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Angular distributions have been measured for transitions populating residual states of ' 'Dy and '"Er through
the (d, t) reaction at Ed ——17 MeV. Many of these angular distributions have shapes which are well reproduced

by distorted wave Born approximation calculations which assume orbital angular momentum transfers t which

are compatible with the previously assigned spin-parities of the states. But a significant number of angular

distributions are anomalous; i.e., either they cannot be fitted by any reasonable distorted wave Born
approximation calculation or they can only be fitted with a calculation which assumes an t value incompatible

with the previous Nilsson model assignment pf the state. While the summed spectroscopic factors are in good
agreement with Nilsson model expectations, there is considerable evidence of fragmentation of single-quasihole

strength (most dramatically for ' Dy~' 'Dy I = 0 transitions, 12 of which are observed) and the spectroscopic
factors for several levels deviate significantly from Nilsson model predictions, even though Coriolis coupling
has been included in the model calculation. This observation of several strongly anomalous angular
distributions, along with large discrepancies between observed and model-predicted spectroscopic factors,
almost certainly indicates that the assumption of a simple one-step direct reaction mechanism breaks down for
some of these transitions. No evidence is found to indicate the position of the (expected strongly populated)
7/2+[404] state. Several other possible changes in previous Nilsson model assignments are indicated.

NUCLEAR REACTIONS '6 Dy(d, t), Er(d, t), Ed =17 MeV measured a(0).
DWBA analysis, deduced levels, l values, spectroscopic factors. Enriched

targets,

I. INTRODUCTION

The limits of applicability of direct reaction as-
sumption are not well established and the investi-
gation of these limits has motivated many recent
investigations. ' ' Unfortunately, since distorted
wave Born approximation (DWBA) calculations are
easily performed and the next most reasonable
improvement —the coupled- channels Born approxi-
mation (CCBA) calculation —is much more dif-
ficult to perform, there has been a tendency to
vary parameters to fit as much data as possible
with DWBA and to apply CCBA only in an ad hoc
fashion to troublesome cases of experimental data.
This difficu/ty in defining the limits of applicability
of the DWBA is exacerbated by problems of acquir-
ing a data base. Multinucleon transfer reactions
frequently stretch the DWBA assumptions, but
for such reactions it is not possible to separate
structure from kinematic factors in the DWBA cal-
culations so the analysis procedure is less reli-
able than for single-nucleon transfer reactions
where structure and kinematic factors are alge-
braically separable. On the other hand, multistep
effects in single-nucleon transfer reactions appear
to be small for most cases of spherical nuclides. '
The study of (d, t) reactions on deformed rare-
earth targets provides an excellent opportunity to
acquire an extensive set of data for which the

DWBA assumptions should be marginal and for
which the DWBA analysis should be reasonably
straightforward. Both the deuteron and the triton
are strongly absorbed and at least for most transj
tions in spherical nuclides, (d, f) angular distri-
butions are smooth diffraction patterns which are
easily fitted with DWBA calculations that use
reasonable optical model parameter sets. The
splittings of single-particle states in deformed
nuclei provides, in any one deformed residual
nucleus, a multiplicity of states of each spin,
in most of which the amplitudes for population by
direct single-particle transfer are sufficiently
small that multistep effects might be detectable. "

This work is part of a larger investigation into
the spectroscopy of the deformed rare-earth re-
gion and the mechanism of the (d, f) reaction in
this mass region. In one previous paper' it was
shown that, when the (d, t) reaction is initiated by
17 MeV deuterons, the angular distribution shapes
are unambiguously characteristic of orbital angular
momentum transfer (l) over the entire range O~l
~6. Another report' of part of this series of in-
vestigations presented evidence for systematic
violations of one-step direct reaction assumptions
in certain single-particle states in the even-even
targets "Gd '"""Dy and '"""Er i.e. , DWBA
analysis of the observable transitions to members
of the —"[505], -' [521], —, [521], and —"[642] Nilsson
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bands shows anomalous spectroscopic factors and/
or anomalous angular distribution shapes for
transitions to some members of each of these
bands in nearly all residual nuclides which were
studied. The transitions discussed in Ref. 8 were
restricted to low-lying states of reasonably well
established spin-parity whex'e there is no doubt of
expected orbital angular momentum transfer (l)
and where unaccounted vibrational couplings should
have minimum effects on Nilsson model predictions
of single-particle strengths. A recent paper' in
this series presented both reaction mechanism
and spectroscopic results for all the observed
transitions in a study of the (d, t) reaction on the
N = 96 isotones '60od and '"Dy. In addition to
showing several anomalous angular distributions,
principally for transitions to members of the
above-mentioned rotational bands, angular dis-
tributions presented in Ref. 9 for several transi-
tions to levels in '"Gd and '"Dy are character-
18tlc of I valu6'8 lnconslstent w1th the previous
Nilsson model assignment of the residual state.
The most notable of these suggested changes in
assignment of single-particle states erases both
previous assignments of the positions in '"Gd and
'"Dy of the -"[404] bandhead, thus raising a
question as to where this strong hole state should
RppeRr.

This paper presents the detailed results of an
investigation of the (d, f) reaction at 17 MeV on the
M=98 isotones '"Dy and '"Er. Individual (d, &)

spectra have been measured for each of these
nuclei" "at lower beam energy (12 MeV). No
angular distributions have previously been re-
ported. ' Dy has also been studied through Cou-
lomb excitation, "through (n, y)" and y decay fol-
lowing '"Tb electron capture, "and through its

population in ""Dy('He, n) spectra. " "'Er has
previously been studied through y decays following
several kinds of reaction, ""through electron
capture, "and through its population in ('He, a)
spectra. "

The data of the present investigation have been
analyzed with finite range nonlocal D%'BA calcula-
tions. The intent of this analysis is to organize the
data for comparison with Nilsson model expecta-
tions as to orbital angular momentum transfer (I)
and spectroscopic strength. Since, between the
Nilsson model and the D%BA calculations, there
are many possible parameters which could be
varied, an attempt has been made to standardize
the analysis parameters with the best available in-
formation rather than make ad Aoe parameter
VRx'1Rtlons to fit dRtR fol 1ndlvlduRl t1Rn81t1ons.
The selection of parameters is discussed, for the
D%BA calculations in Sec. III Rnd for the calcu-
lations of Nilsson model spectroscopic factors in
Sec. IV. It has not been possible to perform CCBA
calculations, but it is hoped, that the px'esent re-
sults will provide a reasonable extensive data base
for CCBA calculations to 1nvestlgate uIldex' %'hat

spectroscopic/reaction dynamic conditions the as-
sumption of a one-step direct transfer mechanism
breaks down.

The experiment was performed with 1V MeV
deuterons from the Pittsburgh three stage Van de
Graaff accelerator. The targets were - 100 p, g/
cm' foils of metallic Dy (enriched to 98 4% '"Dy)
and Er (enriched to 94.9% '"Er) evaporated on
ca,rbon backings. Tritons from the (d, t) reaction
were detected in photographic emulsions placed in
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the focal plane of a split-pole spectrograph. The
spectrograph entrance aperture subtended a solid
angle of 1.4 msr. The developed photographic
plates were scanned by the Argonne automatic
plate scanner"; some were checked by human

scanners. Typical spectra are shown in Figs. 1
and 2. The energy resolution was -9 keg for the
"4Dy(d, f) '"Dy reaction and -12 keV for the
'66Er (d, f) ' 'Er reaction. Measurements were
made for the Dy reaction at 13 angles over the
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range 8' ~ 8„~~60' and for the Er reaction at 19
angles over the range 8'~ 8„~~65'. Tmo NaI de-
tectors mere set at I9„~= + 38' to monitor possible
target deterioration (none of which was observed).
Peak areas mere extracted from the spectra with
the peak-fitting code AUTOI'IT. " The reliability
of the fitting procedure was monitored with numer-
ous hand checks.

Angular distributions have been measured for the
elastic scattering of 17 MeV deuterons from '"Dy,
'"Er, and other rare-earth targets [these and the
results of an optical model analysis have been re-
ported previously along with the results of the
'"Gd and '"Dy(d, t) reactions']. Since the elastic
scattering cross sections mere thus established,
the yields from the NaI monitor deteetox s mere used
to extract the absolute cross sections of the (d, t)
transitions. These absolute cross sections are ex-
pected to be accurate to +15%. A representative
selection from the many "'Dy(d, f) '"Dy angular
distributions is shown in Figs. 3-6 and all

Er(d, f) ' 'Er angular distributions are shown in
Figs. V-10.

III. DKBA CALCULATIONS AND ANGULAR
MSTRIBUTION SHAPES

The code DwUCK" mas used to perform the finite
range nonlocal DKBA calculations described in

I I I I I I I I I I I I I I
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FEG. 6. Anomalous angular distributions from the
~4Dy(d, t) @Dy reaction. Those on the left side cannot

be fitted with any DWBA calculation. Those on the right
can only be fitted by assuming an l value which is incon-
sistent with the previous Nilsson model assignment of the
state.

this section. Table I lists the optical potential
parameters and bound state potential pa, rameters
used in these calculations. The finite range param-
eter mas set at 0.845 and nonloca}ity parameters at
0.54 (for the deuteron) and 0.25 (for the triton).
The triton optical parameters are those of Flynn
et a/. " Tmo sets of deuteron optical potential
parameters are listed in Table I. The first set
resulted from a global fit to deuteron scattering
(mostly on spherical nuclei) by Percy and Percy. "
The second set resulted from the previously re-
ported fit to elastic scattering of 17 MeV deuter-
ons from Dy and Er isotopes. This second poten-
tial is matched in shape to the triton potential and
its mell depth is near optimum to provide proper
potential matching. No significant differences
mere found between D%BA calculations performed
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FIG. 7. l = 0 (left side) and l = 1 (right side) angular
distributions from the GEr(d, t) ~Er reaction. The
solid curves are DWBA calculations.

FIG. 8. l =2 (left side) and l =3 (right side) angular
distributions from the Er(d, t) Er reaction. The
solid curves are DWBA calculations.

with the two deuteron potentials. All spectroscopic
information presented below was extracted with
DWBA calculations which used the Percy potential.

Some of the transitions of interest in this ex-
periment involve total angular momentum values
which, when used with the binding energy pre-
scription in DWBA calculations, result in un-
reasonably shallow or deep bound state well depths
(depending on which radial quantum number n is
selected). This is a, well known problem which
occurs in spherical nuclei for states of weak
single-particle (or -hole) character far separated
from the centroid of their subshell. " The prob
lem is more severe in deformed nuclei because
the single-particle fragmentations that result from
breaking spherical symmetry can place significant
single-particle strength in an orbital whose binding
energy is very different from that of the nearest
spherical model orbital of the same spin and parity.
Since DWBA expectations are known to have weak
dependence on total angula. r momentum transfer
(j), the experimental angular distributions have
been fitted with the proper orbital angular momen-
tum transfer (I) but with n and j va. luce which keep

the potential well depth in the bound state calcu-
lation near 60 MeV. Table II lists the nlj values
employed in this analysis. With this procedure
bound state well depths were always reasonable.

Angular distributions for most of the strong
transitions observed in this experiment are well
fitted by the DWBA calculations —as can be seen
from Figs. 3-5 and 7-9. The strong l =0 and 1
angular distributions are extremely well fitted
(Figs. 8 and 7). l = 2 and l = 8 angular distributions
(Figs. 4 and 8) are also well fitted but with a ten-
dency to have small angle cross sections larger
than DWBA predictions. Higher I (~4) transitions
(Figs. 5 and 9) pose a problem. In this and pre-
vious experiments these transitions have frequently
been very well fitted by DWBA calculations, but
equally often the data deviate significantly from
the DWBA prediction. This can be partially ex-
plained in a number of ways: (I) High I transitions
are of intrinsically smaller cross section than are
low l transitions so any contamination of the pro-
cess with multistep effects might be expected to
produce more dramatic results. (2) The first
maximum in high l transfer DWBA angular dis-
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tributions falls at a large angle. Since angular
distributions are normally expected to drop steeply
at angles smaller than this maximum, it is easier
to identify deviations in high E transfer cases than
for low 1 transfers where the small angle data
points fall on or near the first DWBA maximum.

Figures 6 and 10 contain anomalous angular dis-
tributions. Some of these can be fitted by DWBA
calculations for an l different from that required
by the previously reported Nilsson model assign-
ment of the level. This suggests that some of the
anomalies can be attributed to misassignments in
previous work, but in many cases DWBA calcu-
lations cannot fit the angular distribution for any
l value.

IV. SPECTROSCOPIC FACTORS AND NILSSON

MODEL PARAMETERS

Spectroscopic factors have been extracted from
the measured angular distributions by using the
relation:

(
d(T

3 33C2& (dO'/dQ)nvsA

dQ, „,
'

(2j+ l)

where O'S is the spectroscopic factor, (do/dQ)„,

is the data, (do/dQ)nvs„ is the DWBA calculation
made with the code DwgCK, and j is the angular
momentum transfer assumed in the calculation.
Tables III and IV list, for each level populated in
'"Dy and '"Er, excitation energy, the empirically
determined / value, the Nilsson model assignment
(where known from previous work), cross section
at one angle, and spectroscopic factor. For those
levels whose angular distributions show significant
deviations from DWBA predictions but whose E

values have been suggested from previous Nilsson
model assignments or tentatively determined from
the angular distribution shape, spectroscopic .

factors have been extracted and listed in Tables
III and IV; but these spectroscopic factors are
clearly uncertain, representing a normalization of
the DWBA prediction to the measured cross sec-
tion in the angular region of the principalmaximum
ln the DWBA angulax' dlstx'1butlon. As 18 d18cussed
below and in the Introduction, the DWBA is used
in these cases to help organize the data with no
strong claim of validity for resulting spectro-
scopic implications.

Also shown in Tables III and IV are spectroscopic
factors predicted by Nilsson model calculations"
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inconsistent with the previous Nilsson model assign-
ment of the state.
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TABLE I. Optical model parameters in the DWBA calculation and the bound state well pa-
rameterr

s.

V x'0

(MeV) (fm)
ro a

(fm) (fm)
W TVD rl

(M eV) (MeV) (fm) (fm)

166Er 16 Dy ~ d
166Er 16 Dy+ d b

165Er 163'+ g c

Bound states

102.2 1.15
98.4 1.16

166.7 1.16
1.25

1.15 0.81
0.74 0.752
1.40 0.752
1.25 0.65

10.4
14.7

17.6 1.34 0.68 ~ ~

1.48 0.957 ~ ~ ~

1.498 0.817 ~ ~ ~

~ Reference 26.
Reference 9.
Reference 25.
Adjusted to give correct separation energy.

performed with the code BANDFIT;" Given an
energy spectrum with spin, parity, and Nilsson
model quantum numbers assigned to each level,
this code will vary any or all of several
parameters to fit the energy spectrum and then
use the resulting parameters to predict spectro-
scopic factors for single-nucleon transfer re-
actions. As BANDFIT was used in this investiga-
tion, the parameters of the Nilsson deformed well
were fixed at P=0.30, p. =0.42, and &=0.0637. The
orbital emptiness parameters (or pairing factors
V') were constrained to satisfy the relation

1
2 [(a, —x)*~ a*]"*)'

is the spin of the state, and the a&K are determined
by Coriolis mixing of neighboring single-quasihole
states. If Coriolis coupling is neglected the
spectroscopic factor reduces to

(C'S)q ——2(Cq, )'V» .

Coriolis coupling is crucial to understanding the
intensity patterns of several strongly coupled
bands. To show which bands are strongly coupled,
spectroscopic factors calculated without Coriolis
coupling are included (in pa, rentheses) in Tables
III and IV along with the spectroscopic factors
from the full calculation.

V. DISCUSSION

where &, —X is the difference between the single-
particle energy &, of the ith Nilsson orbital and
the Fermi energy ~, and ~ is the pairing gap
(which was taken from odd-even mass differences).
The V,

' were determined by identifying bandhead
energies, after subtraction of rotational energy,
with quasiparticle energies {[(e;—X)'+ n']' ' —4).
The bandhead energies, moment of inertia param-
eters, and, for K= & bands, the decoupling param-
eters were varied in the fitting procedure. As has
been noted previously, "best results were obtained
by reducing Coriolis coupling matrix elements to
60% of the value calculated by the Nilsson model.
Table V lists the final values of bandhead energies,
moment of inertia parameters, and decoupling
parameters along with the orbital emptiness pa-
rameters for all the Nilsson levels considered.

The BANDMIX code further used the Nilsson mod-
el parameters determined by the above procedure
to calculate spectroscopic factors

It is difficult to separate the spectroscopic im-
plications of the present investigation from those
related to the reaction mechanism. Several as-
pects of this study are discussed below under
headings which indicate whether their greatest
relevance is to a spectroscopic or a mechanism

TABLE II. Quantum numbers of bound state orbitals
used to calculate form factors for DWBA calculations.

1

2

3
2

3
Y
5

2

(c's), =2 p, c, , v,j,
K

where C&K, is the expansion coefficient of the one-
quasiparticle Nilsson state in a spherical basis, j

9
2

11
2

13
2
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TABLE HI. Excitation energies for Dy levels populated through the ~6 Dy(d, t)~63Dy reac-
tion. Except for weakly populated states these excitation energies are accurate to +2 keg.
Nilsson model assignments have been taken from Ref. 1 i, except where otherwise indicated.
I values have been derived from angular distribution shapes and, for levels with no previous
Nilsson model assignment, spectroscopic factors correspond to the observed I transfer.
Several levels whose Nilsson assignment has been reported in previous work show angular
distributions characteristic of / values incompatible with that l assignment; in these cases
spectroscopic factors are shown for both possible 5 transfers (see text for discussion).
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0.5i4

0.552
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0.32

0.004

0.025 O.ooi

0.024 0.046

0.060

0.023 0.005

0.32 0.037

0.66 0.2t

0.072 0.07k

0.007 0.043

0.20

(0.068}

(0.i4)

(0.74)

(0.004)

(O.Q50)

(0.17)

(0.07 i )

(0.047)

(O.i3)

(0.009)

(0.060)

(0.90)

(0.067)

(0.61)

(0.24)

(0.004)

(o.ooi)

(0.t2)

(0.050)

170

600

200

230

(i) ' —,' —,' [5i2j '(E = i;O.oi2) o.o5o O.oio

0.080

0.020

23

140

140

0.9i 1

0.933

0.947

0.964

0.988 (2)

0.060

0.0 19

0.048

(0.026)
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TABLE III. (Continue@

183Dy

N1188OIl IllOdel

a881gllllMIlt Smo~)

—(8 =30')da.

dQ

(pb/sr)

1.059

1.083

1.109

1.128

1.145

1.164 f510] ~

0.002 (0.001)

0.13

0.021

0.009 0.0004 (0.0002)

29

21

1.191

1.217

(0)

(2) ~ -'-' f510](l =2 o.o89)

(2)

0.007

0.089 0.035

0.020

(0.032)

15

90

1.250 (3)

1.312

1.339 (o)

1.360 (3) f530]

1.395

1.427

1.499

1.527 (1)

1.572

1.613

1.631

1.649

1.660

1.691

1.708

1.753

(1)

(0) b 8-,' f 530](l = 0; 0.003)

(2)

0.060 0.25

0.003

0.004

0.027 0.26

0.008

0.77

0.034

0.023

0.019

0.017

0.046

0.025

0.22

0.057

(0.26)

(o.82)

130

24

50

92

110

1.843

1.876

1.949

1.986

2.042

2.105

2.156

2.179

(3) ~
&& f404](l = 3;0.33)

(3)

(0)

0.030

0.044

0.064

0.012

0.012

0.036

0.040

17
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TABLE III. (Continued)

j,63Dy

Nilsson model '
assignment

—(8 = 30')do
dQ

(pb/sr)

2.609 (3)

2.645 (f )

0.f 8

0.048

0.082

60

$0

~ As is discussed in the text, there is evidence for large vibrationally-coupled compo-
nents in the wave functions of several of these states. The only component listed here for
each state is the single-quasihole component (the only component which should be involved
in a one-step reaction}.

b Anomalous angular distribution shape (see Fig. 6).
".Funke et al. (Ref. 14) report evidence for a ~ state at 0.286 MeV in 6~By which they

assign to be && [633].
d Reference 40.
~ Differs by more than 2 keV from the excitation energy reported in Ref. i i so the identi-

fication of the state is less certain.
Reference i5. The model spectroscopic factor has been calculated assuming an assign-

ment ~—,
"

f 642).
& Assignment of this state as &~

&
j52t j fits in quite well with the excitation energy pre-

diction of the calculation described in the text. However, the transition shows an angular
distribution which cannot be identified with any l value.

Doublet can be plausibly fitted with an incoherent mixture of l = 2 and l = 5 angular dis-
tributions with spectroscopic strengths as indicated above.

' Clearly observed in five or more spectra, but populated weakly and/or obscured by im-
purities or stronger transitions in enough spectra that no meaningful angular distribution
could be extracted.

question, but before proceeding with this arbitrary
classification the following general cautions should
be noted:

(1) Implications drawn from angular distribution
shapes are proposed with far more confidence then
are implications dxawn from spectroscopic factors
(dis)agreements. The Nilsson model predictions of
spectx'oscoplc fRctol 8 Rl e, ln IQRQy cRses, quite
sensitive to the assumed Coriolis coupling
strength. As is mentioned above, the observed
energy spectra are not well reproduced unless
these Coriolis matxlx elements are reduced to
-60% of their values in the pure Nilsson modeL
This prescription has evolved from results of
many experiments" and has received further sup-
port from the attempts of Damgaard, Kusuno, and
Faesslex' to explRln backbending of yx'Rst bands.
This 60% reduction of the Coriolis coupling seems
currently the most xeasonable procedure, and
there axe equally great or greater discrepancies
between the experixnental spectroscopic factors
and those resulting from Nilsson model CR1.cula-
tions either without Coriolis coupling (shown in
parentheses in Tables III and IV) or with full
Coriolis coupling. However, this sensitivity of
the Dlodel spectx'oscoplc fRctox'8 to the assumed

strength of the Coriolis coupling adds Rnother
source of uncertainty to interpreting the spectro-
scopic fRctox' discrepBJlcles dlscu88ed belo%'. The
model-predicted spectroscopic factors are even
less reliable for the (positive parity) bands which
are subject to AN = 2 mixing. I.e. , two downward
sloping (with increasing deformation) N = 6 orbitals,
a'[660] and —,'[651], encounter two upward sloping
N = 4 orbitals, a'[400] and a'[402], just below the
N = 9V Fermi surface. " The interactions between
pairs of levels based on orbitals such as these
have been studied" but are not at all well
established. In addition to these features which
complicate the ealeulation of Nilsson model spec-
troscopic factors, the DWBA analysis of the ex-
periment is much less straightforward than it
would be for a (d, f) reaction on a closed shell
nucleus. As is discussed above, the form factors
used in the DWBA analysis were calculated with
spherical Woods-Saxon binding wells whose depths
was adjusted according to the binding energy pre-
scription (with no configuration mixing). Such a
procedure is only justifiable for a single particle
outside R closed shell; normalizing such R wRve
function almost certainly introduces distortions
in the form factor at the sux'face of a deformed
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TABLE IV. Excitation energies for ~Er levels populated through the ' Er(d, t)' ~Er reac-
tion. Except for weakly populated states, these excitation energies are accurate to +2 keV.
Nilsson model assignments have been taken from Ref. 12, except where otherwise indicated.
l values have been derived from angular distribution shapes and, for levels with no previous
Nilsson model assignment, spectroscopic factors correspond to the observed l transfer.
Several levels whose Nilsson assignment has been reported in previous work, show angular
distributions characteristic of l values incompatible with the previous assignment; in these
cases spectroscopic factors are shown for both possible l transfers (see text for discussion).

(MeV)

165Er

Nilsson model assignment ~exp ~model

—(e =3o')do.

dQ

(p.b/sr)

0.000

0.051

0.076

0.097

O. 174

0.241

0.296

0.356

0.371

0.383

0.431

0.467

0.505 0

0.532

0.547 a

0.573 (3)

0.587 d

o.s99 (2)

[523]

[64 ]

—,'-,' [523]

[642]

T—,
' [s23]

2 2 [521)

[521)

[s21]

[521]

~5~ [s21)

[521

~-,' '[66o) '
2 2

[402)
11 ii [505] c

[512]

+ (), ~ ) [0.03(l = 1)+0.02(l = 2)]

0.92

1 ~ 0

0 ~ 17

0.13

0.91

0 ~ 13

(0.13)

(0.74)

(0.11)

0.11 0.096 (0.096)

0.020 0.027 (0.023)

0.71 1.2 (0.80)

0.11

0.021

0.072 (0.069)

0.40 0.69 (0.55)

0.17 0.004 (0.004)

0.57

1.7
1.6
1.8

(1.5)

(1.8)

0.10 0.005 (0.18)

0.071

O.o90 0.071 (0.068)

0.039 0.003 (0.003)

0.060 0.084 (0.14)

110

360

240

40

280

30

15

400

390

63

40

70

0.648

0.674

0.72 1.

0.741

0.760

0.817

-'-'' [4oo) '

[512) ~ (I, = 3; 0.34)

0.021

0.28

0.24

1.7 0.013 (0.010)

15

12

l5

420

82

150

0.840 (1)

0.863

o.92o (1)

o.9s5 (4)

0.971 (2)

-', -', [sio)

0.008

0.084

o.oo6 o.ooo8 (o.ooo4)

0.3
0.02

10

10

30

10

1.039

1.064

1.106 (3)

1.139 2

1.172 (3)

[s3o)

[530)(l = 1;0.026)

[530) &

0.20 0.24

0.10 0.31

0.073 0.16

0.069

0.074

(0.26)

(0.18)

(0.48)

300

13

35
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TABLE IV. (Continued)

(MeV)

165Kr
Nilsson model assignment ~exp ~model

—(e =30')de
dQ

(~/sr)

1.250 c

1.274 (3)

1.290 (1)

1.332 c

1.379 (3)

1.411

1.489

0.26

0.02

0.10

0.11

10

80

30

20

10

Anomalous angular distribution shape (see Fig. 10).
As is discussed in the text, there is much evidence for especially strong 6 X= 2 and Cor-

iolis distortion of the positive parity bands; the labeling above simply follows that of Ref. 12
for convenience.

c See Refs. 19 and 21.
d This is reported to be a doublet by Kurcewicz et al. (Ref. 16) and its angular distribution can

plausibly be fitted with the indicated mixture of l =1 and l =2 strengths (see Fig. 10). The
previous assignment of this group was ~ &

[5051.
~ Angular distribution poorly fitted with any l value, but the level is only very weakly popu-

lated.
This assignment from Ref. 12 has been questioned; see discussion in Ref. 6, Table IV. 13,

footnote i.
0 Reference 15 suggests that this level was misidentified in Ref. 12 and that this transition

should be l = 5 or 6. The present data (see Fig. 8) are not v ell reproduced with any I value
but l =3 gives the best agreement.

nuclide of the sort considered here. Host has
calculated couplings between channels in the ex-
pansion of a deformed single-particle wave func-
tion and has found sizable changes in normaliza-
tion of individual form factors at the nuclear sur-
face." Unfortunately, the appplication of Host's
procedure is not only difficult, but also involves
an interplay between the assumed details of the
structure of each nuclear state and the reaction
mechanism assumptions. As was stated above,
the conventional DWBA is used to organize the
experimental results of this investigation and
further model-dependent adjustments of the form
factors used in the analysis wouldbe inappropriate.

(2) While it is assumed below that the orbital
angular momentum transfer l of a transition is
well determined if the measured angular dis-
tribution is well fitted by the DWBA prediction
for some l, this is not necessarily the case. Fig-
ures 6 and 10 provide ample evidence that at least
some transitions are not susceptible to DWBA
analysis. It is conceivable that interference pat-
terns in angular distributions which result from
multistep processes could look like DWBA pat-
terns for the wrong l value. Ascuitto et al.
have reported oscillatory structure in angular
distributions which, on the basis of CCBA calcu-

lations, they have attributed to multistep effects. '
Some of the effects seen by Ascuitto et al. are
sufficiently small that such angular distributions
are not classified as anomalous in this work where
it has not been possible to perform CCBA calcu-
late.ons.

A. Spectroscopic information from angular distribution shapes

The anomalous angular distributions [those
whose shape is not well fitted at all or at least
not by DKBA calculations which use an l value
consistent with the previously assigned angular
momentum parity (J') of the state] are grouped in
Figs. 6 and 10. %bile the angular distributions on
the left sides of Figs. 6 and 10 cannot be fitted
with D%BA calculations for any l value, those on
the right can be fitted on the assumption that the
previous work mj.sidentified the state.

In '"Dy these latter states are: 0.283 MeV (pre-
viously assigned —"member of the -' [523] band;

2 2
currently fitted with / =4); 0.806 MeV (previously
a level at 0.801 MeV was assigned -' member of
the -' [512) band; currently fitted with /=1); 1.198
MeV (previously assigned -' member of the —,

' [510]
band; presently fitted with / = 2); 1.276 MeV (pre-
viously assigned 3 member of the -' [530] band;

2 2
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"fABI.E V. Bandhead energy, moment of inertia parameters, decoupling parameters, and
level fullness parameters V from fitting the energy spectra of ~ ~Dy and '6 Er as described
in the text.

Nuclide
Handhead

energy (keV)
Moment of

incr tla
Decoupling
par aIne ter

[523j

[521]

[521 j

[512]

[530]

[510]

[642]

[633]

[660]

f402]

[400]

[651]

[404]

857

1059 c

1083 c

10.7

0.49 '

0.038

0.90

0.13

0.96

0.96

0,98

[523]

[521]

[521]

f512]

~,
' [505]

[510]

[530]

[660]

[402]

f400]

296

481 8

920

992 a

5A2 c

12.2

10.4

13.1

10.1

2.9

0.04

0.50

0.79

0.19

0.12

0„92

0.07

0.63

0.88

0.91

~ Bandhead not observed. KVhere a number is indicated, this number was assumed for
calculational purposes.

~ Not mell determined because too few members of the band were observed.
c Strong 4%=2 mixing makes these parameters very uncertain.

presently fitted with /=3); 1.427 MeV (previous-
ly assigned —,

' member of the —,
' [530] band; pres-

ently fitted with /=0); and 1.843 MeV (previous-
ly assigned 32 member of the —,

' [404] band; pres-
ently fitted with /=3). Not only does the pre-
vious assignment of the 0.283 MeV fit well with
the expected excitation energy pattern of the
ground state rotational band but it also agrees with
the Coulomb excitation work of Tveter and Her-
skind'3 who observe a fast y decay of this state
as if it were a member of the ground state band.
Earlier y decay work by Funke e/' al."tentatively
placed the —,

' member of the —,"[633]band at 0.286
MeV which might indicate a doublet structure

where the / = 4 component dominates in the (d, /)

reaction. However, this / = 4 transition is ex-
pected to have a very small spectroscopic factor
(less than 0.001 with the Coriolis coupling dis-
cussed above and smaller without Coriolis cou-
pling) so the transition may well result from
multistep processes. The 0.806 MeV level is
weakly populated so its excitation energy is un-
certain. It may not be the same level as is strong-
ly populated with the (d, p) reaction. "

The 1.198, 1.276, 1.427, and 1.843 MeV levels
were previously assigned entirely on the basis of
(d, /) spectra measured with 12 MeV deuterons"
and so these assignments must almost certainly
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be dropped. It is interesting that the present l = 3
assignment contradicts the —,"[404] assignment of
the 1.843 MeV state since the previously assigned
—,"[404]bandheads in '"Gd and '"Dy also failed to
show f = 4 patterns when (d, t) angular distribu-
tions became available. '

The 0.497 MeV state in '"Dy had been assigned
—"—"[505] from 12 MeV (d, t) spectra" but Grotdal
et al. reassigned this state to have spin-parity —',"
on the basis of its excitation in ('He, n) spectra. "
As is discussed in Ref. 8, rather well fitted (d, t)
angular distributions populating states of known

spin-parity in this and other rare- earth nuclei tend
systematically to show small angle cross sections
which are slightly larger than that predicted by
the DWBA for the correct / value and slightly
smaller than the DWBA prediction for the next
smaller l value. On this basis the angular dis-
tribution for (d, f) population of the 0.497 MeV
(shown in Fig. 5) is more reasonably fitted by l = 6
than by l = 5 and so is consistent with the assign-
ment of Grotdal et al."Grotdal et al. place the
bandhead of the —"[505) band at 0.849 MeV. " The

2
strong l = 2 transition to the state at 0.857 MeV
makes it unrealistic to expect to see even a strong
l = 5 transition to such a nearby level, and indeed
no evidence for a 0.849 MeV state is observed in
this study.

Table III shows 11 l =0 transitions to states below
E„=1.5 MeV in '"Dy. This indicates that the
strength available in at least one of the two avail-
able l =0 single-particle states (-, '[400) and —,'[660])
is fragmented through mixing with very many other
states. Neglected interactions between single-
particle states (e.g. , ~=2 mixing) cannot be ex-
pected to produce such extra s states; this frag-
mentation probably indicates considerable mixing
with vibration- coupled configurations. It is in-
teresting that '"Dy(d, t) '"Dy shows approximately
twice as many l =0 transitions to the low excita-
tion energy region as do any of the other reactions
studied in this series of experiments. [Table IV
shows that the '"Er(d, f)'"Er reaction yields four
f = 0 transitions to states below E„=1.5 MeV. ]

There are two levels in '"Er whose angular
distributions are well fitted by assuming an l value
incompatible with their previous Nilsson model
assignment: The 0.817 MeV state was assigned"
as the —"member of the —,

' [512) band but is fitted
best as l = 3; and the 1.064 MeV state was pre-
viously assigned" to be the —,

' member of the —,
' [530]

band, but it is best fitted as l = 1. Along with these
two angular distributions, the right side of Fig. 10
also contains the angular distribution for the
transition to the group at 0.587 MeV. This had
been assigned as the —"member of the —", [505]
band on the ba,sis of 12 MeV (d, f) spectra, "but

both ('He, n) spectra" and an (a, xny) investiga-
tion" place the —", [505] bandhead at 0.547 MeV.
Kurcewicz et al i6 have observed i6sEr y decays
which follow electron capture by "'Tm and report
that the level at 0.587 MeV is a doublet of states,
with spin-parities 2' and (2, —,) . As can be seen
from the right side of Fig. 10 the angular dis-
tribution for this transition can be fitted plausibly
with a combination of l = 1 and l = 2 strength.

Lovhoiden, Tjom, and Edvardson" have mea-
sured '"Er('He, o.) spectra to search for high l

strength. In addition to the evidence noted above
for the position of the —", [505] bandhead, they re
port a —'" state at 0.238 MeV and suggest that the
1.172 MeV state (assigned -,'-' [530] by Tjom and
Elbek") should be l =5 or l =6. No 0.238 MeV
state is seen in this work, nor should one be seen
since such a high l transition would be masked by
the strong l = 1 transition to the —' —,

' [521] state at
0.241 MeV. The transition to the 1.172 MeV level
seen in this work shows anl = 3 angular distribution,
consistent with the origina] assumption of Tjom
and Elbek. "

B. Reaction mechanism information from

angular distribution shapes

The angular distributions shown on the left sides
of Figs. 6 and 10 provide strong evidence for a
breakdown of one or more of the one-step direct
reaction assumptions involved in performing a
DWBA analysis. None of these angular distribu-
tions has been fitted with any DWBA calculation.
Obviously some of these transitions, particularly
at high excitation energy, could populate unre-
solved doublets, but most of them populate levels
whose Nilsson model assignment has been rather
confidently established and so are almost certainly
transitions to individual well- resolved states whose
angular distributions are anomalous. In '"Er the
0.051 MeV state (Fig. 10) is well known""""" to
have J' = —,". The J' and Nilsson band assignments
have also been well established for the 0.383
(-' )

"""and 0.547 (—")"""MeV states of
2' 'Er. ' 'Dy has been less extensively studied but

particularly the assignment of the 0.474
MeV """'"state seems convincing; most im-
portant, none of the available evidence indicates
a doublet structure for any of the levels listed as
anomalous for either nucleus.

As was reported in Ref. 8 there are several
Nilsson bands of which at least one member ex-
hibits an anomalous angular distribution in at
least four of the five residual nuclides '"Gd,'" '"Dy, and """Er.These bands are: —" [505],
—, [521], and —,

' [521]. The —, [521] and ~ [521] bands
also tend to exhibit somewhat greater discrepancies



54 MAHER, SONG, WEDBERG, AND RICCI 14

between experimental and model spectroscopic
factors than do members of other bands, but this
effect is difficult to assess in view of the spectro-
scopic factor uncertainties discussed above.

As was discussed above, the transition to the
—"[505] bandhead in '6'Dy cannot be observed with
the (d, t) reaction because of a strong nearby /= 2

transition, but this level is observed in '"Er
where the angular distribution is anomalous (as it
is ' tn "'Gd, '6'Dy, and '"Er). All the observed
transitions to —"[505) single-hole states have
shown angular distributions which are distinctly
different from those of other l = 5 transitions ob-

served in this mass region.
In '"Dy the —' member of the -' [521] band shows

an anomalous angular distribution while in '"Er
the —,

' member of this band shows an anomaly. In
each of these nuclei there is considerable evidence
of strong mixing of the ~ [521] single-hole con-
figuration with vibrationally- coupled terms of the
form (-' [523],2'}."'36 This, coupled with the
presence of anomalous (d, t) angular distributions
to members of this band in four neighboring
nuclei, clearly suggests a multistep reaction
mechanism. On the other hand, members of the
—,
' [521] band show anomalous angular distributions
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FIG. 11. The solid bars represent experimental spectroscopic factors for the (d, t) population of the indicated states.
The open bars represent spectroscopic factors predicted by the Nilsson model calculation described in the text. The ex-
citation energy of the Nilsson model single-particle states increases from left to right along the abscissa so the Fermi
level shifts to the right as the neutron number increases from 95 at the top of the figure to 99 at the bottom. The four
positive parity bands which are most subject to strong ~ mixing are not included in the figure (see text for discussion).
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in the same four neighboring nuclei and there is no
evidence from electromagnetic transition studies
of any strong mixing of this band with vibrational-
ly- coupled conf igurations.

As was noted above, several of the easily identi-
fied anomalous angular distributions shown in
Figs. 6 and 10 are high l cases which have large
cross sections at small angle. Attributing this
filling in of the expected small angle minimum to
multistep processes seems reasonable because
most inelastic transitions that could contribute to
the population of these high spin levels by multi-
step routes would tend to reduce the l which is
transferred with the neutron and these l reductions
could plausibly fill in the forward angle cross sec-
tion.

It is obviously of interest to try to understand
why some transitions exhibit angular distribution
patterns that agree well with DWBA predictions
while others deviate so markedly as those dis-
cussed above. Cotanch and Vincent" have re-
cently developed a method to approximate CCBA
calculations which not only require less computer
time than does a full CCBA calculation but which
also may allow greater insight into the sensitive
features of the calculation. Hopefully the results
of the present investigation will provide a suitable
data base for an investigation with such calcula-
tions of the structure and/or dynamical conditions
under which the one- step DWBA assumptions break
down.

C. Information from spectroscopic factors

Figure 11 compares the measured spectro-
scopic factors with those predicted by the Nilsson
model for members of several rotational bands.
Figure 11 includes spectroscopic factors extrac-
ted from (d, f) measurements on five rare earth
targets. The information on '"Gd and "'Dy has
been reported in detail in Ref. 9; except for a
preliminary report" and a small part of the data
which was included in Ref. 8, the '"Er data are,
as yet, unpublished. However, it seems worth-
while to include all these systems in Fig. 11 to
provide a perspective for assessing the value of
the spectroscopic factors presented here. The
Nilsson bands in Fig. 11 are arranged in order of
increasing energy and it is possible to follow the
shift of the Fermi energy to the right of the figure
as neutron number increases from 95 ('"Gd and
"'Dy) to 99 ("'Er). Spectroscopic factors marked
with an A in Fig. 11 correspond to transitions
which exhibited anomalous angular distributions.
These result from fitting the DWBA cross sections
to the average level of the poorly fit experimental
angular distributions and are inherently more un-

TABLE VI. Summed spectroscopic strengths for all
observed l values. States identified in Tables III and IV
with a, rotational band built on a specified Nilsson level
are assumed to have been correctly identified. Strengths
of transitions to previously unidentified states whose
angular distributions show characteristic I patterns have
also been included. The model predictions include only
the levels identified in Tables III and IV and since more
Nilsson states have been identified in ' ~Dy than in ' Er,
the model sum limits are differ ~vl&.

Exp.
fbdDy

Model

165Er

Exp. M odel

Total

0.86
0.79
1.6
2 ~ 0
2.5
3.3
1.6

12.7

1.2
0.52
1.7
1.7
2.1

2.4
2.8

11.4

0.58
0.56
0.90
1.9
1.2
4.8
0

9.9

1.1
0.50
1.6
1.9
0.13
3.4
0

8.6

certain than the other spectroscopic factors shown
in the figure. Results for members of four posi-
tive parity bands (—,"[400], —,"[660], —,"[402], and
~'[651]) are not included in Fig. 11 because these
bands are well known" to show signs of strong
4N = 2 mixing (see discussion above) and are not
well fitted in any of five residual nuclides.
Spectroscopic factors for members of these
bands are, however, included in Tables III and
IV. While Fig. 11 and Tables III and IV show
that many transitions are observed to agree
in absolute cross section with Nilsson model predic-
tions, there are obviously many disagreements
as well. The above-mentioned difficulties with
4N=2 mixing, Coriolis coupling, and form fac-
tor normalizations certainly restrict the con-
clusions which can be drawn from comparing
the experimental spectroscopic factors with those
predicted by the Nilsson model calculation. How-
ever, the Coriolis coupling prescription employed
herein is probably reasonable and Rosts estimate"
indicates that the form factor normalization prob-
lems only introduce -30/o extra uncertainty in the
more troublesome cases. So most of the spectro-
scopic factors for the negative parity levels shown
in Fig. 11 and Tables III and IV should probably
agree within &5(Pjg with the Nilsson model expecta-
tions. Many of these spectroscopic factors dis-
agree with the model by a factor of 2 or more, and
either this indicates unexpectedly strong vibration-
quasiparticle mixing, "or it may indicate that
many of these transitions do not proceed as pure
one-step direct transfers.

Spectroscopic factor sums for each l value are
listed in Table VI. These have been compiled on



the assumption that all Nilsson model assignments
listed in Tables III and IV —including those levels
discussed above as showing anomalous or incom-
patible l angular distributions —have been correct-
ly identified. These spectroscopic factox sums
agree well with the model calculations. Even
though the "'Er spectrum is more compressed
than that of '"Dy, more Nilsson bands are iden-
tifiable in '"Dy and so the model calculation for
'"Dy allows a larger summed liIQit 11.

Considerable pickup strength may well be spread
over many vibrationally -coupled states —indeed,
both Tables III and IV show a significant number
of transitions which are not identified as to Nilsson
model configuration, but which contribute to the
experimental spectroscopic sums in Table VI.
This complements the other indications of frag-
mentation of single-particle strength discussed
above.

Overall the spectroscopic factor sums are in
surprisingly good agreement with Nilsson model
expectations. This was also the case for the
12 MeV (d, f) work (on these and neighboring rare-
earth nuclei)' where this agreement, combined
with the lack of complete angular distributions,
seemed to indicate that the DWBA assumptions
and the Nilsson model meshed well to account for
the data. Several of the few available 12 MeV an-
gular distributions [on '"Gd(d, f)'"Gd] did show
deviations from DWBA-predicted shapes"; an at-
tempt was made to construct an RpproximRte eor-
reetion to the DWBA for multistep effects"; and
the Nilsson band "signatures" for the individual
spectra of the nuclei in this mass region' did show
several large discrepancies of the sort shown in
Fig. 11. But the surprising overall spectroscopic
factor agreement (which arises partly from ap-
proximate equRlity of DWBA-px'edicted peak cross
sections and average cross sections for txansitions
whose angular distributions frequently bear little
or no resemblance to DWBA expectations) has ten-
ded to foster a confidence in the simplest DWBA+
Nilsson model analysis that many of the considera-
tions discussed above would not support.

only be fitted with R DWBA calculation which as-
sumes a different E transfer then would be required
if the previously assigned angular momentum
parity of the residual state were correct. Depax'-
ture from a simple one-step direct reaction mech-
anism is particularly suggested by anomalies
which appear in transitions to members of the
—,
' [521] and —,

' [521] bands in both nuclei and to the
—", [505] bandhead in "'Er. Single-quasihole
strength appears to be fragmented in several
cases; this is especially true of E = 0 strength in

Dy. Such fragmentation may indicate mixing
with vibrationally -coupled configurations so that,
fox high $ tx'Rnsitions, multlstep processes cRn be
expected to compete with the intrinsically weak
one-step direct transfers. Since Cotanch and Vin-
cent" have recently developed a method to approxi-
mate CCBA calculations (in a format which may
allow one to test fox' the sensitive features of the
calculation without using excessively large amounts
of computer time), it is hoped that the results of
this investigation will provide a suitable data base
for an investigation of the structure and/or dynam-
icRl conditions undex' %'Illch the one-step DWBA
assumptions Rre applicable.

No evidence is found to indicate the position of
the —,

' '[404] single-guasihole state in either "'Dy
or '"Er. (The transition to the state at 1.843
MeV in "3Dy—which had previously been associa-
ted with this configuration" —shows an 1 = 3 an-
gula. r distribution. )

The spectroscopic factors extracted from the
DWBA analysis of the presently reported angular
distributions are not in very good agreement with
Nilsson model predictions, even for the levels
whose angular distributions are rather well fitted.
These factor of -2 discrepancies cannot be entirely
ascribed to multistep transfer processes because
of uncertainties in the treatment of the deformed
form factor in the DWBA analysis of the data Rnd

sensitivity of the model-predicted spectroscopic
factors to uncertainties in assumed Coriolis cou-
pling strengths and ~= 2 wave function admix-
ture s.
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