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The reaction Pr(p, t) ~Pr at 40 MeV strongly populates collective states in the residual
nucleus. The shapes of the angular distributions, taken at 5' intervals between 15 and 65,
show the inadequacies even of finite-range, two-nucleon-pickup distorted-wave Born-approx-
imation calculations and the need for inclusion of higher-order effects.

The (P, t) reaction on '~'Pr has been studied as
part of a general investigation of the systematics
of the (P, t) reaction on spherical and deformed
rare-earth nuclei. The residual nucleus of this
reaction, "'Pr, has been extensively studied
through the e/P' decays of the ground and meta. -
stable states of "'Nd. ' Because of the large num-
ber of very dissimilar states established in this
decay scheme, 23 below 2.2 MeV, it was thought
that here would be an excellent place to begin this
gene ral inves tigation.

In the present work, =800-pg/cm' "'Pr targets
prepared by vacuum evaporation on 25- p, g/cm'
carbon backings were bombarded with 500-nA
beams of 40-MeV protons from the Michigan State
University sector-focused cyclotron. A dE/dX, E
counter telescope consisting of two cooled Si sur-
face-barrier detectors was used to identify and
measure the energies of the outgoing scattered
particles. Triton spectra were taken between 15
and 65' at 5' intervals. Figure 1 contains triton
spectra taken at the laboratory scattering angles
of 25 and 35. The over-all experimental resolu-
tion was 50 keV full width at half maximum. The
excitation energies corresponding to the various
triton peaks were determined internally by making
a correspondence between some of the more ob-
vious triton groups and the previously determined
states in "'Pr. In addition, an independent ener-
gy measurement of some of the more intense triton
groups was conducted using a broad-range magnet-
ic spectrometer, utilizing a 3-cm Si position-sen-
sitive detector.

The experimental angular distributions, together
with distorted-wave Born-approximation (DWBA)
predictions, are displayed in Fig. 2. The distorted-
wave predictions for various l transfers were cal-
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FIG. 1. Two spectra (8y~b 25 and 35') of tritons from
the Pr(p, t) reaction at 40 MeV.

culated using a zero-range, cluster-transfer ap-
proach' as well as a more rigorous finite-range,
two-nucleon-pickup formalism. ' These are denot-
ed by broken and continuous curves, respectively.
Optical-model and bound-state parameters used in
generating these theoretical curves appear in Ta-
ble I.

The angular distribution corresponding to the —,
"

——,
" ground-state transition corresponds to an ap-
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parently pure 1=0 transfer. The finite-range cal-
culation of the transfer of two d3/2 neutrons fits the
lower-angle data much better than does the cluster-
transfer analysis; however, the latter calculation
does a better job of predicting the position of the
relative maxima occurring toward 55. The over-
all agreement between theory and experiment is
moderately good, and, since the angular shape of
an l= 0 transfer is sufficiently different from all
other l values, the ground state of the residual nu-
cleus "'Pr appears to be populated by a pure l =0
wave.

The five angular distributions appearing below

the l=2 designation in Fig. 2 all exhibit a charac-
teristic l= 2 angular shape. Again, at lower angles
the finite-range (d„,}~, , calculations fit the data
much better than do the cluster predictions, al-
though beyond 25' both curves are remarkably sim-
ilar. Moreover, since the states populated through
these l= 2 waves have all been previously' classi-
fied as being collective in nature, the purity of
these experimental l= 2 curves is assured. 4

The remaining angular distributions appearing
in Fig. 2 correspond to four states populated
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FIG. 2. Some angular distributions for the ~4~Pr(p, t) reaction at 40 MeV. The intensity errors are indicated when
they exceed the width of the experimental points. The curves are calculated DWBA analyses, the broken one a simple
zero-range, cluster-transfer approach and the continuous one a more rigorous finite-range, two-nucleon-pickup
formalism.



COLLECTIVE EFFECTS SHOWN BY THE (P, t) REACTION. . . 589

TABLE I. Optical-model and bound-state well parameters used in the distorted-wave analysis of the reaction,
'4'Pr(p, t).

1 d 1 5' 2 1 d 1
UOM(r)=VC(r)-V01+6 — Wp-4NDdx 1+v'+ m c Vs rdr 1+6" l

Particle
Vp

(MeV)
8'0

(Mev)
WD

(Mev)
Vs

(MeV)
rp
(f)

a' a"r"
0r p

(f) (f) (f) (f)
rpc
(f)

Proton '
Triton b

Dineutron
Neutron

49.95
169.6

4.97
12.00

5.00 6.04

A, =25
(=&Vs = 8.5)

1.16
1.14
1.25
1.25

0.75
0.795
0.650
0.650

1.370
1.48

0.63
0.824

1.026 0.738 1.25
~ ~ ~ 1.40
~ ~ ~ 1.25
~ ~ ~ 1.25
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TABLE II. States populated through the Pr(P, t) reaction.

This work
Energy

(keV) l value

Radioactivity '
Energy
(keV) Classification

405+ 10

590+10

113.8

405.0

589.2

821.8

$+

2

g+ $+

j+

U
2

(rd 5/2)

("ds/2) {rg7/2)

(r d g/2) (2+)

(rd 5/2) (2 )

(r hf f/2)

830+ 10 828.1
851.9

{rd5/2) f (2+)

(rd~/2) {2+)

910 + 15

1010+ 20

916.8

1024.0

P, f+

p+, f+, p.
(rd5/2) (2+)

Collective

1330+20

1311.8

1328.2

1369.6

$+ g+ g+

$+

g+ Q+ Q+
2 j

Collective

Collective

Collective

1520+ 20 1501.2
1523.2

P, f+
(+)

Collective

1623 + 20

2050+ 30

2160 + 50

1, 3

1, 3

1624.5

2048.8

2174.3

(rd&/2) (vds/2) (vhf f/2)

(rd5/2) (vds/2) (vhf f/2)

(rd5/2) (vds/2) (vhff/2)

~2240

~2660

~2740

=2800

Beery, Kelly, and McHarris, Ref. 1.
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through l=1 and/or 1=3 transfers. The 1620-
and 2050-keV states clearly exhibit an odd-l char-
acter; however, unique l assignments cannot be
made on the basis of shape alone, since both l =1
and l = 3 angular predictions fit the experimental
points equally well. However, because these are
relatively low-energy states populated by odd-l
waves, their origins can be explained only in

terms of an octupole core excitation or a trans-
ferred h„„neutron. The former explanation, of
course, immediately eliminates the possibility of
any l =1 strength in the angular distributions of
these states. If, on the other hand, an h»„neu-
tron participates in the pickup process leading to
these excited odd-parity states, then of the pos-
sible even-parity orbitals available, energetics
alone makes a d3/2 neutron the most probable can-
didate for the second neutron transferred. Assum-
ing this transfer configuration, one finds that of
the two possible l values associated with these two

states, only the l = 3 value is allowed by the con-
servation of angular momentum. This pickup
mode, moreover, is consistent with the shell-
model configurations assigned to states of similar
energy characterized by radioactivity studies. ''
The remaining two states appear to exhibit a
unique l=3 shape, although the limited number of
experimental points in these distributions makes
these assignments tentative at best.

A comparison of the results of our (p, f) data
with the previously described decay-scheme stud-
ies appears in Table II. The first thing to be noted
is that the l values assigned to the transitions to
the various states in "'Pr are in every way con-
sistent with the spin and parity assignments of the
corresponding states established through radioac-
tivity studies.

Furthermore, the l= 2 assignments for the five

states listed corroborate the collective vibrational
character previously ascribed to them. Since
unique spin assignments have not been made for
most of these collective states, an attempt was
made to clarify this situation through use of the

weak-coupling model. Since these states are pre-
sumed to be members of a multiplet constructed
from the coupling of the d„, ground state with the

first excited 2' state of the core, the weak-cou-
pling model would predict the presence of five pure
collective excited states with spins ranging from

—,
' to —,

' whose relative cross sections are in a ratio
of 1:2:3:4:5, respectively, and whose energy
center of gravity corresponds to the first 2' ex-
citation in the "'Ce nucleus. Although several
combinations of these six states would satisfy the

latter constraint, the former cross-sectional re-
lationship expected for pure vibrationally excited
states cannot be satisfied by any combination of
these states, indicating that much configuration
mixing must occur.

Finally, as expected, only those excited states
corresponding to excited neutron components or
core excitations were populated by this reaction.
Conspicuously absent are the 113-keV —,

' ' and the
821.8-keV '-,' proton states, even though neutron
and core-excited states of similar spin and parity
were observed to be strongly populated by this re-
action. Nevertheless, the only approximate fits
to the data by the DWBA calculations indicate that
such calculations are not adequate for this reac-
tion. Although the l= 2 strengths are not enhanced
to the extent found with the (p, t) reaction on even-
even deformed rare-earth nuclei, ~' it is clear that
the reaction mechanism is complex and that higher-
order effects and coupled-channel calculations
must be invoked even for spherical nuclei.

*1971-1972on sabbatical leave at Lawrence Berkeley
Laboratory, Berkeley, California 94720.

)Work supported in part by the U. S. Atomic Energy
Commission.

f.Work supported in part by the U. S. National Science
Foundation.

~D. B. Beery, W. H. Kelly, and Wm. C. McHarris,
Phys. Rev. 188, 1851 (1969).

2JULIE, written and described by R. H. Bassel, R. M.
Drisko, and G. R. Satchler, ORNL Report No. ORNL-
3240 (unpublished), and supplement; adapted for use on
the Michigan State University Cyclotron Laboratory
Sigma-7 computer by B.Preedom.

3DWUCK, written by P. D. Kunz, University of Color-
ado, and described by E. Rost and P. D. Ko.nz, Nucl.
Phys. A162, 376 (1970); adapted for use on the MSU
Cyclotron Laboratory Sigma-7 computer by I. Proctor.

4F. Percy, R. J. Silva, and G. R. Satchler, Phys. Let-
ters 4, 25 (1963).

5R. E. Eppley, R. R. Todd, R. A. Warner, Wm. C. Mc-
Harris, and W. H. Kelly, Phys. Rev. C 5, 1084 (1972).

6M. Oothoudt, N. M. Hintz, and P. Vedelsby, Phys.
Letters 32B, 270 (1970).

7R. J. Ascuitto, N. K. Glendenning, and B. Qrensen,
Phys. Letters 34B, 17 (1971).


