sixteen possible L=2 tréhsitionssare found in this work, ranging from
+ 3.558 MeV to 6.187 MeV excitation, that were not reporfed éarliér (see Figs..4 and 5
and Table II). Quite possibly, at least some of these transitions have L=3.
This 142Ce(p,t) analysis has also revealgd possible L=1 tranéfers to states at
4.242, 5.703, and 5.896 MeV in 1400, These angular distributions are fit fairly
well with L=1 DWBA calculations, implying JTT =_l7 éssignments, although L=2
assignments cannot be excluded. A JW =1 stéte might arise f;om the (lh9/§1g7/2)1_
configuration, since fhe (1h

9/2
142

the “Ce (g.s.) wave function.

)2 configuration is probably mixed weakly into

44 138C

No such L=1 shapes are observed in the e
. 140

spectrum (see below) nor are they expected, since the Ce nucleus closes a
major neutron shell below the (lh9/2) orbital.

Above 3.23 MeV we find evidence for nine possible L=4 or L=5 transitions.
We also tentatively assign L=0 to a state at 5.574 MeV. - The rapid forward
angle rise of the 5.574 MeV angular distribution is characteristic of an L =20
transition, although at large angles the data do not agree very well with an

‘ 2 .
1=0 shape. A coupled pair vibration model analysis predicts L=0 strength in

this region.
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Higher L transfers'(L = 6) are characterized by comparatively flat,
featﬁreless angular distributions. in Fig. 5 for example, the empirical L=7
shape taken from the 14.OCe(p,t) reaction is compared with the 5.i01 MeV state,
and L=5 and L=6 DWBA predictions are sﬁown for the 5.295 MeV level. These
angular distributions are much flatter (especially at forward angles) than
those of the (L=3,4) 4.296 or 6.364 MeV levels.

Summarizing, we find that over the angular range studied here it is
‘ probably impossible, with the exception of L=0 transitibns, to make unique L
assignﬁentsvbased on shapes derived from DWBA caléulations. However, limits
of two possible L values can usually be made, and valuable conclusions regarding

. m ' .
restricted J values can then be made for many states.

5. Spectroscopic¢ Results from l4oce(Prt)l38Ce

' . - . 140 N
Table IIT summarizes states observed in the Ce(p,t) reaction, as
well as the DWBA analysis of their angular distributions. The DWBA prescriptions

: ' , . . . 13,45,46
used are the same as those given in the previous section. The decay data, ' '

. . v . m o, ) S 4
included in Table III, give J information for the low-lying states. The 1 0Ce(p,t)
analysis is consistent with every assignment; the only exception is that the (p,t)

46 )
13, This level would not

data show nofevidence for the 1.477 Mev O+ state.
have been resolved from the 1.501 MeV transition, and apparently is weakly excited

ih (p,t) since the 1.501 MeV state shows a pure L=2 transition (seé Fig. 6).

Possible I=2 or L=3 strength lies at 2f640, 2.885, 3.220, and 3.356 MeV (see Table
ITT), although, as .for the 142Ce(p,t)l4OCe case, the DWBA calculafions do not

give conclusive L assignments. The 2.389 and 3.277 MeV levels were poorly resolved
from neighboring excited states. While these angular distributions do not agree partic-
‘ularly well with any DWBA curve, comparisons to the most plausible L values are.

shown in Fig. 6. These are listed in Table III in parentheses, indicating

uncertain assignments. Transitions characterized by L=4 or L=5 occur at 2.440,
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2.719, 2.942, 3.005, 3.082, and 3.429 MeV. The fits to the 3.605.and 3.429 Mev
levels,while not conclusive, are clearly bettér déscribed by L=4 than-L=5. |

| The deéay data_aésign the 2.130 Mev state'JTr = 7—.ana the 2.219 MeVv
state as J = 5, 6. The L=7 DWBA curve predicts very weli the maximum in the
2.130 MeV angular distribution at 45° (although it fails at ﬁore forward angles),
while the 2,219 MeV angular distribufion is consistent with L > 4. Comparison
witﬁ the empirical 2.130 MeV angular distribution shows that the 3.646 MeV 1ével
is also consistent with an IL=7 assignment. The 3.531 MeV state is not charaéteristic
of any natural-parity level and is probébly due to a groué of uﬁresoived states.

140

No likely candidates for IL=1 strength were found in this study of Ce(p,t).

C. Pairing Vibration Scheme

; ' 4 - . s .
Analysis of the 142Ce(p,t) and . OCe(p,t) reactions within the pairing
vibration model4 has been given in earlier work..l_3 The lowest-order harmonic

. ™ + . 140 3 .
model predicts that a J = O state in ! Ce should be excited in the (p,t) reaction

138

. _ + : .
with the same Q-value and strength as the Ce (g.s.). The O strength is known to

2 + . .
be fragmented, '3 and this division of O strength was previously dlscussed2 for

0 N .
14 Ce using a coupling model.47 The monopole pairing model can be extended to

include quadrupole pairing phonons, the latter.being fepreéentéd by the 0.788.

. 14 . ' ) .
MeV L=2 transiton from the 0Ce(p,t) reaction. A more complete discussion of

these-ideas applied to the Ce nuclei is found in Refs. 1-3.

Table VI summarizes the L=0 and L=2 strength found in the present

142Ce(p,t) work. The L=2 strength listed in Table VI corresponds to the L=2

assignments given in Ref. 3; with the addition of>thé 3.558 MeV level.

» o B ' 2
The enhancement factors derived from the DWBA calculations using the (lhll/z)

form factor are also given here, along with their sum for the excited states

given in the final column. The 3.233 MeV and 3.731 MeV states are candidatesl—3

for the expected pairing monopole and quadrupole excitations, but their



-14- . ' LBL~-4379

enhancement factors are considerably less than the € values of 19.3 and 18.3

. 3 '
found for the 138Ce (g.s.) and ! 8Ce (0.788 MeV) transitions, respectively.

However if the enhancement factors for the weaker o' ana 27 transitions are
added, muéh better agreément is found. Two values of the summed L=0 enhancement
factors (corresponding té retaining the 5.574 MeV (O+) transition in the

sum and deleting it) are given. Inclusion of the 5.574.M§V strength givés a

: 38
very good agreement with the 1 Ce (g.s.) transition. Summing the L=2 fragments

. , . . 3
listed in Table VI gives similar improvement for the comparison with the 1 8Ce

(0.788 MeV) strength.

IV. SUMMARY

4 .
The 149Ce(p,p') and 1 2Ce(p,t) reactions have been used to study the

140Ce nucleus. The (p,p') work gives results similar to the isoscalar

. . 4 . .
exc1tat10n5 of the 1 OCe even-parity collective levels, with differences

_ o 4 . .
noted for the odd-parity transitions. The 1 2Ce(p,t) reaction has resulted in

Lo . . .14 X
finding many new levels at excitations 2 3.5 MeV in ! 0Ce, as well as placing

- e ST ' . .
limits on their J values. The zero-range DWBA has been examined using the
142 140 . . . .

Ce(p,t) Ce reaction at three incident proton energies, and we find

it does not describe the variation of cross section with energy for L = 0 and

L = 2 transitions. Three different optical model choices were used in this analysis.

The 140Ce(p,t) reaction was also studied and yielded new information

T '
regarding the energy levels and possible J assignments for_Ex 2’2.37Mev. The

142,140

combined Ce(p,t) results are consistent with pairing vibration model

predictions for (p,t) transition strengths only if the weak L=0 and L=2 fragments
42 . . —
observed in the 1 2Ce(p,t) reactions are summed with the principle L=0O and L=2

excitations.
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Table I. Comparisdn of 140Ce collective levels seen in (p,p') and (a,a').

: .
1 OCe(p,p') 140Ce(OL,OL')a
b m Cc d T d
é _ .
Ex J L GIS Ex' J o 6L -GIS
(MeV) (fm) (spu) (MeV) (fm) (spu)
. + +
1.589 2 0.41 5.8 1.597 2 0.46 7.4
3 + - +
2.094 4 0.43 6.9 2.09 4 0.42 6.8
+
2.35 (27) o0.08 0.22
2.469 3 0.79. 22.1 2.464 C3 0.67 15.8
' + +
2.902 2 0.15 0.76 2.90 ) 0.13 0.55
3.04 _3' 0.15 0.80
. + +
3.130 2 0.26 2.3 3.12 C2 0.22 1.7
3.264 5 0.12 0.58 3.25 5 0.30 3.6
+
3.34 4 0.24 2.2
+
3.54 (4) 0.21 1.7
3.98 3 0.21 1.56
3pef. 5.
bAll excitation energies * 0.01 MeV
Ce  _ _ 1/3
6L-B R_, RR—_ 1.17 A

dIsoscalar_transition rate in single particle units assuming a sharp edge
mass distribution.




Table II. Summary of the 142Ce(p,t) results.
14 42 o :
2Ce(p,t) Ep = 30 MeV 1 Ce(p,t) Ep= 21.5 MeV  Decay data®
b This Work c . .
Level Ex Suggested £ Ex Ref. 3 L Ex J“'
. m . .-
No (MeV) J (MeV) (MeV)
+
1 0.0 0 0 19.3 [3.4] 0.0 o0 0.0 ot
+ ; . +
2 1.595 2 2 2.3 [0.50] 1.600 2 1.5966 2
. + ' ’ +
3 1.905 0. 0 2.1 1.906 0 1.9035 0O
4 2.080 4 aF 0.28 . . 2.0836 4*
: ‘ -+
2.107 2.1082 (6)
2.3484 2%
2.3502 (5)
2.4124 37
5 2.471 2.468 2.4644 3
' +
2.4813 - (4)
g - : + 4+ -
6 2.519 3,4 .3 4t - 2.1,0.22 2.5161 (4,3 ,3")
2.5218 2
2.5475 (1,2)"
' S+ : . ' +
7 2.912 2 2" 0.46 2.8997 (1,2)
8 13,026 0 ot 1.1 3.020

(continued)

_Oz—
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Table II. (Continued)

142

142

Decay data?

Cel(p,t) E_ = 30 MeV Ce (p,t) 21.5 MeV
b This Work c Ref. 3 T
Level Ex L Suggested € Ex B L Ex J
No. (MeV) J" (MeV) (MeV)
3.1183 (1,2)°F
9 3.134 2,3,4
10 3.233 -0 o 13.8 3.223 0
11 3.334 3.3197 (1,2)"
12 3.426
13 3.558 2,3 2t,3” 1.7,10.3 3.540
14 3.664 2,3 -2t 3T 1.3,8.7 3.654 2
3.709
15 | 3.731 2,3 2*,3” 13.3,68.8 3.731 2
3.744
+ -
16 3.801 2,3 27,3 1.6,10.6
17 3.911 4,5 a*,5” 0.41,0.82
18 3.985 2,3 2*,3” 1.7, 10.1 3.965 2
19 4.017
20 4.125 2,3 2%, 3" 1.1,7.8 4.123 2
| T, ,
21 4.183 2,(3,4)  2,337,4) 1.3 4.188 2

{continued)
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Table II. (continued)

142 ' 142
Ce(p,t) E = 30 MeV Ce(p,t) Ep= 21.5 MeV Decay dataa
b This Work Ref. 3 m
Level E Suggested g€ E, L , E_ J
- m )
No J C (MeV) (MeV)
-+
22 - 4.242 1,2 17,2 4.6,1.8 4.242
23 4.296 3,4 37,2 12.4,1.2 4.301
24 4.360
25 4.431 2,3 2t 37 1.1,7.8 4.429
26 4.534 2,3 2t 37 1.2,8.7
27 4.758
- P |
28 4.827 2,3 2t,3 10.6,68.8 4.831 2 N
: 1
29 4,979 2,3 -2t 3T 4.6,29.4
30 5.101 L=>5
31 5.157
+ -+
32 5.229 2,3,4 27374
33 5.295 5,6 57,6 5.0,2.1
4 5.377 4,5 a*,s” 2.3,5.5
35 5.449 &
. . :
36 5.574+15 kev  (0) (0" (2.3) L
[¥%)
+ - 3

37 5.650 2,3 27,3 1.7,11.0

{continued)

[
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Table II. (continued)

‘ 14 o | a
142Ce(p,t) = 30 MeV 2Ce(p t) Ep= 21.5 MeV Decay data
. ) b This Work v c Ref. 3 T
Level : Ex L Suggested € E < * L Ex J oy
No-. (MeV) J (MeV) (MeV) —
o
. . -
38 5.703 1,2 1,2 6.0,2.1 .
39 5.789 2,3,4 2
40 5.896 1,2 . 152t 6.9,2.3 - Yy
. - +. ) . i
a1 . 5.989  (3,4) (37,4M) (15.1,1.5)
a2 - 6.078 2,3 27,3 3.0,21.1 _ . -
43  6.187 2,3 27,3 2.1,13.8 Lo
o e
B . N l o
44 6.268 3,4,5 -
45 - 6.364 3,4 37,4 . 18.3,2.1

qRef. 11, 12, 42.

bRelétive excitatioh energies * 10 keV below level 36, * 15 keV above level 36.

p - 2
Values in square brackets were obtained using the (2d3/2)2‘form factor, all others assumed a_(lhll/2

conflguratlon. See text.

6LEY-TTT
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Table III. Summary of the 140Ce(p.t) results.

LBL-4379

140Ce(p,t)138Ce Ep = 30 MeV Decay data®
Level EZ L This worksuggested | Ec Ex Jﬂ
No. (MeV) S (MeV)
1 0.0 0 of ©  19.3 [3.7] o.0 o
2 0.788 2 2t 18.3 [4.6] 0.7888 2t
| 1.4770 o
3 1.501 2 2" 3.0 1.5109 2")
4 1.822 4 4t 5.7 1.8264 - 4F
5 2.130 7 7 4.6 2.1291 -7
6 2.219 5,6 57,65 20.6,6.4  2.2173 5,6
_ 2.2368
7 2.336 0 ot 2.7 12.3403.
8 2.389 2,3 2,3 @387
9 2.440 4,5 gt 5" 1.3,3.7
10 2.640 " 2,3 2% ,3” 3.9,32.1
11 2.719 4,5 a*,s” 0.92,2.6
2.765
12 2.885 2,3 2" ,3” 3.9,27.5
13 2.942 4,5 at,5” 4.1,11.5
14 3.005 4,5 a¥,5” 3.1,9.2
15 3.082 4,5 4",5" 0.78,2.1
16 3.220 2,3 ‘2+,3' 3.4,28.9
17 3.277 (3) (37) 21.6
18 3.356 2,3 2%, 37 3.7,27.5
19 3.429 4,5 at,s” 1.2,3.9
20 3.531
21 3.646 (7) (7)) 1.8

%Rrefs. 13, 45, 46

bRelative excitation energies * 10 keV below level 7, * 16 keV above level 7.

e N ' _ 5
“Values in square brackets were obtained using the (2d3 )
assumed a (lh )2 configuration. See text.

/2
11/2

form factor, all others




Table IV. Optical model potentials and bound state parameters used in the DWBA calculations.

The form of the potentials and notation is that of Ref. 15.

a

a. . \A . a - . ’ .
VR 'R °r "y sr o TI 21 Vso Fso 3so e gi;?t
(MeV) (fm) (£m) (MeV) (MeV) (fm) (fm)  (MeV) (£m) (fm) (fm) Unit
o o
cr o : _ o
Pl 54.0-0.3ZEP 1.17 0.75. 0.22EP—2.7 .ll.8-0.25Ep 1.32 0.63 6.2 1.01 0.75 1.21 -
+O;4Z/Al/3 _ +12.0(N-2) /3] o
+24.0(N-2) /A .
Tld 166.7 1.16 ~ 0.752 16.4 - - - 1.498 0.817 1.21 ~
2% 138.8—0.157Et4 ~1.10 0.853 = - - 37.4-0.52Et 1.308 0.751 1.25 o
+0.0037 (E, ) 2 S
t NS i
‘ wn
£ ' r &y
T3 165.0—0.17Et 1.20 0.72 46.0—0.33Et 1.40 0.84 1.30
~6.4(N-2) /A -110(N-2) /A ’ Wi
- B
Bound b ' 1.27 0.67 32.0
State : ‘ .
%The energy dependent potentials‘are evaluated at the appropriate laboratory energy.
bThe single particle bound state potential depth is determined by binding each neutron at half the
two-neutron separation energy. .
®Ref. 15
dRef. 33 )
| &
®Ref. 25 T
w
£ 3

Ref. 40
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Table V. Energy Dependendence of DWBA Calculations

. . b - b b
O )
ptical z?tentlal R21‘5 o _ R30.3 _ R52.l
Set 140 '
Ce(0.0 MeV); L = 0
P1-T1 13 4.1 ' 0.96
P1-T2 : ' 19 2.6 ' 0.22
P1-T3 16 4.5 . o 0.70
'140Ce(3.73 MeV); L = 2
P1-T1 : 5.5 : 2.8 . 1.2
P1-T2 9.0 : 2.4 0.3

P1-T3 ' - 6.8 _ 2.8 1.0

? See Table IV.

b R, =0_ /0 . BAll entries have been multiplied by 1073, see text.

exp
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Table VI., Distribution of L = 0 and L = 2 strength in 1400g found in‘the
142 ' o '
Ce(p,t) reaction.

E L g(®? é v 2

(M:V) ‘ - (Ub/sr) ‘ ' '

0.0 a 0 135, ' 19.3

1.905 - 0 Ciss - 2.1 )

3.026 _ 0o _ 7.2 ' 1.1

3.233 0 105. | 13.8 > - 17.0

5,574 (o) 3. 2.3) 9.3

3.558 2 ” 32. | C1.7

3.664 © 2 2. 1.3

3.731 - 2 290. 13.3

3.985 2 35, Co17

4.125 2 23. 1.1

4.183 . 2 . 21.. . 1.3 20.4 |
aThe L =°O cross sections are measured at GR = 35°, tﬁe L = 2 values ére‘at
0, =.16°. , L

2

b . _ ‘
- Sum of excited-state enhancement factors.
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FIGURE CAPTIONS

Fig. 1. Representative 142Ce(p,t)l4oCe triton spectrum. The 1

were used as calibration points.

. 14 .
Fig. 2. Representative OCe(p,t)l38Ce triton spectrum.

Fig. 3. Anguiar distributions from the 140Ce(p,p') reaction.

LBL-4379

7F peaks

The solid

curves are DWBA calculations, while the dashed curves are empirical

(p,p') angular distribution shapes taken from the literature.

142

Fig. 4. Angular distributions from the Ce(p,t)14OCe experiment

for levels below 4.183 MeV. The solid and dashed curves are DWBA

predictions, unless otherwise noted. Except for the L = 0 transitions,

the angular distributions could usually be reasonably fit by more than

one L transfer. See text for discussion.

142

. , . . . 4 ,
Fig. 5. Angular distributions from the. Ce(p,t)l OCe experiment for

levels above 4.242 MeV. See caption to Fig. 4.

. , . . : 14 138
Fig. 6. Angular distributions extracted from the OCe(p,t) Ce

experiment. See caption to Fig. 4.

. v : . 4 140 . . .
Fig. 7. DWBA calculations for the 1 2Ce(p,t) OCe reaction as a function

of Q-value for 1~2,3, and 4 transitions. This figure exphasizes the

usefulness of forward angle data (0 < 16°) in assigning L values by

comparing experimental results with DWBA predictions.
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