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The (p, t ) reaction has been studied at 18 MeV on all the stable even-even Gd tar-
gets. A strong population of both 0+ and 2+ excited states has been found; the 0' (P
vibrations) in the deformed nuclei are all ~15% of the ground-state cross sections.
The shape transition atN=88 is observed in the ~ Gd(p, t) Gd reaction: Two ex-
cited 0+ states are strongly populated. In the deformed Gd nuclei, a distinction be-
tween K =0 and K =2 2+ states can be made on the basis of the shapes of their angular
distributions. The spectrum observed in the ~ Gd (p, t ) 5 Gd reaction is character-
istic of that expected on spherical nuclei, with a relatively strong population of an
excited 0 state. Distorted-wave Born-approximation calculations are highly success-
ful in fitting the 0+ transitions but, generally, not the 2+ and higher spin states.

NUCLEAR REACTIONS, NUCLEAR STRUCTURE 5 Gd(p t) 5 Gd, 8=18
MeV; measured a(0); resolution 12 keV. Enriched targets. DWBA analysis.

I. INTRODUCTION

In recent years, the (t,p) and (p, f ) reactions
have provided important new information on the
structure of deformed nuclei at 150~ A~ 186. To
date, such data have been reported in the even
isotopes of Ce, Nd, Sm, Gd, Dy, Er, Yb, and

W, ' "as well as some work in the odd-A iso-
topes of Tb and Pr."

The isotopes of Ce and Nd are predominantly
spherical nuclei and the measured (p, f) and (t,p)
spectra on the even targets reflect this fact. The
g.s. transition in this mass region does not gen-
erally collect all the 0' strength and the'observed
yield to excited 0' states has be n interpreted in
terms of pair vibrations. The lowest-lying (vibra-
tional) 2' state is also relatively strongly popu-
lated.

The nuclei from Nd to Gd cross the onset of nu-
clear deformation at N = 88 and the observed two-
neutron transfer data on these nuclei correspond-
ingly reflect marked changes in nuclear structure;
this is manifest by a sudden strong population of
an excited 0 state. Indeed, much of the evidence

for "shape transitions" in this'mass region has
been derived from studies of (f,p) ' and (p, f)' '
reactions on the appropriate isotopes. The term
"coexistence model" has been coined to describe
0' states of both spherical and deformed shape in
the same nucleus and the two-neutron transfer
results have prompted theoretical studies to de-
scribe their structure. "

In the heavier deformed nuclei, the collective
structure is also reflected in the two-neutron
transfer data —the 0+, 2', 4' members of the g.s.
rotational band, as well as P and y vibrational 2'
states are all populated. ' " The ground states of
the deformed nuclei are generally superconducting
so that, just as in a spherical nucleus, the g.s.
(p, f ) transition would be expe'cted to collect es-
sentially all of the 0+ strength. The data in the
rare-earth nuclei, on the other hand, show a
relatively strong and stable population of excited
0' states. ' " Similar data have been reported in
the tungsten" and actinide" nuclei. Much theoreti-
cal interest is currently focusing on these states
and they will be referred to again in the discussion
to follow.

806



STUDY OF THE (P, t) REACTION ON THE EVEN. . . 807

E
E

100—

EXCITATION ENERGY (keV)

16N 1400 12N 10N 800 600 4N 200
~

I
~

I
~

I
~

I
'

I

1600d(p t)1566d
Ep ~18.0 HeV

0+ 8 *30'
10.000 pC

1ssOd(p t)1&sOd

„'1
20

EXCITATION ENERGY (keV)
16OO 1400 12OO 1OOO 8OO 6OO 4OO 2OO 0

I
&

I ~ II
'

I

166tsd «It, t) 16&ed

fp 118.0 MeV

8 $304

7500 pC

0+

0+

5
50—

,1
10

I

I 0
g+

G

3+

82 84 86 88 90 92 94
DISTANCE ALONG I'LATE(cm)
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FIG. 3. Energy spectrum at 30' for the 58Gd(P, t) 5 Gd
reaction at 18 MeV.

With its emphasis on a collective form factor
[unlike the (p, d) reaction], a systematic study
and theoretical interpretation of the (p, t ) and/or
(t,p) reaction in deformed nuclei will be important
in furthering our understanding of nuclear struc-
ture in this region. Accordingly, we would like to
report herein on the (p, t) data obtained on all the
stable even-even Gd targets. The final nuclei
reached in this two-neutron pickup reaction span
the region from spherical (A=150) to stably de-
formed (A =158) and include the "c(uasirotational"
nucleus '"Gd; the reaction "Gd(p, t) '"Gd crosses
the region of nuclear deformation at neutron num-
ber N = 88. It is important that nuclear models
for both the reaction dynamics and the intrinsic
structure be able to reproduce the correct over-
all picture for these nuclei rather than in just a
limited region. The present (p, t) data should

provide an adequate test of such models. A pre-
liminary report of these data, concerned mainly
with the 0+ states observed, can be found in Ref.
5. After our work was completed, similar experi-
ments were reported by Elze, Boyno, and Hui-
zenga. ' Their results will be compared with ours
below.

jm. EXPERIMENTAL RESULTS

These experiments were carried out using the
18-MeV proton beam of the FN tandem accelera-
tor at the Niels Bohr Institute. Outgoing tritons
were detected in photographic plates placed in the
focal plane of the magnetic spectograph. The
'"Gd, '"Gd, and»6Gd targets were prepared by
evaporation of the corresponding oxide (enriched
to a 95%) onto carbon backings. For the long ex-

150—
E
E

C$

fL

~ 100-
CA

1SSGd (p t) 1566d

fp &8.0 He&

8~304
7500 pC

0+

0+

SO—

EXCITATION ENERGY {keV)

1600 'I400 1200 1000 800 600 400 200 0
I

'
I

'
I

'
I

'
I

'
I

'
I

'
I

'
I

C
t(l

I3. 100—
0
hl

~ so-

EXCITATION ENERGY {keV)

1200 1000 800

16'Gd (p, t)162g4

fp~18 IsIeV

9 ~ 30e
Sppp pc

p+

,1
3

600 400 200 0
I

' I ' I
'

I

p+

4+

9082 84 86 88 92
DISTANCE ALONG PLATE {cm)

FIG. 2. Fnergy spectrum at 30 for the ~ Gd(P, t) Qd

reaction at 18 MeV.

0 —---
8O 82 84 86 Se 90

DISTANCE AI ONG PI„ATE {cm)
FIG. 4. Energy spectrum at 30 for the ~~ Gd(p, t) Qd

reaction at 18 MeV.



808 DONALD G. FLEMING et al.

EXCITATION ENERGY O(0'lJ')

1400 1200 1000 800 600 400
I ' I ' I '

I
'

I
'

I

'+ ed (p, t) 'Ioed
f ~18 NIeV

e 3O

150M pC

200
I

'
I

0+

E
Pv
CS

gg 'l00—

~ so-

0+

/+

0 ~ „~~~A
80 82 84 85 88

DISTANCE ALONG PLATE (cm)

90

FIG. 5. Energy spectrum at 30 for the ~5 Gd(p, t) Gd
reaction at 18 MeV. '

ly pure Rutherford) and are believed to be a,ccu-
rate to +20% The relevant data are given in Table
I, for target nuclei A=160 to A=152. In addition,
several checks were performed on the relative
cross sections for the g.s. transitions on all the
Gd targets at an angle of 30' (lab), including two
exposures (10 000 lLC) on a specially prepared
evaporated target which was enriched in '"Cd
(32%). The weighted-average results are given
in Table II, relative to a value of 100 for the
(160 158) g.s. transition. Finally, Table III pre-
sents the summed cross-section ratios (Qe, 5-70')
relative to a value of 100 for each of the g.s. tran-
sitions in the "Gd(p, t)" 'Gd reactions A.com-
parison of the relative summed cross sections
given in Table III and the 23 data in Ref. 6 shows
qualitative agreement, especially when the 2'
data are renormalized.

posures (15 000 pC} on "4Gd and '"Gd, the targets
used were prepared by implantation of the sepa-
rated isotope into a carbon foil. Thin aluminum
strips were placed over the plates to absorb low-
energy deuterons and n particles; there was no
contamination from (p, d) or (p, t) reactions in
the carbon backing because of low Q values. Rep-
resentative spectra (at 30' lab ) are shown in
Figs. 1-5. The range of excitation studied in
each case was 0-2 MeV. No measurable strength
was observed beyond 2 MeV. The energy resolu-
tion was typically 12 keV.

For the reaction '"Gd(p, t)'58Qd (160-158),
complete angular distributions were taken in 5'
steps in the range 5-80'; for the reaction (154
-152}the range covered was 7.5-70' in steps of
7.5'. For the latter reaction the complete g.s.
angular distribution was also measured with an
evaporated target, (i.e., in addition to the isotope-
separated target) enriched to 45% in '"Qd. Less
complete data were obtained on the other targets;
the (158-156) reaction was measured at 15, 30,
45, and 60', while these same angles plus 22.5
and 37.5' were recorded for the (156-154) reac-
tion. For the (152-150) reaction, data were only
obtained on the isotope-separated target at angles
of 15, 20, 30, and 45'; the cross-section normali-
zation for these runs is less certain than for the
other targets. Nevertheless, the similarity in
shapes of the angular distributions for a given
state allowed the extraction of a summed yield in
all cases; this is given in Table I for the range
5-70'.

The observed angular distributions for 18-MeV
(P, t) reactions on the Gd nuclei are shown in Figs.
6-11. The absolute cross sections were deter-
mined from a measurement of the proton elastic
scattering at forward angles (where it is essential-

III. NUCLEAR STRUCTURE AND DISCUSSION

OF RESULTS

A. O' Transitions

The 0' states populated in these 18-MeV (p, t)
reactions on the even Gd nuclei have previously
been reported. ' In all the stably deformed nuclei
('"Gd, "'Gd, '~Gd) a single excited 0' state is
observed with about -15% of the g.s. strength, al-
though there are fluctuations of as much as a fac-
tor of 2. These fluctuations are apparent in the
data of Tables I and OI. In '"Gd, a second 0'
state at 1168keV" is observed (Figs. 2, 7) which
has -2.4% of the g.s. strength (Table III). The
present 0' data in Gd are very consistent with
similar two-neutron transfer data previously re-
ported on neighboring nuclei"' ~ ' ~ ' (see also Ref.
6). However, the excited state 0" strength in this
mass region (86 & N & 96}is not nearly as stable
as that found over a wider range of neutron num-
bers in the actinide region. "

Several theoretical attempts have been made to
explain the relatively strong population of the 0'
states seen in the (P, t) reaction. Van Rij and
Kahana" and Bes, Broglia, and Nilsson" have
considered a splitting of the pairing strength due
to differences between equatorial and polar Nils-
son orbits. Such calculations appear to give good
agreement with the observed two-neutron trans-
fer strength in thy actinides. "'" Similar calcula-
tions, including also spin-quadrupole forces" have
been considered by Abdulvagabova, Ivanova and
Pyatov. " Belyaev and Rumiantsev" have suggested
that the observed 0' strengths are due to the two-
body spin-orbit force preventing mixing with other
0' degrees of freedom in the region of the Fermi
surface. While these various models may all
have enjoyed some degree of success in certain
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mass regions, it remain to be seen if they all, or
in part, will be able to account for the observed 0'
(p, t) strengths over a wider range of mass and/or
deformation. Certainly there is now available a
sufficient collection of data with which to provide
an adequate test.

The calculations of Ascuitto and Sgfrensen, "in
fact, have taken a further step towards this goal
and provide the best over-all agreement to date
with the available (p, t ) data in deformed nuclei.
The force is conventional, pairing plus quadrupole;
no new degrees of freedom are introduced. Their
calculations are done in coupled channels (CC);
the inclusion of multistep processes was found to
be essential in reproducing both the shape and the
detailed ratios of observed (p, t) cross sections
to K =0 states. Indeed, their CC fits to the
"Gd(p t)'"Gd data discussed herein, as well as
to similar (p, t) data on the Yb and W nuclei, are
in good agreement with the experimental results. "'"
Their calculated cross section to the j.452-keV 0'
(P vibration) in '"Gd agrees with the present data

250-

100-

50-

10-

10-

Gd (p,t) Gd*, 18MeV
O', L=O( ex. st. ) Transitions

Gd(P, t) Gd, 18MeV

0, L=0(g.s.) Transitions

50-
V)

10-0

100-

v) 10-

500-

10-

100-

50-
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0 10 20 30 40 50 60 70 80
~ob (deg)

FIG. 6. The experimental (L =0) angular distributions
of the 0+ ground states. Note the scale factors on some
of the cross sections. The curves shown are discussed
in the text; they have no theoretical significance and
are drawn only to guide the eye. The vertical lines cor-
respond to the position of diffraction minima,

0 10 20 30 40 50 60 70 80
81pb (deg )

FIG. 7. The experimental (L = 0) angular distributions
of the 0+ excited states in the even Gd nuclei. See cap-
tion to Fig. 6.
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500-
Gd

to better than 20$&. The agreement for the 2'
states, discussed below, is of the same order.

In addition to the stably deformed nuclei dis-
cussed above, the present study provides informa-
tion on the population of excited 0' states in '"Gd
and '"Gd. The '"Gd(P, t)'"Gd reaction crosses
the region of nuclear deformation at N = 88. As
previously observed in the Sm nuclei' ~ 4" and noted
in Ref. 5, this sudden change in deformation is
manifest in a sudden decrease in the (p, t) g.s.
cross sections as well as in the appearance of two
strongly populated excited 0' states. These ef-
fects are apparent in the data presented in Tables
I-III, and have already been discussed in Ref. 5.
See also Ref. 6.

Experimental I =0 angular distributions for the
0' (p, f ) transitions on the even Gd nuclei are
presented in Figs. 6 and V. Figure 6 gives the
g.s. transitions on all targets. The smooth curves

drawn are just to guide the eye; distorted-wave
Born-approximation (DWBA) fits to the data are
presented below. In the 158-156 and 152 -150
reactions, data were obtained at only four angles
and the curves shown in Fig. 6 are identical with
those used to define the I =0 angular distribution
shape in neighboring nuclei (160-158 and 154-152,
respectively). Such curves, of course, are not
meant to be rigorously correct, but do serve as
useful guidelines for a discussion of both the angu-
lar distribution shapes and integrated cross sec-
tions. They show, for example, the degree of
stability of the l =0 shapes over a Q-value range
of 2 MeV, a feature which is common both in
spherical" "and in deformed nuclei' '"and of-
ten over very wide ranges of Q value. '4 The posi-
tion of the minima in Fig. 6 are of interest. These
are shown by the vertical lines drawn at a constant
angle of 13 and 44' (lab} for the first and second
minima, respectively.

Similar curves for the excited state 0' transi-
tions are shown in Fig. V. The over-all shapes of
these transitions are very similar to the g.s. tran-

Gd(p, t)* Gd
L = 2(K=O) Ttansitipns
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50-.rr

10-

~ 100-

4 50-

b
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50-

10- 10-
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(x 1rz)

t ( & I ' I I I & ) & I1
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icb (deg}

FIG. 8. The experimental (I =2,X=0) angular distri-
butions of the lowest-lying 2+ states. Note the scale
factors on some of the cross sections. The curves
shown are discussed in the text; they have no theoretical
significance and are drawn only to guide the eye.

I
Gd, 931 keV

(xl/3)

I ' I 1

10 20 50 40 50 60 70 80

e~ob (deg)
FIG. 9. The experimental (L =2,K =0) angular distri-

butions of the 2+ (P-vibrational band) states in the even
Gd nuclei. See caption to Fig. 8.
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sitions of Fig. 6, but the minima appear to be sys-
tematically shifted; the first minimum is shifted
in with respect to the g.s. minimum by -3' while
the second minimum is shifted out by the same
amount. If real, this shift cannot be a Q-value
effect, since the g.s. transitions cover the same
Q-value range; it thus suggests a nuclear struc-
ture and/or reaction mechanism effect. Similar
effects have previously been reported in other de-
formed nuclei. '" There is a tendency apparent
in Figs. 6 and 7 for the depth of the -10' minimum
to get shallower with decreasing Q value, which
has been observed in other mass regions as well. "

B. 2' Transitions

the present 2+ (P, f) data with those on neighboring
nuclei, several interesting features emerge.

With reference to the data in Table I and III, we
note that the summed cross section to the 2'
member of the g.s. rotational band in each of the
stably deformed Gd nuclei ('"Gd, "'Gd, "4Gd) is
essentially constant to within an experimental er-
ror of about 15% and, in addition, each is about
30$ of the g.s. strength (the peak angle ratios of
Table I are, in fact, closer to 50% of the g.s.
strength). These data are consistent with the two-

500-
Gd (p,t) Gd*

In the present (P, t) study of the Gd nuclei, we
are able to distinguish three distinct families of
2' transitions, based on the shapes of their angu-
lar distributions: the 2' member of the g.s. rota-
tional band, the 2' member of the P vibration and
the 2 (K=2) y vibration. Similar conclusions
have been reported in Ref. 6. In comparisons of

50-

500- Gd(p, t) Gd*

100-

50-

154
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FIG. 10. The experimental (L, =2,It. =2) angular distri-
butions of the 2+ (y-vibrational) states in the even Gd
nuclei. See caption to Fig. 8.
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FlG. 11. The experimental angular distributions of

the observed 4+ and 3 states in the even Gd nuclei.
See caption to Fig. 8.
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neutron-transfer cross sections to similar 2'
states in other deformed nuclei in this mass re-
gion' ' as well as in the tungsten and actinide
regions. "'"'" This rotational 2' state is built on
the pairing-favored ground state and thus it is not
surprising that it should be relatively strongly
populated in the (P, f) reaction.

In the DWBA calculations of Ref. 25 it was found
necessary to introduce large d N = 2 mixtures into
the normal Nilsson states, in order to account for
the observed g.s. 2' cross sections. The need for
such admixtures appears to be indicated by the
one-neutron transfer data. " However, CC calcu-
lations were not performed in these calculations
and inelastic processes may well play a decisive
role." Indeed, in the CC (P, t) calculations of
Ascuitto and SS'rensen, " the (p, f) cross sections
to the 2' members of both the g.s. and the P-vi-
brational bands in a variety of deformed nuclei
are well reproduced.

As one moves from the rotational Gd nuclei to
"guasirotational" '"Gd (N = 88)"~"and on to
spherical '"Gd (N =88), the cross section to the
lowest-lying 2+ state changes markedly. In the
"Gd(P, f) '"Gd reaction, the 2+ cross section to
the 344-keV transition decreases, relative to the
stably deformed nuclei, by essentially the same
ratio as the g.s. transition. This result is evident
in Ref. 6 also. The 2 transition then appears to
be just as sensitive to the change in deformation
at N =88 as the g.s. transition discussed earlier.
The same effect on the (g.s.) 2' cross section at
N = 88 has previously been noted in the '"Sm(t, P)-
'"Sm reaction' and also in the inverse (P, f) reac-
tion, 4 although there appear to be some differences
in the (p, f) data. "~ In the "'Gd(p, t)'"Gd reaction,
the cross section to the 638-keV 2' state changes
sharply; the summed cross section is down rela-
tive to those discussed above by roughly a factor
of 4. Part of this decrease will be due to kine-
matic effects; DWBA calculations, however, pre-

TABLE II. The relative g.s. cross section for 18-MeV
(p, t) reactions on the Gd nuclei.

Reaction Relative cross section

160~158
158 156
156~154
154~ 152
152~ 150
157~155

100+ 7
108~8
98+ 7
48+6
94+9
63+ 6

These cross sections are a weighted average of
several runs, as discussed in the text, and were ob-
tained at 30' (lab).

dict a change of only 80%. No other 2' strength
was observed in '"Gd. This result in itself,
namely, that the 152-150 (P, f) reaction between
two predominantly spherical nuclei in Gd weakly
populates only a single 2' state (Tables I and III),
is contrary to both the (f,P) and (p, t) results in
Sm, 4 ' where more than a single 2 level is ob-
served with total cross sections comparable in
strength with the rotational 2' cross sections.

The K=O (P) and K=2 (y) 2' (p, t) transitions
in the even Gd nuclei (158-152)are, on the aver-
age, about 80% as strong as the first 2' state and
therefore about 10% of the g.s. strength (Table III).
These results are also consistent with similar
data in other nuclei. ' ""'" The assignments
of E=O and K=2 have all been made previous-
y

x4, 28, so-sa From the data in Tsble I and III it
can easily be seen that there is no correlation in
the cross section with K=O or K=2 in the (p, f)
reaction on Gd. For example, in the 160-158 re-
action, the 2', K=O transition is roughly twice
the strength of the 2', K=2 transition, whereas,
in the 158-156 and 156-154 reactions, the re-
verse is true. These results are somewhat dif-
ferent from those found in the Dy and Er nuclei, '
where the 2 y vibrations appear to be preferen-
tially populated. In the transitional nucleus ""Gd,

TABLE III. Relative summed cross sections for 18-Mev (p, t) reactions on the even Qd nuclei.

0+, 0
2+, 0
4+, 0
0+, 0
2+, 0
2+, 2
0+, 0
3

0
80

261
1452
1517
1187
1196
1042

160~ 158
Iv,K Exc (keV)

100
26.7
6.6

19.3
11.2
6.6

&0.2
2.4

0
89

288
1049
1129
1154
1168
1276

100
29.0
4.3
7.9
4.5

11.4
2,4
1.5

158~156
Exc (keV)

0
123
371
681
816
996

1293
1251

100
37.9
4.6

13.2
5.4
9.9

&0.2
&0.2

156~154
Exc (keV) Qz

100
38.1
5.6

76.1
16.0
16.2
28.0
0.5

154~ 152
Exc (keV) Pz

0
344
755
615
931

1110
1048
1123

0
638

1288
1209

100
8.7

~0
12.4

152~ 150
Exc (keV) Qz

'pz is the summed cross section of Table I (Qe(da')i 5-Vp ] relative to a value of lpp for each Gd(p, t) g.s. transi-
tion.
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the 2' states observed in the 154-152 reaction
are populated with equal intensity. From the (d, d')
results" these two states are also known to have
comparable B(E2) values. The same result has
been observed in the '"Sm(P, t )'"Sm reaction. '
The only other known 2' state excited with a mea-
surable intensity (4$ of g.s.) in this experiment is
the one at 1531 keV in the 156-154 reaction,
which is believed to be a %=2 state." The angu-
lar distribution shapes presented below are indeed
in agreement with a K=2 assignment. A level at
1601 keV in "~Gd has been suggested as a 2+

state, ' but an angular distribution was not obtaw-
able. The relatively strong peak at 30 in this
experiment, if anything, suggests a 0' assignment.

While the distinction between E =2 and K=O can-
not be made on the basis of (p, f) cross sections to
the 2' states, indications are that such a distinc-
tion can be made on the basis of the shapes of the
angular distributions in the Gd nuclei. The 2'
angular distributions are shown in Figs. 8-10;
Fig. 8 presents the 2+ (g.s., K=O) transitions,
Fig. 9 the 2& (K= 0), and Fig. 10 the 2& (%=2) angu-
lar distributions. As in the I =0 transitions dis-
cussed above, curves have been drawn through the
data points as a guide to the eye —the more com-
plete data in the 160-158 and 154-152 transi-
tions have again been used to define the curves
for the neighboring 158-156 and 152 150 reac-
tions, respectively. The 2' (g.s.) angular distri-
bution shapes shown in Fig. 8 have a highly repro-
ducible structure and, as discussed below, are
very poorly accounted for by DWBA calculations.
Similar results have been found elsewhere. "~' ' '3

As can be seen from Figs. 9 and 10 there is a
definite distinction in shape between the 28 and 2&

transitions, which is evident in both the region of
30 and 50 . Note that the transitions labeled X=O
in Fig. 9 generally show a peaking around 30' but
a falloff in cross section in the region of 50',while
the transitions Iabeled K=2 in Fig. 10 tend to show
the opposite effect. The effect is sufficiently re-
producible to be believed and as such appears to
be unique to the (P, f) reaction in Gd. Similar con-
clusions have been reached in Ref. 6. Indeed, on
the basis of both previous data in other nuclei and
current CC calculations, it has generally been ac-
cepted that little stability can be expected for I =2
angular distribution shapes in the (P, t) reaction
on deformed nuclei."-- " - --- This ex-
pectation is, in fact, contrary to the generally
stable shapes observed in (P, f) reactions to 2'
levels in spherical nuclei. ""'" We note that the
angular distribution shapes seen in the 154 152
2' txansitions are somewhat at variance with the
above pattern, which is perhaps not surprising in
view of the "transitional" nature of "2Gd.

C. O' Transitions

The (P, t) 4' transitions in the deformed Gd nu-
clei are generally weak; in essence, only the 4
member of the g.s. rotational band is seen with
any intensity, about 5% of the g.s. cross section
(Tables I and III). These data are again quite con-
sistent with similar data in this mass region. The
gradual decrease apparent in the 4' cross sections
with decreasing A is consistent with DWBA calcu-
lations of the kinematics. However, there may
also be some effect in the 154 152 reaction due
to the N =88 crossing, as there is for the 0 and
2' transitions discussed above. The 4' transitions
leading to the 1288-keV level in spherical '"Gd is
much weaker than the 4' (g.s.) transitions in the
deformed Gd nuclei.

The experimental 4' angular distribution shapes
are presented in Fig. 11. As with the 0' and 2+

transitions, there is also a similarity in shape in
these 4+ angular distributions although in some
cases the error bars on the data points are large.
There is more fluctuation in shape apparent in the
4' (P, f) transitions reported in the Dy and Er data
of Ref. 9, and in the Sm(P, t) data of Ref. 4, as
there is also in the 2 transitions. There was also
measurable (but small) (P, t) yield observed to
higher-lying 4' states in the deformed Gd nuclei.
An example is the 1048-keV (4+, K=O) transition
in the 156 154 reaction. The angular distribution
is shown, albeit with large error bars, in Fig. 11.
The summed cross section for this transition
(Table I) is only 1% of the g.s. cross section. The
1668-keV (4+, IC=0) transition in the 160-158 re-
action has a similar yield. In the theoretical cal-
culations of Ascuitto and Sgjrensen, " the 4+ mem-
ber of the g.s. rotational band in the '"Gd(p, f)-
'"Gd reaction is accounted for equally well in both
their CC and DWBA calculations but there is a
sizable difference in the transition strengths pre-
dicted to the 4+ member of the K=O (P-vibrational)
band. In fact, their CC calculations again give the
best agreement with the observed strength (Table
I) to the 1668-keV transition in '"Gd.

D. Other Transitions

The only 6 states observed in this experiment
were the 6' members of the g.s. rotational bands.
Angular distributions were not obtainable. The
maximum 6+ cross section seen (at 30') was to the
718-keV state in the 156-154 reaction, about 1%
of the g.s. cross section. Unlike the 4' transitions,
no higher-lying 6' states were observed in these
experiments.

The known 1 states in the Gd nuclei were essen-
tially not populated (60.3% of the g.s. cross sec-
tion). On the other hand, there was measurable
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strength in some cases for 3 transitions, com-
parable with that of the 6' transitions. Angular
distributions were obtained for 3 transfers in the
160-158 and 152 150 reactions; these are shown
in Fig. 11 along with the 4 transfers previously
discussed. Inboth these cases the 3 cross sec-
tions were ~2% of the g.s. strengths (Table III).
We note that the 3 states at 1253 and 1121 keV in"Gd and '"Gd, respectively, "are not seen with
any measurable strength. There are 3 states
seen in the Sm nuclei, 4' ' but in the Dy and Er nu-
clei, no l or 3 states are populated in the (P, t)
reaction. '

In the '"Gd(P, t)"'Gd reaction, a 5 level at 1408
keV is populated as strongly as the 3 level; no 5
states were seen in any of the other Gd nuclei. In
none of the Gd nuclei studied was there any popu-
lation of known 3' and 5' states, which is at least
consistent with the expected population of only
natural parity states in the (P, t) reaction.

1000-

500-

Gd(p, t) Gd, 18MeV

DWBA (0 )L=O, N = 6

158

IV. DISTORTED -%(AVE CALCULATIONS 10-

In the following, we present some theoretical
angular distributions, calculated within the usual
DWBA prescription. No nuclear structure infor-
mation is included. The optical-model parameters
used in the DWBA analysis mere taken directly
from the DX combination of Ref. 22; no further
variation of these parameters was attempted. In
addition to the generally good fits to 20-MeV (P, t)
reactions on the even Sn nuclei, "this potential
also represents a reasonably good "average fit"
to the elastic scattering data in the A=160 mass
region. " In fact, the DX potential of Ref. 22 is
very similar to the ones used in Ref. 9 and in the
theoretical calculations of Ref. 21. The AX com-
bination of Ref. 22 and the triton potential of Ref.
39 were also tried in the DWBA calculations. Both
choices gave rather poor agreement with the data,
particularly the latter choice. However, it is
probably not meaningful to examine optical-model
"sensitivities" in any detail in this mass region,
in view of the large inelastic (CC) contributions to
the cross section. "

In the Gd nuclei, the Nilsson orbits in the region
of the Fermi surface arise from both the N =5
(e.g. , 2f,») and Ã = 8 (e.g. , li»») major oscilla-
tor shells. In Fig. 12 are shown representative
DWBA fits to the 0+ ( I = 0) transitions assuming a
pure (2f,»)' transfer. In the notation of Ref. 40,
(2f»,)' corresponds predominantly to an I, = 0,
N = 6 center-of-mass motion of the transferred
pair. Only the shapes are significant in the pres-
ent calculations and each calculated curve in Fig.
12 is individually and arbitrarily normalized to
the data. The DWBA curves shown were- obtained

100-

50-

10-

100-

50-

10-

5-

~ I I I 1 I I

0 10 20 30 40 50 60 70 80
ec.m. (deg)

FIG. 12. D%'BA calculated angular distributions of
the {)+states populated in the ~|'~'» Gd{p t)'5 '~546d

reactions. Note the scale factors on some of the transi-
tion. The DNBA curves have been separately normal-
ized to the data. The vertical dashed lines are the same
as those shovm in Figs. 6 and 7;
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with a Woods-Saxon form factor using the Colorado
code DWUCK which employs the Bayman-Kallio '
method of constructing the two-nucleon form fac-
tor. Identical curves were obtained with a har-
monic-oscillator (with matched hankel-function}
form factor, as can be seen in Ref. 5. The over-
all quality of the DWBA fits to the 0' transitions
is excellent, especially when considering the
method by which the potential was chosen. This in
itself suggests that the shapes of the 0' transitions
are not much affected by the inclusion of inelastic
processes in the transfer calculation, a conclusion
which is supported by CC calculations in this mass
region. "~" " The 0' transitions on deformed nu-
clei, in fact, are generally well fitted by DWBA
calculations. ' "'"~ "'" This result is certainly
not true of the 2' transitions discussed below.

The vertical lines shown at 13 and 44' in Fig. 12
are the experimental positions of the g.s. minima
(cf. Figs. 8 and I). We note that the =3' shifts
previously referred to in the position of the mini-
ma in the 0' transitions are generally not repro-
duced by the DWBA calculations. However, these
shifts are small, to be sure, and may be more of
perspective than of physics. Similar shifts have
been reported in Refs. 9 and 13. These authors
have been able to obtain better DWBA fits to the
excited state 0 transitions by employing single-
particle orbits which lie above the Fermi surface.
While such calculations may demonstrate the sen-
sitivity of the calculated I =0 shapes to changes
in form factor, they hardly make any physical
sense; if anything, the (P, t) transitions to excited
states would be more sensitive to single-particle
orbits below the Fermi surface. Indeed, no (t,p}
strength has been found to excited 0' states in the
actinides. " Such 0' "shifts" are just as likely to
be due to interference effects in the accompanying
inelastic processes. We have repeated the (P, t)
calculations in Gd assuming both pure N =5 and
N = 7 for the center-of-mass motion of the trans-
ferred pair. (The shape is insensitive to smaller
N components in all cases. ) The best over-all
fits for both the g.s. and the excited state 0' tran-
sitions were obtained with the predominantly N = 6
form factor; i.e., one corresponding to the trans-
fer of a (2f,&,

)' pair of neutrons for both states.
In Fig. 13 are shown the DWBA fits for the 2',

3, and 4' (P, t) transitions found in the 18-MeV
'"Gd (P, f)'"Gd reaction. As for the g.s. transi-
tions, the form factors for the 2' and 4' transi-
tions were constructed from a pure (2f», )' trans-
fer. The 3 configuration was assumed to be
(2f„„2d,~,). Each calculated curve is again ar-
bitrarily normalized to the data.

By far the poorest DWBA fit obtained in this
study is to the 2+ member of the g.s. rotational

Gd(p, t) Gd, 18 MeV
DWBA(z+) L=z

100-

100-

100-

50-

10-

Gd (p,t) Gd, 18MeV
DWBA

261 keV(4 ) L=4
(x &Z2)

5-

10- 1042 keV(3 )L=~

5-

0 10 20 30 40 50 60 70 80
ec.m. («g )

FIG. 13. DWBA calculated angular distributions to the
2+, 3, and 4+ states observed in the ~ Gd{p,t) Gd
reaction. Note the scale factors on some of the transi-
tions. The DWBA curves have been separately normal-
ized to the data.

band. This result appears to be generally true
for (p, t) reactions on deformed nuclei. ""'"'"~ S3 38

The inclusion of inelastic channels in the transfer
process markedly improves the agreement with
experiment for this state; such CC calcula-
tions"'" "appear to be vital to a proper under-
standing of the reaction mechanism, at least for
these g.s. 2' states. On the other hand, angular
distributions to the higher-lying 2' states in
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'"Gd (1187keV, K =2 and 151'I keV, K =0) agree
much better with the calculated DWBA curves, as
can be seen in Fig. 13. The CC calculations of
Ref. 21 for the '"Gd(p, f)'"Gd reaction do not yield
any better fit to the 1517-kev level than the DWBA

fit presented here, which is a clear difference with

the 2' transition to the g.s. band. Certainly for
this 2', K =0 state at least, no distinction between
DWBA and CC can be made on the basis of shape
alone; indeed, the relative magnitudes in the cal-
culations of Ref. 21 vary little also. The 2', K =2
transition in '"Gd was not considered in those cal-
culations.

The DWBA fits to the 261-keV 4' (g.s. band) and

to the 1042-keV 8 states in the '8061(P, f)'5861
reaction are also shown in Fig. 13. The envelopes
of the calculated curves agree well with those of
the data but clearly a detailed fit to the shape is
lacking. On the other hand, the 4' CC calculation
for '"Gd in Ref. 21 offers no significant improve-
ment.

The DWBA fits to the (p, t) reactions on the other
deformed Gd nuclei were of the same quality as
those seen here, and are thus not presented. The
fits obtained in spherical '"Gd were not as good

as those given in Figs. 12 and 13, nor were they
as good as those obtained on the spherical Sn nu-
clei,"from which the DX potential was obtained.
However, it is difficult to make an assessment of
this difference in view of the fact that there are
relatively few data points in the present study of
the 152-150 reaction.

Finally, we would like to mention that the
'"Gd(P, f)'55Gd g.s. cross section between two
odd-spin states ( —,

'
~
521~ ), whichwas obtained from

impurity peaks in several targets (Table II), is
only 60@ of the g.s. cross section obtained in the
other deformed (even) targets. This reduction is
not a DWBA (kinematic) effect and is most prob-
ably the result of the Pauli principle, which can
be very effective in blocking certain orbits in the

(p, f) reaction, notably those of small angular mo-
menta. 4'
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