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The *'Pr(a, o’ ) reaction at E,=45.0 MeV and AE,, ~ 35 keV was studied to investigate the
particle-vibration interaction in this N=282 nuclide and to elucidate the 14!Pr level structure
in the 0—4-MeV region. The a-particle angular distributions were measured in <2° steps
over ranges of 7—80° for elastic scattering and 12—66° for inelastic scattering. A “41Pr(d,d’)
spectrum at E; =28.7 MeV and with higher resolution (20 keV) was also recorded. These
measurements, in combination with other high-resolution studies, establish the existence of
approximately 50 levels with excitation energies of 1.1-3.0 MeV. Approximately 20 of these
levels can be identified in the (@, o) spectra and are interpreted as states with significant
collective components. Although most of these levels are in either a positive-parity group
between 1.1 and 1.9 MeV or a negative-parity group between 2.0 and 2.5 MeV, it is found
that the assumption of a weak particle-vibration interaction based on the 2* and 3~ core states
of “0Ce and the ds /o ground state of Uipy is inadequate to explain the results. Qualitative
agreement is found with the results of recent shell-model studies which assumed nine active
protons outside an inert Z=50, N=82 core. In addition, some evidence is found for the ap-
proximate validity of the AB=0 selection rule for inelastic scattering transitions which was

recently proposed by Hecht and Adler.

I. INTRODUCTION

In recent years there has been considerable
interest in the study of N=82 nuclei. This interest
has been stimulated largely by the hope that the
properties of most of the low-lying levels can be
described in terms of configurations involving
only the protons outside the Z =50 core. The suc-
cess of the recent shell-model studies performed
by Wildenthal,! Hecht and Adler,? and Jones et al.®
has shown that this assumption provides a reason-
able basis for describing some properties of N=82
nuclei. These calculations, which take into ac-
count only positive-parity proton excitations, are
able to reproduce the main features of the ob-
served excitation spectra up to approximately 2.5
MeV. Moreover, they are in moderately good
agreement with the spectroscopic information
which has been obtained from recent proton-trans-
fer experiments using the (d, *He), (¢, &), and
(®*He, d) reactions, which have now been performed
for each of the seven stable N=82 targets.?®

There were, however, questions which were

not resolved by the existing experiments. In the
(°He, d) experiments, for example, a single =5
transition was reported for each of the even-A
targets, but with a spectroscopic factor closer to
0.7 than the value near unity expected if the 14,, ,,
proton state is a pure one-quasiparticle (1-gqp)
state. The reduction in the [ =5 spectroscopic
strength could be understood if, as has been sug-
gested by Ellegaard ef al.” in the case of ''Pr,
the 1#,,,, 1-qp state mixes strongly with a parti-
cle-vibration state based on the coupling of the
2d;,, 1-qp state with an octupole vibration of the
140Ce core. While this explanation appeared plau-
sible, there had been no quantitative measure-
ments of the extent of particle-vibration coupling
in the N=82 nuclei.

The more general question of the role played by
collective excitations in the N=82 nuclei has been
little studied. It is known that a collective 3~
state exists at about 2-3 MeV in the even-4 nu-
clei. In °Ce the 3~ state is at 2.464 MeV and is
highly collective.!®!' Also the B(E2) value mea-
sured for the first 2+ state at 1.597 MeV in *°Ce
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is 16 times the Weisskopf estimate.'? In the neigh-
boring odd-mass nucleus *'Pr, therefore, one
might reasonably expect to find particle-vibration
multiplets arising from the coupling of the 1-qp
proton states with quadrupole and octupole vibra-
tions of the !*°Ce core. However, one does not
expect the simple picture of the weak-coupling
model to hold for a nucleus like *'Pr. Within a
few hundred keV of the 2* state at 1.6 MeV in
140Ce there are states having J"=0%, 4%, and 67,
and there is also a 5~ state located within approxi-
mately 100 keV of the 2.46-MeV 3~ state.'® 13
Based upon these additional core excitations one
can construct many additional states in #'Pr and
one expects considerable mixing between these
states and the “pure” particle-vibration states.

It is well known that a-particle scattering pref-
erentially excites collective states and can lead to
reliable spin-parity information. Recently the
structure of !*°Ce has been studied with this reac-
tion by Baker and Tickle.!! The purpose of the
present '*'Pr(a, a’) experiment was to identify
the levels in the #'Pr spectrum having significant
particle-vibration components and if possible to
relate them to the %°Ce core states. In addition
it was thought desirable for the purpose of evalua-
ting the results of recent shell-model studies?
to obtain more information on the distribution of
positive- and negative-parity states in the 1-3-
MeV excitation region of *'Pr.

During the course of the experiment a selection
rule for inelastic scattering transitions was pro-
posed by Hecht and Adler.? This selection rule is
based upon the pseudospin quantum number B, a
generalization of the seniority quantum number
which reflects the correlated motion of J#0 pairs.
These authors have shown that under suitable
assumptions only inelastic transitions having AB
=0 are allowed. In view of the fact that both AB
=0 and AB=1 transitions might be expected in the
141pr(q, a') reaction, it was of considerable in-
terest in the present study to test the validity of
this selection rule.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

All of the measurements were performed with a
single target of '*'Pr. This target was prepared
by evaporating praseodymium metal from a tanta-
lum boat into a =#50-ugcm™2 carbon film. To
minimize oxidation and changes in the target thick-
ness from sputtering, a =10-ugcm=2 layer of car-
bon was evaporated onto the Pr foil. The target
thickness (0.40 mgcm™2 Pr) was deduced by mea-
suring the energy loss of 2!Am « particles and
by comparing elastic scattering yields, over the
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range 7 to 36°, with optical-model predictions
based on the parameters of Ref. 14. The major
sources of uncertainty in the thickness are pos-
sible variations in target positioning and in beam
conditions (which would vary the exposed portion
of the target) and possible changes in the target
thickness over the course of the measurements.
However these uncertainties were not evaluated
independent of others, such as uncertainties in
track counting and effective solid angle. The over-
all experimental uncertainties were 10-15% and
are discussed in Sec. IV B.

The a-particle inelastic scattering measure-
ments were made with 45.0-MeV *He?"* ions from
the University of Michigan 83-in. cyclotron.'®
Beam currents were typically 0.1 to 0.2 uA at an
energy spread of approximately 20 keV. Beam
exposures were determined with a Faraday cup
and a current integrator. Scattered particles
were analyzed with a 180°, » =3 magnetic spectro-
graph and were detected in Ilford KO nuclear emul-
sion plates. An example of a relatively good a-
particle spectrum is shown in Fig. 1.

Although the linewidths obtained for the a-parti-
cle spectra were 30-35 keV, it can be seen from
Fig. 1 that this resolution was insufficient to re-
solve all of the levels with excitation energies be-
low 4 MeV. In order to further resolve individual
levels in this region and to obtain more accurate
excitation energies, an additional higher-resolu-
tion 'Pr(d, d’) spectrum was recorded. This
spectrum had linewidths of 20 keV and is shown
in Fig. 2. All of the levels below 3.135 MeV which
are resolved in the (o, a’) spectra can be identi-
fied in the (d,d’) spectrum, and no significant dif-
ferences in relative intensities are observed other
than those which can be associated with differences
in the phases of the angular distributions for odd-
and even-L transfers. Therefore, the excitation
energies of the levels up to 3.135 MeV were deter-
mined from the higher-resolution deuteron spec-
trum. The energy calibration was determined by
comparing deuteron spectra of *'Pr and !*°Ce
taken at the same spectrograph field setting. Tran-
sitions to levels at 1.597, 2.084, 2.464, and 2.900
MeV ' in °Ce were used as calibration points.
The estimated uncertainties of the energies of
levels up to 3.135 MeV are 10 keV. The energies
of levels above 3.135 MeV were obtained by ener-
gy extrapolation in the (o, a’) spectra. These en-
ergies are estimated to have uncertainties of
about 20 keV. The energy values determined in
the present work are listed in columns 1 and 2 of
Table 1.

Angular distributions for 16 inelastic a-particle
groups (see Figs. 5-10) were obtained from spec-
tra similar to Fig. 1, taken at 30 scattering angles
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(center-of-mass angles of 12.2 to 65.9°). Expo-
sures for these spectra ranged from 0.2 mC for
the small angles to 3 mC for large angles. The
angular convergence of the incident beam was
limited to 1.2° by apertures in the beam prepara-
tion system. The magnetic spectrograph accepted
a total of 2° in the reaction plane and could be
positioned relative to the scattering chamber co-
ordinates with an uncertainty of less than 0.1°.
The zero scattering angle was determined by com-
paring elastic scattering yields on both sides of
the beam direction. On the basis of several de-
terminations of this quantity at different times
and under different cyclotron tuning conditions,
we estimate that the uncertainty in the scatter-
ing angle due to variations in the incident beam
did not exceed 0.2°,

The differential cross sections were calculated
from peak areas, which were obtained from the
number of tracks (corrected for background) ob-
served in a region of a spectrum of approximately
twice the average full width at half maximum
(FWHM) for that spectrum. A larger range of in-
tegration was used for some groups of levels, and
a smaller range was used to handle some closely
spaced groups. The presence of oxygen and car-
bon in the target eliminated several points from
each angular distribution. The error bar shown
with each datum in the angular distributions re-

flects the statistical uncertainty (standard devia-
tion) in the net area of the corresponding spectral
peak. An additional dncertainty is due to possible
plate reading errors, since variations as large as
10% were observed when different scanners read
the same plate. Spectra for several scattering
angles in the range 30-45° were repeated during
the course of the measurements. Differences in
differential cross sections at a given angle ob-
tained from these spectra indicate that nonsta-
tistical uncertainties are 10-15%.

The elastic scattering angular distribution was
obtained in a manner similar to that used for in-
elastic scattering, except that the acceptance
angle of the analyzing magnet was <1° and the
scattered particles were detected with a position-
sensitive detector placed in the image surface of
the magnetic spectrograph. Data were obtained
for 41 center-of-mass scattering angles in the
range 7.2-79.4°. These results are given in Fig,.
3 and Table II. Data obtained with the nuclear
emulsions for elastic scattering at large angles
are in good agreement with these results.

The high density of levels above 1.1 MeV in
41pr makes it difficult in many cases to estab-
lish with certainty whether a given spectral peak
corresponds to a single transition or to several
transitions to close-lying levels. Based on the
experimental results obtained in this work, one
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can only surmise that, when a measured angular
distribution has a well-structured oscillatory
pattern, either only one level is being appreciably
excited or several levels are excited by the same
angular momentum transfer. However, the com-
bination of a variety of experiments serves to
identify at least 50 levels in the region of excita-
tion between 1.1 and 3.1 MeV. This information,
which is summarized in Table I, is of consider-
able help in interpreting the inelastic scattering
results. These results are discussed in Sec. IV,

III. DISTORTED-WAVE ANALYSIS
A. Optical-Model Potential

At the present time there are considerable un-
certainties in the a-particle optical-model po-

1401

tential. Recent investigations of some of the po-
tential ambiguities have been made by McFadden
and Satchler,® and Jackson, Kembhavi, and
Morgan.'*!” In view of the fact that our elastic
scattering data are limited to one nucleus, one
energy, and the angular range 7-80°, we consid-
ered it of little value to study further these am-
biguities. Consequently, we simply chose the
best parameters available from the literature
(appropriate to our target and energy) and com-
pared the predicted elastic scattering with our
data. The solid curve shown in Fig. 2 is the elas-
tic scattering predicted by a potential of the form

Ur)y==-V,(1+e*) ™ =iV, (1+e*) '+ V), (1)

where x=(r =R)/a, R=7v,A'/3, and V(r) is the
Coulomb potential due to a uniformly charged
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FIG. 2. Spectrum of deuterons from the “!Pr(d,d’) reaction at 28.7 MeV. The peaks are labeled with the
corresponding excitation energies in MeV.



™|

AND GRAY

GRIFFIN,

BAER,

981

L¥8'T I58°T P98°1 678°1 S8'T 8¥%8°1
€38°1 €28°1 L18'T soress 218’1
608°T 608°T 808°T 66L°T 30 dnoa8 26L°T
€8L°T €8L°T 28L'T paAjosaxun
9L T LT 9L'1 9L T
(S0L°T) (g0L°1)
(569°T) (969°T)
189°T (F-3 Lot
s 059°T ERE-CY (099°1) 6%9'T 099°T 299°T +89°T €99°T
L 8091 (3-% 69T £ o091 209°T 209°T 609°T
(5 ossT (%)  o008¢'T g8e 8LS'T 8L8°T #86°T
NCOR (8 025'T 128°T 62g'T RO, £25°1
(818°T) (315°1)
€671 €671 €671 86¥%'T
+ 9S¥'T 98P’ T 98%'1 8SP'T +98%°1 96%'T
261 S5 1o 0s%'T 2SH'T
w8 (e LEV'T SEY'T 98¥'T LEV'T
& sezT (f-4 meer 4 oo 6621 0081
& €62°1 ?mv §%62°T €62°T 363°'T €62°T 963°'T +G62°1 $63°T
& L3211 ?@ 8921°T Em 08T'T 82T°'T L3T°T 3311 pS3T°1 pSeT'T
F eI & ITT 8TT'T 8TT'T
& L% E - S -2 SP10 eHT°0 SF1'0 L3T°0 10
ST94] 9§ A G~ ASY GE~ (rDed A®Y g~ ASY 0T~ (o '309) (4 "309) (e "309)
(rI)9D AP 0% =4 (AR (r1)°D (rT)eD A®Y 0T~ ASY GE~ A9 0Z~
oq ‘.4 (P‘oH,) (A (At AP 3T=4 AP SP=7 AP 62=4
(#°p) (,0°0) (2°D)
sj[nsax jo STIIBHOIN pue ' 12 YOIZUSIIM pUe ‘w12 ‘v 32
uotIIRI[0) ‘L1193 ‘Axoeg TeYIuOPIIM JON pue YoIo ‘UOSTON ‘oAe(q OMIS I9p UeA paeeSora Ju9SoIJ

1402

‘USALS OSTE a8 sjuewWIIadxe U0Tj0Bax J[oTIIed-paSieyo

9y} I0J SOISI9US SUIPIBQUIO] JYJ, ‘USAIS 0XB SONTeA WHM I uoyniosax sjewikoxdde pue peIjIIuspt ST Juewrradxs jo odA} oyj uwnioo yoes jo dog oty 1y *sx03e81}

~S9AUT Teur3LI0 oy} Aq 9ATJRIUL] Se popaeSel ST sesoyjuased ur ONTEA Y "POUTULISISP USYM SIN[BA , P PUE (ADIN) SOISISUS UOIIBITOXS POINSBOW OU} POIST 018 UWIN[0D
UOEd U SIUSWIISAXS JuSdeI IOYJ0 pue JIom juosaad Jo synse Surpnrour Id;; JO STOAST 103 sonfeA , p pue SOI3I9US UOIFBIIOXS U0 BIEp Jo Arewrumg ‘I ATIV.L



1403

82 NUCLIDE...

COLLECTIVE STATES IN THE N

™|

16L°C 16L°2
(08L°2) (08L°2)
(00L°2) (002°2)
- 189'% 6L9'% -$89°2 $89'%
+  809°C L09°3 +609°2 609°C
685°2 685°2 885°%
996°¢ 995°2 996°2 18°3 152
$25°2 $25°%
(08%'2) (08%°2)
- 8882 988°2 —-886'% 88€°2
- 8982 ¥9€°2 —89€'% 89¢°2
8%8'2 8%8°2
- 03€%2 618°3 —-02¢°2 028°2
2Le'g X4
+  993°%Z +962°2 952°2
(e S8T'T “F  98T'e
- LLT'Z 9L1°3 —-8L1°3 8LT'Z
- L0T°2 $01°2 L0T°2 —901°% 901'2
- 6L0°% 6L0°% -8L0°% 8L0°%
910°2 910°% 910°2
- €002 $00°2 —-200°2 200°¢
$L6°T PL6°'T
(006°T) (006°T)
968°T 968°T
ST9A9] 9§ A9 G~ A GE~ (r1)ed A g~ A9 0T~ (0 "32¥) (9 "30¥) (e "309)
(r1)eD AN 0%=4 (JAR) (r1)9D (rI)eD A9 0T~ A GE~ A9 02~
oq ‘.d (p‘eHy) (Auty (Aoutu AN 3T=4 AN SP=F AN 6=
(2D (,0°) (:2°D)
sj[nsax jo SIIIBHON pu® ‘v 12 YOIZUS[IM pue ‘I 12 ‘32
UoIRI[0D ‘for1oy ‘Axeeg TeqIuapIIM JON pue UaIomw ‘uos[eN ‘eAr(Q OMIOIN ISP UBA paee3alId juesaad

(ponuaguop) 1 ATAVL



™|

AND GRAY

GRIFFIN,

BAER,

1404

"A®Y 0CF oX€ S9JB)S 9SOY} I0] SOIUTRIINOUN A3I0U0 pUe WnIjoads (s
-I9US1Y 9Y3 WOIJ PIUTLIQO OI9M SonTea A31oue 9103919y} ‘wnajoads (

‘(8 "J9Y 99s) I9jowoaoads TeISAT0-
“jusuodwod Ajrred-earyessu pue ~oAIsod ® Jo soussexd 97} S9JEOIPUI UOIJOSS SSOIO TBIIUSISJIIP

PIAIND B JO 9Sn Aq POUTUWLIOIOP SBM ASY G00°0 F 05 ST anfeA v,
(¢ 0)Id;y; 9Y3 JO UOTINQIIISIP Jenue aYy) ¢3o1qnop paAfosaIuf

‘A9 (T¥F I SONjUTR)ILOUN

) oY) UL ATUO POAIISUO SIOM ASIN SET'S OAOQE SIJBIS *(T UWNn[o9) BYEp (,p ‘P) UOTIN[OSOT
+P ‘p) 9Y3 UI POAISSQO OSTe 9xoM wmajoeds (,0*0) Y3 Ul POAI2SAO ASIN GET'€ 0 dn so%e3s IV

APV 20°0 ¥28°Z 38 97e3s oyj Jo uoridooxo ayj UM ASY OTF o $91jUTRLISOU

6S°¢ 63°¢
g7’ 5784
ge'g €8¢
0z'¢ 02°¢
ger'e Se1'e ser'e
+ 986°% +986°3 986°3
9€6°2 086°2 0%6°2 0%6°2
898°% 898°2 9.8°% 9.8°2
£98°2 €¥8°'2 €782
g18°2 €18°3 028°2 028°2
SToAST 9g A®Y G~ A9 G~ (r7)ed A9 g~ A9 0T~ (0 "399) (q "304) (e “304)
(r1)°D AP 0% =4 (AR (r1)?D (r7)°D A 0T~ A GE~ A®Y 02~
oq ‘.d (p*oH,) (Autu) (A,ulu) AP 2T=4 AP SP=F AW 63=4
(.2 ‘p) (,0 ‘) (42 ‘P)
sjnsax jo STIIBRHOIN pue ‘v 32 J[OIZUSTIM pue ‘10 32 ‘32
ToIRI[0D ‘forro3] ‘Aaseg TRYIUSPTIM JON pu® yoIo ‘UOSTON ‘oAeQ OMIDN IOp UBA pxeeSorra Juesaxg

(ponuzquop) 1 ATAVL




3 COLLECTIVE STATES

sphere of radius R =7 -A!/3. The parameter val-
ues which were employed are V, =151.0 MeV,
Vin=19.2 MeV, »,=1.404 F, a=0.555 F, and
7-=1.30 F. These values, quoted by Jackson and
Morgan,'* were obtained from an analysis of the
elastic scattering of « particles from !%°Ce at
42-44 MeV. It can be seen from Fig. 3 that this
potential provides a reasonably good description
of elastic scattering from *'Pr in the angular
range covered by the data. It was therefore em-
ployed in the distorted-wave Born-approximation
(DWBA) analysis of the inelastic scattering angu-
lar distributions.

B. Form Factor and Cross Sections
Based on the Collective Model

The calculation of the DWBA transition ampli-
tude was based upon a conventional interaction
model in whi~h the projectile induces a one-step
transition in the target to vibrational states de-
scribed by a collective-model Hamiltonian. Re-
finements on this model, such as explicit treat-
ment of channel coupling and nonlocality, were
not included. The application of the model to in-
elastic a-particle scattering has been discussed
in detail by Bassel et al.'® and Rost.!® In brief,
the interaction of the « particle with the nucleus
is described in terms of a nonspherical optical-
model potential whose shape oscillates about a
spherical mean. In the context of first-order per-
turbation theory, inelastic scattering leading to
the collective vibrations is induced by the non-
spherical part of the potential. A Taylor series
expansion of the potential about the mean radius
R gives a first-order interaction term of the
form™

Vou=#R[dU@ -R)/dr] o}, 2)

where U(r —R) is the spherical optical-model po-
tential with geometric parameters R and a¢. In the
quantal interpretation of the first-order term the
deformation parameters o, are regarded as dy-
namical variables able to create or annihilate
phonons with angular momentum L and Z compo-
nent M. For an even-Anucleus with no phonons
present in the ground state the first-order inter-
action can excite a single 2*-pole phonon, leading
to a final nuclear state with spin J =L and parity
(-1)£. The reduced matrix element connecting
the initial and final nuclear states then has the
value

au (hw, \'/?
= = = i LpZ = %L
(J=L|V,[|J;=0)= "R (zc)

= —i*F(r)B,(2L +1)"1/2,  (3)
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where 8, =[(2L +1)(fw,/2C,)]'/? and C,, is the re-
storing-force parameter. The radial form factor
F(r)=R(dU/dr) is uniquely determined by the opti-
cal-model potential which describes the elastic
scattering. The deformation parameter g, is the
only unspecified quantity and it is to be extracted
from a comparison with the measured cross sec-
tions.

The inelastic scattering cross section which
follows from this description of the scattering
event has been calculated in the DWBA by Bassel
et al."™ For an even-A nucleus the cross section
for excitation of a state with spin J=L can be re-
duced to the form

22 0~ 1)=,%,6), @)
in which the normalization of the reduced cross
section o (f) is determined by the choice of opti-
cal-potential parameters.

In the collective vibrational model of odd-A nu-
clei, multiplets of levels may be formed by the
coupling of the extra nucleon to the phonon (core)
states of the neighboring even nucleus. If one
assumes that the wave functions for these multi-
plets are simply the vector-coupled product of
the phonon state and the single-particle state, the
inelastic scattering cross section to each member
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FIG. 3. Angular distribution for elastic scattering of
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of the multiplet is related to the core-state cross
section by?® 2!

do _ 2J+1 do
(Ji=J) (2J,+1)(2L+1) dQ

1749/
=[BE(I)] %, (0), (5)

where J; and J are the initial and final nuclear
spins, and conservation of angular momentum re-
quires J =7, it L. In this “weak-coupling” model,
the partial deformation parameters gf(J) are re-
lated to the core deformation parameter g8, by*

(0-1)

Py 2J +1 1z
BL(J)_[W:I Br, (6)
and
ZJ)[ BL(N]I?=8,%, (7)

where the sum ranges over the possible J values
of the multiplet, given by

|L-J;| <J sL+J;.

The relationship (5) between the cross sections
will be violated when the pure particle-vibration
multiplets mix with other configurations. This is
likely to occur in most odd-A nuclei and is the
case for "!'Pr. In these circumstances the partial
deformation parameters can be regarded as a
simple means of parametrizing the reaction cross
sections. However, a value of g5 (J) extracted
from an experimental angular distribution can al-
ways be related to the nuclear wave functions.
The definition of the partial deformation parame-
ter in terms of the nuclear matrix elements is?

BL =L+ )X I afllJ), ®)

in which the initial and final states are not re-
stricted to the simple vector-coupled states of
the weak-coupling model.

The reduced cross sections ¢, (0) were calcula-
ted with the DWBA code DWUCK .?? The optical-
model potential parameters employed were given
in Sec. III A. The contributions to inelastic scat-
tering from the absorptive part of the potential
were neglected. The only effect of including the
imaginary term in the form factor would be to
increase the calculated reduced cross sections by
a factor of [1+(W/V)?], which has a value 1.016
for the four-parameter potential used in present
analysis. The resulting change in the extracted
values of gf(J) would therefore be less than 1%.

C. Coulomb Excitation

Bassel ef al.'® have shown that the presence of
the Coulomb force can have a considerable effect

upon the calculated inelastic angular distributions
at forward angles. Baker and Tickle!! recently
have measured the differential cross sections for
inelastic scattering of 45-MeV « particles to the
2* and 37 states in '°Ce and the 3~ state in 2%Pb.
This investigation shows that the shapes of these
angular distributions at forward angles are quite
sensitive to the interference between Coulomb and
nuclear scattering and that this effect is well de-
scribed by the procedure discussed by Bassel

et al.'® Since our data extend inward to 12°, we
included the effect of Coulomb excitation in the
present calculations. With the assumption that
the optical potential and charge density undergo
the same deformation, the effect of Coulomb exci-
tation may be taken into account’® by the addition
of a term

C,r)=8.0ZZ'e*(2L+1)'REy~L*V  y>R_
=0, 7<RC y (9)

to the nuclear form factor. According to the dis-
cussion given by Bassel ef al.'® one can expect the
effect of Coulomb excitation to be taken into ac-
count accurately at angles larger than the classi-
cal deflection angle, §.=2n/L. For the scatter-
ing of 45-MeV « particles by *'Pr, for which
n=5.54, 6, has the value 6.3° for L=101. Since
the code DWUCK has provision for the inclusion
of up to 102 partial waves, we expect the calcu-
lations to be adequate over the range covered by
the data.

An additional consideration is the value of the
upper cutoff for the radial integrals. The values
of angular momentum omitted by such a cutoff
correspond classically® to L=[ KR, ,, (KR .4
—27)]'/2. In the present analysis the radial in-
tegrals were carried out to 40 F with a step size
of 0.1 F. For 45-MeV « particles incident upon
141pr the value 40 F corresponds classically to
L=108. Therefore, we expect the cutoff of 40 F
to be adequate for the calculations, which included
102 partial waves.

Comparisons of reduced cross sections o ()
for L=2 and L=3 transitions, with and without
the inclusion of Coulomb excitation (C.E.), are
shown in Fig. 4. The value R .=1.24'/3 was used
in the form factor. The L=2 angular distribution
is modified considerably by the inclusion of C.E,
The number of partial waves for the L=2 curves
displayed in the figure is 102. However, the dif-
ferences between the calculations employing 80
and 102 partial waves were quite small at all
angles. The effect of including C.E. in an L=3
transition is seen (Fig. 4) to be much less than
for the L=2 transition. The smaller effect of C.E.
upon an L=3 transition can be understood from



3 COLLECTIVE STATES IN THE N =82 NUCLIDE... 1407

the fact that the C.E. form factor for the transfer
of three units of angular momentum falls off as
r~% outside the nuclear charge distribution, as
compared to 3 for two units of angular momen-
tum transfer.

IV. DISCUSSION

A. Comparison of Results with Those
of Other Experiments

The energy values determined in the present
work are listed in columns 1 and 2 of Table I.
Also listed in the table are the results of several
other recent high-resolution experiments. These
include the decay-scheme study of Beery, Kelley,
and McHarris,?® the (z,7n’y) experiments of van
der Merwe, van Heerden, McMurray, and
Malan,?* Dave, Nelson, and Wilenzick,?® and the
(v,y") study of Moreh and Nof.?® In column 9 we
have combined the results of the various experi-
ments and have listed the most accurate values of
the excitation energies. (In a few cases an aver-
age value is given.) Also shown are spin-parity
values for the levels where these have been mea-
sured.

It can be seen in Fig.2 that the first excited
state of *'Pr at 0.145 MeV is populated very weak-
ly in the (d,d’) reaction. Inthe (@, a’) spectrum
(Fig. 1) the transition to this level is obscured by
the intense elastic scattering peak and appears
only as a possible shoulder on the low-energy side
of the peak. Although some structure is discern-
able in the low and essentially continuous back-
ground appearing in each spectrum between 0.145
and 1.125 MeV, no additional levels could be iden-
tified in this region. The structure which does
appear most likely consists of kinematically broad-
ened groups due to scattering from light impuri-
ties in the target. All of the experiments are con-
sistent with the conclusion that, other than the
ground state and the 0.145-MeV level, there are
no levels in !'Pr below 1.1 MeV.

To facilitate the discussion of experimental re-
sults, it is convenient to divide the remaining
levels into energy regions corresponding to pre-
dominantly odd-L and even-L transfer. For exam-
ple, the inelastic scattering distributions for the
four strong transitions leading to levels at 1.295,
1.456, 1.523, and 1.653 MeV (see Fig. 5) are out
of phase with the elastic scattering angular distri-
bution (Fig. 3). In view of the fact that the excita-
tion energies of these four levels are approxi-
mately those of the one-phonon 2* states in '*°Ce
(1.60 MeV) and 2Nd (1.57 MeV), we expect a one-
step excitation process to dominate and expect the
Blair phase rule?® to be valid. Therefore, these
transitions are of even L and lead to positive-

parity states. Most of the transitions to levels in
the region of 1.12-1.85 MeV show similar angular
patterns and imply even-L transfer. The second
energy region includes levels between 2.0 and

2.5 MeV, where most of the transitions show odd-
L character. Finally, transitions to levels above
2.5 MeV are generally weaker, cannot be grouped
according to parity, and have been studied by at
most two of the other experiments summarized in
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FIG. 4. A comparison of DWBA predictions for L =2
and L=3 transitions with and without the inclusion of
Coulomb excitation (C.E.). The calculations were per-
formed with the number of particle waves (P.W.) indi-
cated in the figure. The partial deformation lengths
(BER) are defined in the text.
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Table I. These transitions are discussed briefly
as the third group.

1. Positive-Parity Multiplet, 1,12—1.86 MeV

The excitation energies determined in the pres-
ent experiment are in very good agreement with
those determined by Ellegaard et al.” in a study
of the "'Pr(d, d’) reaction at E, =12 MeV. In the
region 1.437-1.653 MeV, strong transitions to lev-
els at 1.456, 1.523, and 1.653 MeV are observed
in both experiments. In addition, weaker trans-
itions to levels at 1.437, 1.498, 1.584, and 1.609
MeV were resolved in the higher-resolution spec-
tra of Ellegaard ef al. The latter four levels and
an additional level at 1.450 MeV were observed in
1Py (n, n’y) experiments.?*?* Four levels be-
tween 1.764 and 1.848 MeV were resolved both in
the present (d,d’) spectrum and in the (d,d’) work
of Ellegaard et al. The two *!Pr(n, n’y) experi-
ments?* 2% each indicated the presence of four
levels in this region although not the same four
levels. Van der Merwe et al.?* report a level at
1.823 MeV which was not reported by Dave,
Nelson, and Wilenzick,?® while the latter authors
reported a level at 1.856 MeV not reported by
van der Merwe et al. A comparison of all the ex-
perimental results suggests the existence of lev-
els at 1,764, 1.783, 1.809, 1.823, 1.844, and
1.856 MeV.

A strong [ =5 transition was observed®® in the
140Ce(°He, d)'*'Pr reaction to a level at 1.11 MeV.
This level has been interpreted as the 17, /, qp
state.® Another level at 1,127 MeV was observed?®®
in the decay *'Nd— *'Pr, the *'Pr(n,n’y) stud-
ies,**?® and the *'Pr(y, y’) study.?® A tentative
i* assignment was proposed by Beery, Kelley,
and McHarris?® and a definite assignment of J =3
was given in the level scheme proposed by Moreh
and Nof.?® The 9-keV separation of these two
levels made it impossible to resolve them in the
present experiment. Nevertheless, the angular
distribution of the 1.125-MeV group (Fig. 6) pro-
vides useful information about each level. The
absence of pronounced oscillations indicates that
both levels are produced with comparable cross
sections and that the two have opposite’parity.
Thus the 1.127-MeV level definitely has positive
parity and only J"=3"* is consistent with the other
data.

Levels at 1.30 and 1.65 MeV are populated with
approximately equal strength via /=0 transitions
in the '*°Ce(°He, d)'*'Pr reaction.*® Therefore
definite J™ assignments of 3* were possible. It
is difficult, however, to establish the correspond-
ence between these two 3* states and the levels at
about 1.295 and 1.653 MeV indicated by our ex-

periments. This difficulty stems from the fact
that closely spaced pairs of levels at 1.2925 and
1.2984 MeV and at 1.650 and 1.6572 MeV have
been established by the higher-resolution y-ray
experiments. Wildenthal® has identified these 3*
states with the 1.2984- and 1.6572-MeV levels
populated in the decay of '4!Nd.?® The former iden-
tification seems quite certain, since a probable
value of 3* for the 1.2925-MeV level was obtained
in the decay-scheme study.?* On the other hand
the identification of the 1.65-MeV 3* state with the
1.657-MeV level is uncertain. We have identified
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FIG. 5. Angular distributions for («, o) transitions to
positive-parity levels in the 1.29~1.66-MeV region. The
solid curves are DWBA predictions for L =2, with 102
P.W. and including Coulomb excitation. The partial de-
formation lengths (BfR) are defined in the text.
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(column 9, Table I) this upper 3* state with the
1.650-MeV level simply on the basis of energy
values. It is possible that all four levels are pop-
ulated with appreciable strength in inelastic scat-
tering, and, if so, positive parity is indicated for
each of them.

The «a-particle angular distribution for the com-
posite group of levels between 1.76 and 1.85 MeV
(Fig. 7) shows a lack of structure which suggest
that both positive- and negative-parity states are
present. With the 35-keV resolution of the pres-
ent experiment, it was not possible to ascertain
the parities of individual members of this group.
However, it is important for the purpose of de-
termining the active shell-model configurations
to know that negative-parity states extend into
this lower region of the excitation spectrum.

2. Negative-Pavity Multiplet, 2.0-2,5 MeV

Eight levels were identified between 2.002 and
2.388 MeV in the present work. The levels at
2.368 and 2.388 MeV were not resolved in the
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FIG. 6. The composite angular distribution for (a, a’)
transitions to the unresolved levels at 1.118 and 1.125
MeV. The solid curves represent mixtures of L =2 and
L =3 DWBA predictions, in the proportions indicated in
the figure. The reduced cross section o, and the partial
deformation lengths (BFR) are defined in the text.

(o, a') spectra but appear as a noticeably broad
peak. The excitation energies determined from
the (d,d’) spectrum correspond quite closely to
the values reported by Ellegaard ef al.,” except
for a level at 2.256 MeV which they did not ob-
serve. The peak corresponding to this level can
be seen in the (d,d’) spectrum of Fig. 2, but the
corresponding group was clearly visible in the

(o, ') spectra only at angles favoring positive
parity. It does not appear in the (@, a’) spectrum
of Fig. 1, which was taken at an angle near a min-
imum in the positive-parity angular distributions.
Another group was observed at 2.464 MeV in the
(d,d’) spectrum and in the (o, a@’) spectra at an-
gles favoring negative-parity states. Since its
position coincides with that of the octupole 3~
state in '*°Ce and a corresponding level was not
observed in the (d,d’) experiment of Ellegaard
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FIG. 7. The composite angular distribution for (a, o)
transitions to the unresolved group of levels between
1.76 and 1.85 MeV. The absence of a well-structured os-
cillatory pattern indicates that both positive- and nega-
tive-parity levels are populated.
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et al.,” we attribute it to the presence of a small
Ce impurity in the target. In addition to the eight
levels discussed, the existence of four more lev-
els in this region at 2.016, 2.235, 2.272, and
2.348 MeV is indicated by the (y,y’) experiment of
Moreh and Nof.?¢

The angular distributions for inelastic a-parti-
cle scattering to all of the levels in this region,
except that at 2.250 MeV, show odd-L character.
However, none of the experiments provides a
basis for determining unique spin values for these
levels.

3. Levels Above 2.5 MeV

In the 170-keV region between 2.39 and 2.56
MeV there are no levels populated with appreci-
able strength in the (@, @’) and (d, d’) reactions.
The only other experiment which examined this
portion of the spectrum is the *'Pr(y,y’) experi-
ment of Moreh and Nof.?® Their results are con-
sistent with an energy gap of 130 keV in this re-
gion. If this energy gap is real, it is probably
the last one of this magnitude in the excitation
spectrum of *'Pr. Above 2.56 MeV the level den-
sity becomes dense indeed, as can be seen from
Figs. 1 and 2. However, several a-particle
groups were well enough resolved in the present
experiment so that angular distributions could be
obtained. These are shown in Figs. 8 and 9 and
the parities deduced from these data are given in
Table 1.

The levels observed at 2.566 and 2.585 MeV by
Ellegaard ef al.” probably correspond to the 2.57-
MeV shoulder appearing at the right of the 2.609-
MeV peak in the (d,d’) and (o, a@’) spectra of Figs.
1 and 2. The remaining levels reported in Ref. 7
up to 2.930 MeV were also identified in the pres-
ent (d,d’) spectrum. An additional level at 2.730
MeV, not reported in Ref. 7, was identified in the
(d,d’) spectrum and appeared at some angles in
the (o, a’) spectra as an unresolved shoulder at
the left of the 2.684-MeV peak,

The angular distributions for the a-particle
groups appearing at 2.609, 2.684, and 2.986 MeV
are shown in Fig. 8. The moderately well-struc-
tured angular distributions for the 2.609- and
2.986-MeV groups indicate that they arise predom-
inantly from transitions to levels with even parity.
The DWBA predictions for pure L =2 transitions
are shown with the data. The agreement with
these predictions is qualitatively similar to that
observed for transitions to the positive-parity
states in the 1.2-1.7-MeV region and the‘deforma-
tion parameters (see Sec. IV B) are of comparable
magnitude. In a study of the '*°Ce(a, ') reaction!
an L =2 transition was observed to a state at 2.90

MeV with a strength about equal to the total ob-
served for the 2.609- and 2.986-MeV levels. Thus,
it is not surprising to find moderately strong tran-
sitions to positive-parity states at about this ener-
gy in ' Pr. The character of the angular distribu-
tion for the 2.684-MeV group is ambiguous, but it
exhibits mild oscillations which are in phase with
the L =3 prediction shown with the data. It there-
fore seems likely that the major contribution to
this group is a transition to a negative-parity state.
The angular distributions for additional o-parti-
cle groups which were observed at 2.876 and 3.135
MeV (Fig. 9) have almost no structure, suggesting
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FIG. 8. Angular distributions for (e, @) transitions to
levels in the 2.6—3.0-MeV region. The solid curves are
DWBA predictions for L =2 (2.609- and 2.986-MeV lev-
els) and L =3 (2.684-MeV level).
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that they are due to transitions to unresolved lev-
els having both positive and negative parity. Four
more o -particle groups were observed between
3.2 and 3.6 MeV but the angular distributions were
not determined. Many additional weakly populated
levels are suggested by the rather high background
in this energy range. The levels above 4.0 MeV
were not studied because of the increasing level
density and the interference from strong carbon
and oxygen contaminant peaks.

B. Extraction of Spectroscopic Parameters

A summary of the spectroscopic parameters de-
duced from the present experiment is given in Ta-
ble III. Also listed in the table are the correspond-
ing values for the lowest 2, 37, and 4" states in
140Ce, based upon the results of a study of Baker
and Tickle of the **°Ce(a, @’) reaction. These
were obtained from an analysis®” which employed
the same optical potential used in the analysis of
the present *'Pr experiment.

Since the 4" state at 2.08 MeV in '°Ce is excited
with moderate strength in the *°Ce(a, @’) reaction,
it is probable that some of the even-L transitions
observed to levels in *'Pr contain L =4 admix-
tures. However, reliable values for the L=4 |
strength could not be determined from the data,
and we have therefore parametrized the even-L
transition strengths in terms of pure L =2 transi-
tions. The deformation parameters for these tran-
sitions were determined on the basis of a visual
fit to the DWBA predictions which gave primary
consideration to the four maxima between 25 and
55°, With this normalization the maximum at about
62° is lower than the DWBA calculation. We also
note that the data at angles less than 20° are above
the pure L =2 predictions, which may indicate the
presence of L =4 admixtures. The first maximum
predicted for an L =4 transition is at 14°, and the
first maximum for the L =4 transition to the 2.08-
MeV 4" state in %°Ce is observed to occur at about
that angle.!! It is in this region that the even-L
angular distributions, for example the four angu-
lar distributions shown in Fig. 5, deviate consid-
erably from the predictions for L=2. Unfortunate-
ly, however, the data in this angular range are in-
sufficient, due to interference from carbon and
oxygen contaminants, to establish with reliability
the presence of L =4 contributions to the cross
sections. At larger angles, where the experimen-
tal angular distributions are well defined, the re-
duced cross sections 0,(6) and 0,(6) are nearly in
phase, making it difficult to distinguish between
the two possibilities.

Two types of uncertainties must be considered
in extraction of deformation lengths from the mea-
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sured angular distributions. First, there are un-
certainties in the experimental cross sections in
the angular range (25-60°) that was selected for
the comparison with DWBA calculations. In effect
these cross sections were determined by compar-
ing inelastic yields with elastic yields (see Sec. II).
This method removes all but (1) relative uncer-
tainties in target thickness, solid angle, track
counting, etc., (2) statistical uncertainties, and
(3) uncertainties resulting from the DWBA analy-
sis. The over-all uncertainty in (1) and (2), pri-
marily due to track counting, is 10-15%, and the
measured deformation lengths (Table III) have re-
sultant uncertainties of 5-8% from these sources
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FIG. 9. Angular distributions of inelastic a-particle
groups corresponding to @ =—2.876 MeV and @ =-3.135
MeV. The lack of structure in both angular distributions
suggests that several levels with different parity are be-
ing populated.
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(excluding the 1.118-1,127-MeV doublet to be dis-
cussed below). To study the sensitivity of the ex-
tracted deformation lengths to the parameters of
the analysis, reduced cross sections were calcu-
lated with the four different potentials of Ref. 14.
These give comparable fits to the elastic scatter-
ing but differ in the real well depths (consistent
with the discrete ambiguity in a-particle poten-
tials). With these potentials the calculated L =2
and 3 angular distributions are quite similar in the
range 0-80°. The maximum difference in the de-
formation lengths that would have resulted from
the use of any other of these potentials is approxi-
mately 8%. Thus the values given in Table III are
quite insensitive to this ambiguity in the DWBA
analysis. :

The angular distribution for the two unresolved
levels at about 1.12 MeV was analyzed as a com-
posite of L=2 and L =3 transitions. The curves
shown in Fig. 6 correspond to the combinations of
reduced cross sections o, +1.50, (solid line) and
0, +0, (dashed line). The deformation values given
in Table III result from fitting the o0,+1.50, com-
bination to the data. The uncertainty in these quan-
tities is quite large, since for the combination o,
+wo, a rather large range of w values (1.0~1.8)
gave acceptable fits to the composite angular dis-
tribution.

TABLE II. Center-of-mass differential cross sec-
tions divided by Rutherford cross sections for the elas-
tic scattering of 45.0-MeV « particles on !Pr, The
relative cross sections (0/0g, given in exponential
form) have been normalized to unity at 7.2°. The un-
certainties given with each number reflect counting
statistics only.

Ocun, o/0g Oc.m. 0/0g

7.2 =1 42.9 5.56+0.12 (=2)
8.1 9.47 +0.03 (=1) 45.0 4.52+0.10 (=2)
8.4 9.75 +0.04 (~1) 47.0 5.92+0.14 (-2)
9.6 9.54 +0.05 (~1) 49.0 4.79+0.10 (-=2)
9.9 9.41 +0.05 (~1) 51.1 2.87+0.06 (-2)
10.1 9.56 +0.05 (~1) 53.1 1.51+0.06 (=2)
12.2 1.126+0.011 (0) 55.2 2.26+0.11 (=2)
14.2 1.125+0.010 (0) 57.2 2.38+0.12 (=2)
16.3 1.137+0.019 (0) 59.2 1.47+0.08 (=2)
18.3 9.93 +0.20 (=1) 61.3 6.28+0.62 (=3)
20.4 7.61 +0.09 (~1) 62.3 5.38+0.40 (—3)
22.5 6.86 +0.09 (~1) 63.3 6.78+0.44 (=3)
24.5 5.76 +0,11 (=1) 65.3 1.07+0.08 (-2)
26.6 3.94 +0.10 (~1) 67.3 8.75+0.58 (~3)
28.6 3.08 +0.07 (1) 69.4 4.40%0.25 (=3)
30.7 2.97 £0.07 (=1) 714 2.15+0.22 (=3)
32.7 2.32 +0.05 (=1) 734 3.68+0.36 (~3)
34.8 1.43 +0.03 (=1) 75.4 4.37+0.44 (=3)
36.8 1.22 +0.02 (~1) 77.4 2.50£0.25 (=3)
38.8 1.28 +0.03 (=1) 794 9.1 1.1 (—4)

40.9 9.87 £0.21 (-2)

(XS

The angular distributions for the multiplet of
seven levels at 2.002, 2.078, 2.106, 2.178, 2,320,
2.368, and 2.388 MeV are shown in Fig. 10. Only
the composite angular distributions were obtained
for the 2.078-2.106-MeV and 2.368-2.388-MeV
doublets. It can be seen from the figure that all
the angular distributions have regular oscillations
in phase with the elastic scattering angular distri-
bution. Therefore, the assignment of negative
parity to these levels is quite certain. It is likely
that they are excited by nearly pure L =3 transi-
tions, since the 2.46-MeV 3~ state is the only
negative-parity level below 3 MeV which is ex-
cited with appreciable strength in the *°Ce(a,a’)
reaction.’’ The curves displayed in the figure
correspond to DWBA predictions for pure L=3
transitions. The deformation parameters were
determined on the basis of a visual fit to the four
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FIG. 10. Angular distributions for (@, @’) transitions
to negative-parity levels in the 2.0—2.4-MeV region.
The solid curves are DWBA predictions for L =3, with
80 P.W. and including Coulomb excitation. The partial
deformation lengths (BZR) are defined in the text.
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maxima between 28 and 60°. The use of this pro-
cedure results in a poor fit to the data between 60
and 70°. The agreement at angles less than 25° is
fairly good, although the data at 12° are always
above the calculated curves.

For the sake of completeness we have estimated
electromagnetic transition strengths G, in Weiss-
kopf single-particle units, based upon the transi-
tion strengths (B8.R)? determined from the inelastic

TABLE III. Summary of spectroscopic information
deduced from the present experiment. Energy and J "
values for ¥!Pr are taken from the collation of results
presented in Table I. The values of 8, determined by
Baker and Tickle for the lowest 2*, 4%, and 3~ states of
40ce are shown for comparison. The estimated electro-
magnetic transition probabilities G, in Weisskopf single-
particle units were computed with the formula given in
the text.

E, Assumed (BR) 2
(MeV) J" L value 104x8;%2  (F) Gy
Wce 1.597 2* 2 45 049 8.3
2.084 4% 4 29 040 6.0
2.464 37 3 82 0.66 5.5
Wlpr 0.145 ¥ 2 <2b  =0.06 =0.1
1118 Y- 3 9.9 0.23 1.9
1127 § 2 6.6 0.19 1.3
1203 ¢ 2 74¢ 020 14
1.208 & 2 '
1.456 + 2 5.0 0.16 0.9
1521 ($)* 2 10.3 0.23 1.9
1.650 & 2 4.8 0.16 0.9
2.003 - 3 9.1 0.22 1.8
2.019 ~ 3 54°¢ 017 1.1
2.107 - 3
2.177 - 3 7.0 0.19 1.3
2.320 -~ 3 12.0 0.25 2.3
2.368  — 3 19.5¢ 0.2 3.7
2.388 -~ 3
2.608 + 2 8.5 0.21 1.6
2.681 ~ 3 6.5 0.19 1.3
2.986 + 2 5.0 0.16 0.9
41py ZJ) BEWNt=47.61 ZJ)[ﬁ‘;(J)lz= 69.4

30ver-all uncertainties are approximately 10% for
“ipy (see Sec. IV B).

bBased on upper limit of intensity in a-particle spec-
trum at 40°,

CUnresolved doublet in a-particle spectra.

dThe 0.145-MeV level was not included in the sum.

scattering. These are given in Table III. With the
exception of the 0.145-MeV first excited state (for
which a value of 8;R could not be determined in

the present experiment) the electromagnetic tran-
sition rates for levels in *'Pr are not known;

hence a direct comparison with our estimates is
not possible. Nonetheless the values of G, extract-
ed from the present data provide a guide to the
transition rates to be expected. They were ob-
tained from the relation®®2®

Z% (L+3)° (B,R)®

LTI 2L +1 1.243° (10)

Equation (10) depends upon the assumption that the
transition is collective and that the deformation
length B,R is the same for both nuclear and elec-
tromagnetic transitions. Also, a spherical uni-
form charge density of radius 1.24%% is assumed.
It is known®° that the latter assumption underesti-
mates the contribution of the charge density in the
nuclear-surface region. However, for the present
purpose we have not included the relatively small
correction®® for this.

It is possible to use the present data to estimate
the lifetime of the 4 state at 1.118 MeV. For
this level we estimate G,=1.9 W.u., which corre-
sponds to a transition probability A (E3)=2.8 x10°
sec™! for decay to the ground state. Dave, Nelson,
and Wilenzick?® found that the 1.118-MeV level de-
cays to the 0.145-MeV first excited state and to
the ground state with relative intensities of 0.9
and 0.1, respectively. If we take our estimate of
G, to represent 10% of the total y-ray width for
the 1.118-MeV level, we obtain for it a mean life-
time of 36 nsec. Although the uncertainty in this
estinmiate is rather large, it seems likely that the
lifetime of the 1.118-MeV level would be accessi-
ble to measurement by electronic techniques. Ob-
servation of the delayed 0.973-MeV y ray follow-
ing reactions such as **'Pr(a, a’y) or **°La(a, 2ny)
appears to be a possible method for measuring
this lifetime.

C. Comparison with Predictions
of the Weak-Coupling Model

On the basis of the weak-coupling model, levels
in ''Pr strongly excited by inelastic scattering
would be the members of the particle-vibration
multiplets arising from the coupling of the 2d;,,
one-quasiparticle (1-qp) ground state of **'Pr with
vibrational excitations of the '*°Ce core. Taking
as the most important core excitations the first 2*
and 3~ states, one would have a positive-parity
quintuplet of the form |2¥Xx2d,,,; J*) with J=%, £,
%, %, and §, and a septuplet of negative-parity
levels |37 % 2d,,,;J ~) with spins ranging from % to
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4L, According to the model the members of each
multiplet would be excited with cross sections pro-
portional to (2J+1). However, one expects to ob-
serve only an approximate correspondence with
these simple expectations. The [2*x2d,,,; J) and
|3'><2d5,2; J) multiplets are close in energy to
similar configurations based upon the 1g,,, 1-qp
state (which in **'Pr is only 145 keV from the 2d,,
1-qp level), as well as to other levels resulting
from additional core excitations present in the
same energy range. Thus we expect considerable
mixing to occur. Nevertheless it is of interest to
investigate, in the light of spin and parity informa-
tion from other experiments, the degree of valid-
ity retained by the simple model.

At approximately the position of the 1.597-MeV
2* state of 4°Ce, a group of five strong transitions
to positive-parity levels at 1.127, 1,295, 1.456,
1.523, ‘and 1.653 MeV is observed in the present
experiment. These have measured [ BE 12 values
(in units of 107%) of 6.6, 7.4, 5.0, 10.3, and 4.8,
respectively. Taking the condition 2] g]%(*4'Pr)
= B,%(**°Ce) = 45, the weak-coupling model predicts
for the five members of the |2*X2d; /,; J*) multi-
plet [gF]%=3.0, 6.0, 9.0, 12.0, and 15.0, in order
of increasing spin. The relative intensities mea-
sured for the five transitions do not resemble very
closely these model expectations, and the sum of
the measured [ gF]? values is 34.1 compared with
the model prediction 45.0. Also the center of grav-
ity of the observed levels is approximately 200
keV below the position of the 2* state in °Ce.

The 1.653-MeV level has the smallest measured
value of [ F]2, and might therefore be considered
a leading candidate for a 3* assignment. It was
pointed out in Sec. IV A that 3* states are known
to exist at 1.30 and 1.65 MeV, but that the identi-
fication with our 1.295- and 1.653-MeV levels is
uncertain, since at each energy there are two lev-
els separated by approximately 5 keV. On the oth-
er hand, if it is true that the observed splitting of
the =0 strength in the *°Ce(*He, d)'*!Pr reaction
is due to mixing of the [2*x 2d,,,; 3*) particle-vi-
bration state with the 3s,,, 1-qp state, one would
expect both of the 3* levels observed in the (*He,d)
reaction to be populated in inelastic scattering
through their particle-vibration components. The
sum of the [B,f]z values measured for the 1.295-
and 1.653-MeV transitions is considerably greater
than the weak-coupling prediction for the 3* par-
ticle-vibration state, which suggests that at least
some of the strength observed for these transitions
is due to unresolved levels having other particle-
vibration components. In particular, the 1.295-
MeV transition may include contributions from
both the 1.2925-MeV (3*) and 1.2984-MeV (3*) lev-
els, with the 1.2925-MeV level carrying a signifi-

cant fraction of the |2*X 2d,,,;%*) strength.

The most likely candidate for a |2*X 2d;,,;3*) as-
signment is the level at 1.1268 MeV, which is
known to have J "=3*. This level was not resolved
in the present experiments, but it was possible to
obtain a value of the deformation parameter for it,
using the procedure discussed in Sec. IV B. Al-
though the value we obtain ([87']*=6.6) is rather un-
certain, it fits in nicely with the weak-coupling
prediction of [8£]?=6.0 for the 3* member of the
particle-vibration multiplet. Moreover it is inter-
esting to note that the 1.1268-MeV level was not
observed in the proton-transfer reactions, while
another 3* level at 1.60 MeV, which carried all
the 2d,,, strength observed in the *°Ce(*He,d)'*'Pr
reaction, is not excited with appreciable strength
by inelastic scattering. Thus the experiments in-
dicate that there is little interaction between the 3*
particle-vibration state and the 2d,,, 1-qp state.

The 1.523-MeV level has the largest measured
deformation parameter ([8£]2=10.3), suggesting
that it has a large value of J. This level was not
observed in the *!'Pr(y,y’) experiment,? which is
expected to populate (via dipole y-ray transitions
from a 3 resonance level) levels with J =%, 3,
and . Nor was it populated in the decay®® of *4'Nd.
Since the ground state of !Nd has J" =3+, allowed
transitions in electron-capture decay would popu-
late only states in #!Pr having J"=3*, 3%, or 3*.
The fact that the 1.523-MeV level was not ob-
served in these two experiments, together with
the evidence from the present experiment, would
suggest a value of £* for the 1.523-MeV level.

The remaining strong positive-parity transition
observed in the 1.2-1.7-MeV region is to the level
at 1.456 MeV. Although it is by default the only
candidate for the +* member of the particle-vibra-
tion multiplet, the value [8F]?=5.0 measured for
this level is well under the weak-coupling expecta-
tion of 12.0. However one can construct many oth-
er 4" configurations in the same region of excita-
tion, and it may be that these lead to considerable
fragmentation of the transition strength. One weak
piece of evidence consistent with a " assignment
is that Moreh and Nof?® have suggested a J " value
of either ' or %' for a level at 1.451 MeV. It is
possible that this level corresponds to the “1.456-
MeV?” level populated in the present experiments.

The negative-parity septuplet would be expected
near the position of the 3~ state in !*°Ce, which is
at 2.46 MeV. As was the case for the positive-par-
ity multiplet, the results of the present experi-
ment are only approximately in accord with weak-
coupling-model expectations. Including the ¥~
state at 1.118 MeV and assuming the presence of
at least one negative-parity level in the cluster of
levels near 1.8 MeV (see Sec. IV Al), a minimum
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of 10 negative-parity levels are populated with ap-
preciable strength. These mostly lie between 2.0
and 2.4 MeV. The levels for which [BF]? could be
obtained have a total >)[87]?=69.4, compared with
the value B,%=82 measured® for the 3 state of
!40Ce‘

The observed proliferation of negative-parity
levels and the downward shift from the position of
the octupole state may in part be due to the pres-
ence of additional negative-parity configurations
based on the coupling of the 2d;,, and 1g,,, 1-qp
states with the 2.350-MeV 5 state of '*°Cé. An
additional possibility, the mixing of the |3~ X 2dg,,;
U7) state with the 1%,,,, 1-qp state, is suggested
by experiment. The 1.118-MeV i~ state is popu-
lated strongly in both the *°Ce(®*He,d)'*!Pr reac-
tion* and the present inelastic scattering experi-
ment, indicating that this level has significant par-
ticle-vibration and 1%,,,, 1-qp components. The
value of [8F]? we obtain for the 1.118-MeV level is
approximately 40% of the weak-coupling estimate
([BF17 =23.4) for the ¥~ member of the |37 % 2d,,,;
J~) multiplet, based on the value of 3,> mea-
sured® for the 3~ state of *°Ce. If one assumes
that this level is adequately described by the wave
function

al37x2d,,5; ¥ +0l10,,, ,
the orthogonal state
b[37x2dy5; 87) —allhyy,y)

is expected to lie somewhere below 3 MeV. It is
therefore quite likely that one of the seven nega-
tive-parity levels observed in the 2.0-2.4 MeV re-
gion is the other ¥~ state. Since this state should
be populated by 7 =5 transfer in the **°Ce(*He, d)-
141py reaction, but has not been observed, it would
be interesting to search for it.

D. Comparison with Shell-Model Predictions

The positive-parity level structure of N=82 nu-
clei has been the subject of two recent shell-model
treatments.»? The experimental excitation spec-
trum of *'Pr is compared with the predictions of
the two calculations in Fig. 11. The experimental
energies, spins, and parities were taken from col-
umn 9 of Table L

The most striking features of the measured '*'Pr
spectrum are that (1) two nearly degenerate levels
with spin-parity values 3* and %' are lowest in en-
ergy; (2) there is a relatively large energy gap of
approximately 1 MeV between these two levels and
the next group of levels; (3) there is a large num-
ber of levels (=20) in the region between 1 and 2
MeV, most of which have positive parity; (4) most

of the levels between 2.0 and 2.5 MeV which are
observed in the *!Pr(a, a’) reaction have negative
parity; and (5) the density of levels is exceedingly
high above 2.5 MeV. A shell-model calculation
must reproduce these qualitative features if it is

to provide some understanding of the nuclear struc-
ture. In addition it is important that the calcula-
tion predict reasonably well the electromagnetic
transition probabilities and spectroscopic factors
deduced from reaction experiments.

In a calculation performed by Wildenthal® the re-
sidual surface-6 interaction (SDI) was diagonalized
in a large positive-parity vector space based on a
closed Z =50, N=82 core. Included were all con-
figurations with nine protons in the 1g,,, and 2d;,,
orbits, and all configurations having eight protons
distributed in these two orbits with the additional
proton in either the 2d,,, or 3s,,, orbit. The rele-
vant single-particle energies and the residual-
force parameter were determined by fitting the cal-
culated energies of selected levels in N=82 nuclei
(excluding **'Pr) to experimental values.

It can be seen in Fig. 11 that the qualitative fea-
tures of the positive-parity spectrum are repro-
duced quite well by the calculation. In the range
between 1- and 2-MeV excitation, the model pre-
dicts 25 positive-parity levels with spins ranging
from %to ¥. The various experiments indicate the
existence of 19 established levels in this region
(excluding the 4~ 1.118-MeV level), and four ad-
ditional tentative levels. This total includes the
multiplet at 1.75-1.85-MeV, which according to
the argument given in Sec. IV A apparently con-
tains at least one level with negative parity. How-
ever there remain approximately 20 levels, with
either undetermined parity or known positive par-
ity, which have been observed between 1 and 2
MeV. Excluding from the predicted levels those
with spins of ¥, ¥, and ¥, one is left with just 20
levels. Since it is probable that levels with such
high spins would not have been detected by the ex-
periments, the number of levels predicted in the
1-2-MeV region is in quite good agreement with
the presently available experimental information.

Other positive-parity levels are predicted above
2 MeV. Since most of the observed levels in this
region have negative parity, a comparison with
the model predictions is not possible. However,
at this excitation energy we expect the assumptions
of the model to begin to break down. For example,
one expects configurations not included in the cal-
culations, such as (1%,,,,)?, to have an effect upon
the positive-parity levels.

The complexity of the many-component wave
functions which result from the diagonalization of
large shell-model matrices often makes it difficult
to discern the structural features of the states
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which they describe. For example, the 39 states
predicted by the calculation of Wildenthal can be
classified readily only by excitation energy and the
quantum numbers J and 7. Further insight into the
nature of these states is provided by the coupling
scheme of Hecht and Adler.? These authors have
shown that for mixed configurations of identical
nucleons it is possible to classify eigenstates of
the SDI by the pseudospin and pseudo-orbital angu-
lar momentum quantum numbers B and C. The
first of these plays the role of a generalized se-
niority quantum number, specifying the number of
energetically unfavored J+# 0 pairs. In an applica-
tion of the new scheme to the (g;,,-d;,,)" system,?
they have also shown that to a good approximation
the SDI can be replaced by a generalized pairing
interaction (GPI) for which the energy eigenvalues
can be written in the closed form

MeV
3.5 1

+1
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|

2C+1[
2c +3

~BB+1)+3in+inn-1)],

E=-G in-v)dc+4-n-v)

(11)

where G is the force-strength parameter and v is
the total seniority. For states of the (g,/,-d5,)"
system ¢ has the value 3, and if » is odd B as-
sumes values of 3,3, ... Z. In the GPI approxi-
mation, the excitation energies of the system de-
pend only upon v, B, and the value chosen for G.
When 7 is odd they are given by

E@w,B)-E(w=1,B=3%)

2c+1
2c +3

[BB+1)+@-1)c+1)-1@%+2)].
(12)

=G

The spectrum given by this expression, with G
=0.343 MeV, is shown at the right in Fig. 11. For
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completeness we have also included the 2d,,, and
3s,,, 1-qp states in the 1.0-1.5-MeV region.

It is interesting to note that a rather sizable en-
ergy separation (0.8 MeV) is predicted between
B=}%and B=3 states having total seniority v =3.
For our choice of G the 22-fold degenerate B =3
and 17-fold degenerate B =3 multiplets lie at 1.65
and 2.45 MeV, respectively. When the GPI is re-
placed by the SDI, the degeneracy of the B = 3 lev-
els (but not of the B =3 multiplet) is removed.? How-
ever, the energy splittings are small (0.1 MeV).
When the energy separation of the 1g,,, and 2d;,,
shell-model orbits is taken into account, the de-
generacy of all multiplets is removed through the
single-particle part of the Hamiltonian. This
term also causes mixing of the B=3 and B=3
states with v =3. (Its matrix elements are sub-
ject to the selection rules |AB|<1,|AC| <1). Nev-
ertheless, the dominant components of states in
the 1-2-MeV region are expected® to have v =3,
B=3%, while the states in the 2.0-2.5-MeV region
are expected to have mostly v =3, B=%,

The GPI predictions and the predictions of the
exact SDI calculation by Wildenthal are nearly
identical so far as the total number of levels and
the number of occurrences of the same J value in
the 1.0-2.5-MeV region are concerned. Thus both
treatments give the same qualitative agreement
with the presently known spectrum of *'Pr, and
the more detailed comparison made earlier with
the calculation of Wildenthal applies also to the de-
scription given by Hecht and Adler.

Hecht and Adler have also pointed out that under
certain assumptions their coupling scheme leads
to a selection rule for inelastic scattering.? They
have shown that only AB =0 transitions have non-
zero matrix elements, provided, for a given multi-
pole component of the projectile-nucleon interac-
tion, one can neglect the variation in the radial in-
tegrals between different single-particle states of
the target. Baker®” has investigated the validity
of this assumption for the *°Ce(a, a’) reaction and
finds it to be quite well justified. This is due to
the dominance of the contributions to the reaction
from the external region of the nucleus, where the
form factors based on 1g,,, and 2d;,, single-parti-
cle states are quite similar. The results of the
present experiment are in qualitative agreement
with the AB =0 selection rule. Since the ground
state of !Pr presumably has v =1 and B =3, tran-
sitions to the many v =3, B =3 states in the 1-2-
MeV region are allowed, and many such transitions
are observed. On the other hand, the positive-par-
ity levels in the 2.0-2.5-MeV region are expected®
to be predominantly B = $ in character and the AB
=1 transitions to these levels are forbidden by the
model. It is interesting to note that although many
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levels in the latter region are observed in the
present experiment, all have negative parity with
the exception of the weakly populated level at
2.256 MeV. While two additional positive-parity
levels were identified at 2.609 and 2.986 MeV,
most of the numerous positive-parity levels which
surely exist above 2 MeV in the spectrum of **'Pr
are not excited with appreciable strength in the
(a,a’) reaction. If the 2.609- and 2.986-MeV lev-
els have pure v=3, B=3 configurations (and the
ground state has pure v =1,B = %), the transitions
to these levels would imply a breakdown of the AB
=0 selection rule. Alternatively they may have

v =3, B=13, although this would indicate an unex-
pectedly large energy spread in the B =  states.
The most likely explanation®! for these transitions
is that they are due to mixing between the v =3
states with B =3 and B = 3, and possibly some v =3,
B =} admixtures in the ground state, and that they
reflect this mixed character while preserving the
AB =0 selection rule.

V. SUMMARY

The 35-keV resolution obtained in the present
(a,a’) experiments was found to be insufficient to
resolve many closely spaced levels in the 1-3-
MeV excitation spectrum of *!Pr. Therefore a
detailed level-by-level analysis of our results
was precluded. However, the major features of
the collective excitations were found to be a group
of at least five strongly excited positive-parity lev-
els between 1.12 and 1.65 MeV, a group of at least
seven negative-parity levels between 2.00 and 2.39
MeV, appreciable transition intensity to levels as
high as 3.5 MeV, and a significant collective com-
ponent for the ¥ state at 1.118 MeV. The follow-
ing conclusions can be reached. First, a simple
weak-coupling model based upon the 2* and 3~ core
states and the 2d;,, 1-qp state cannot explain the
number of levels and transition strengths observed
in the (@, @’) reaction. An extended basis, includ-
ing additional core excitations and /or mixing with
states based on the 1g,,, 1-qp state would be re-
quired. Second, the general features of transi-
tions to even-parity states in the 1-2-MeV region
are consistent with the shell-model calculations
of Wildenthal® and Hecht and Adler.? The transi-
tions to positive-parity states above 2 MeV were
not expected on the basis of a simple interpreta-
tion of the AB =0 selection rule.? These transi-
tions probably imply®*! some mixing between B =%
and B =3 states.
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