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Synopsis

The results of an experimental study of (d,p) and (d,f) reactions with 12 Mev deuterons on
targets of Yb1%8, Ybl70, Ybi"2, Yhi? and Yb'" are reported. A magnetic spectrograph was used
Lo analyze the reaction products with an overall energy resolution of ~0.19,. The observed
populations of the low-lying states in the final odd nuclei are in general agreement with pre-
dictions based on the stripping theory for deformed nuclei, made by the use of the Nilsson wave
functions and single-particle cross sections obtained from a distorted wave Born approximation
calculation.

The relative populations of the various members of a rotational band based on an intrinsic
state are highly characteristic of the state, and change only slightly from one nucleus to another.
This property permils the unambiguous assignment of all the low-lying orbitals, except those
with very weak cross sections, without the necessity of measuring angular distributions.

Many previously unknown levels have been found in the present work, and approximately
fifty of them have been classified in terms of the Nilsson model. In addition, some speculations
concerning vibrational states have been made. The use of the complementary reactions is shown
to be a uvseful technique for determining the hole or particle character of the states. The filling
of the orbitals as a function of mass number is in good agreement with pairing theory predic-
tions, and indicates that the pairing energy parameter, A, is 0.80 - 0.15 Mev.
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1. Introduction

he amount of experimental information concerning the excited states of

deformed odd nuclei has increased considerably in recent years together
with an improvement of the theoretical description of these states. The low-
lying states can be described remarkably well as collective rotations based
on single-particle orbitals in a deformed potential’>?. Some success has also
been obtained in interpreting certain states at higher excitation as collective
vibrations based on the single-particle levels. These collective states can be
considered to be the result of a correlated motion of many particles where,
in the limiting case, the amplitude of each single-particle component is small
compared to the total. However, in actual fact, collective vibrational states
often exhibit properties which indicate that one or two single-particle com-
ponents may constitute appreciable fractions of the total amplitude. In
order to understand the properties of these states, it would be useful to have
a knowledge of the systematics of intrinsic states and the composition of the
collective states in this region.

As a result of the various different modes of excitation the energy spec-
trum of a heavy deformed nucleus can be very complex. For the experimental
study of such spectra, it is advantageous to make use of nuclear reactions
with a high degree of selectivity in the nature of the states populated. Thus,
it is well known that reactions involving the transfer of a single nucleon
between projectile and target are especially suited for the determination of
the various single-particle components of a state which, in principle, can be
determined from the reaction cross sections.

In-the past, (d,t) and (d, p) reactions have been used to study low-lying
levels in several nuclei which have a spherical equilibrium shape?. ¥. The
two reactions serve as complementary spectroscopic tools in that the strip-
ping process favours the population of particle states whereas the pick-up
process favours the population of hole states. A number of deformed nuclei
have also been studied by means of the (d,p) reaction® 6.7 and it has been

1*



4 Nr.2

shown that the probabilities for populating the various members of rota-
tional bands can be predicted quite well, using the stripping theory of
SarcHLER® with the nuclear wave functions of NiLsson! and the intrinsic-
particle cross section given by a distorted wave Born approximation (DWBA)
calculation®. It is not a priori expected that such is the case, since all three
basic parts of the analysis do not have a sound theoretical footing. In the
form wused, the Satchler stripping theory is valid only insofar as the reaction
proceeds by a one step process. For the deformed nuclei, the presence of
a large number of low-lying easily excited rotational levels provides a region
where the two-step process of excitation and stripping may be important.
It will be shown however, in an unambiguous case, that this mechanism is
not of primary importance. The use of Nilsson wave funclions based upon a
harmonic oscillator potential is justified by the success achieved using these
wave functions. More realistic wave functions would be obtained from
calculations in a deformed Woods-Saxon well, but the qualitative features
of the wave functions must be retained, i.e. large components of the wave
function must remain large, small components remain small. DWBA calcu-
lations that have been used to date assume a zero-range interaction and
spherical nuclei. It would be desirable to have coupled channel calculations
that treat finile-range, non-locality and spin-orbit coupling in a deformed
system while utilizing optical model parameters obtained from an extensive
series of experiments and analysis. The complexity of this problem places
it beyond the current range of detailed calculation. It has been shown, how-
ever, that the zero-range calculation provides good cualitative relationships
among the cross sections for different l-values and Q-values, provided re-
asonable optical model parameters are used?. 8. If sufficient information
is available, this feature makes it possible to extract detailed absolute in-
formation once the procedure has been calibrated. This has been done in
the present study. Information was available prior to analysis for several
low-lying intrinsic bands. This information was used in an empirical ana-
lysis of some ol the data from both (d, p) and (d,{) reactions and the resulls
were compared with those obtained with the procedures outlined above,
Cross-checks and consistency between the two methods of analysis together
with consistency in the results obtained from the analysis of all the data
show that the procedures are reliable. We can therefore state that despite
the theoretical objections that can be raised, the procedures used vyield
meaninglful identifications and spectroscopic factors. In the discussion
to follow, it is therefore tacitly assumed that use of the Satchler stripping
theory, Nilsson wave functions and representative zero-range DWBA calcu-
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lations is justified and may be utilized as a framework within which to
analyze the data.

The present work is part of an investigation of the energy levels in the
ytterbium nuclei by means of the (d,p) and (d,?!) reactions. The analysis
of the results for the even-even final nuclei will appear as a separate re-
portl®. In order to examine the systematic behaviour of the intrinsic states and
their filling near the Fermi surface it is helpful to carry out experiments on
a series of isotopes. Therefore, targets enriched in each of the stable isotopes
of ylterbium were used. The yiterbium series, where there are seven stable
isotopes (five even-even and two odd), was chosen because there is very
little variation in nuclear deformation!®. Also, the vibrational states in the
heavier ytterbium nuclei are at higher excitation energies than in other rare
earthst?, 12, Thus, it is expected that they will have less interaction with
the low-lying intrinsic states populated by the stripping and pick-up pro-
cesses, making possible the observation of relalively pure single-particle
states over a greater interval of excitation.

2. Theoretical Considerations

From the work of SaTcHLER® it is seen that the differential cross section
for a (d,p) reaction between a target nucleus with spin I; and a final state
with spin Iy can be written

do 2I; + 1

do 20+ 1 IZS#P;(@), (1)
where @i(0) is the single-particle reaction cross section for angular momen-
tum transfer [ at the angle 0. This quantity can be obtained by means of a
distorted wave Born approximation (DWBA) calculation.

The spectroscopic factor, S, is determined by the nuclear structure only,
and is thus independent of angle 0, Q-value, etc. If one uses the Nilsson
wave functions®, the value of S; for a transition to a rotational state in a
deformed nucleus is

S, =303, ©)
where 7

s
0, - gl/ i L+ KT AR LR C 0. (3)
1
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The Cj; values are characteristic of the orbital into which the neutron is
stripped and are related to the Nilsson coefficients aj4 by means of the
Clebsch-Gordon transformation

Cy =§az/1<l%/12l19>, (4)

where the quantities /4, 2, K and £ are the same as those used by Nirsson.
K; and Ky are the spin components parallel to the symmetry axis in the
initial and final nucleus, respectively. 4K is the K value of the orbital into
which the neutron is stripped. {g;|;¢> is the overlap integral for the initial
and final states and is expected to be nearly unity if the nuclear deforma-
tion does not vary greatly. The factor g is equal to 1/2 fEK;,=0o0or Kr =0
but otherwise is equal to unity.

In general, the reaction cross section to a given state can have contribu-
tions from several different I-values. However, for an even-even target
nucleus where j is necessarily equal to Iy the expression simplifies to

do
do 26?1?91- (%)

In this case it is therefore much easier to compare the theoretical and ex-
perimental results, and it is for this reason that the experiments pertaining
to levels in odd nuelei are discussed first. It is then possible to use empirical
values of C?l(pl to make better predictions for the population of states in
even-even nuclei.

The above discussion neglects the partial filling of levels caused by the
pairing force and assumes that U2 = 1, where U2 is the probability that the
state into which the neutron is stripped is empty in the target nucleus.
Therefore, expression (5) should be changed to read

do

= 205 U2 (6)
All the expressions (1)—~(6) are valid also for the (d,f) reaction, provided
an appropriate g, is used and U? is changed to V%, where U2+V2 = 1. The
Cjr coefficients in this case pertain to the state from which the neutron is
removed.
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3. EXperimental Procedure and Results

The 12-Mev deuteron beam used in these experiments was produced by
the Niels Bohr Institute Tandem Accelerator. The reaction products were
analyzed in a single gap, broad range, magnetic spectrographl®. Targets
of Yb, isotopically enriched in the desired mass number, were prepared by
vacuum evaporation onto carbon backings from a tantalum crucible heated
by electron bombardment'¥. The enriched samples were obtained in the
form of Yb203 from the Stable Isotopes Division of the Oak Ridge National
Laboratory and the isotopic compositions estimated by the supplier are
shown in Table 1. Before evaporation, the oxides were reduced by lanthanum
to ytterbium metal. The target thickness was between 50 ug/cm? and 150
pglcm?. The Yh168 target was not prepared in the above manner, because
of the low natural abundance of this isotope (0.2 9/y). For this target, a
sample enriched to ~109/p Yb!$8, obtained from Oak Ridge, was subjected
to further enrichment in the University of Aarhus isotope separator, and
simultaneously deposited on a carbon backing by the technique developed
by SkiLereip!®. The final enrichment is estimated to be ~99 9/; and the
thickness was ~40 ug/cm?2.

The beam defining slits and the entrance aperture of the spectrograph
were set fo give an energy resolution of approximately 0.1 ¢/;,. The solid
angle of the spectrograph varies slightly with plate position and this de-
pendence was determined by placing a ThB alpha source in the target
position and, using different magnetic field strengths, making short exposures
of known duration at various positions on the plate. The mean value of
the solid angle was ~5x10~% steradians for the slit settings used in these
experiments.

TasLe 1. Isotopic Composition of the Yb Targets.

Target Isotopic Abundance

Mass 168 170 l 171 172 173 174 176
168 = 99 — — — _ — —
170 <01 85.4 5.42 3.66 1.93 2.86 0.75
171 < 0.02 0.27 95.96 2.03 0.63 0.91 0.20
172 < 0.01 0.05 0.75 97.15 1.01 0.87 0.19
173 < 0.05 0.05 0.44 2.33 92.6 43 0.38
174 < 0.01 0.02 0.08 0.20 0.52 98.97 0.22
176 < 0.01 0.03 0.16 0.29 0.29 1.45 97.77
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With a deuteron energy af 12 Mev and the mass differences encountered
in this region of the periodic table, the ground-state triton group always
had a greater magnetic rigidity than the elastic deuterons. The excitation
energy in the triton spectrum, at which the elastic deuteron peak appeared,
increased from ~1 Mev with a Yb'%8 target to ~3 Mev with a Yb'7 target.
The magnetic rigidity of the ground state proton group was always less than
that of the elastic deuterons and therefore these groups appeared at an
excitation of several Mev in the inelastic deuteron spectrum. For these
experiments, an absorbing foil of aluminium, 27 mg/cm? thick, was placed
over the region of the photographic plates where the deuterons were ex-
pected, in order to prevent trilons from appearing in the deuteron spectra.
Aluminium foils from 100 mg/cm? to 154 mg/cm? thick were placed
over the plates where the protons were expected in order to stop deu-
terons, tritons and alpha particles. These foils also served the purpose
of reducing the proton energy such that the desired proton tracks were
denser and thus easier to count. No absorbing foil was used over the plates
where the triton groups were expected. The plate-holder was loaded with
five photographic plates, 20.3 cm longx5.1 cm wide, placed end to end. The
plates were manufactured by Ilford and had a Type K2 emulsion with a
thickness of 25 microns. In this manner it was possible to record simul-
taneously the proton, triton and inelastic deuteron spectra from a target,
although in practice some information from at least one of these spectra
was often lost due to the cracks where the plates were joined.

Beam currents from 100 nA to 600 nA were used and the total charge
for each exposure was measured with a Faraday cup and current integrator.
In the analysis of the data, peak intensities were determined relative to the
intensity of the elastic deuteron peak. However, on the long exposures
required, the track density in the elastic pecak was so great that counting
was impossible. Therefore, a short exposure, planned to give a reasonable
number of tracks in the elastic peak, was made immediately before andjor
after the long exposure. The relative intensities of the short and long ex-
posures were determined from the charges measured by the beam current
integrator.

In order to convert these relative intensities into absolute cross sections
for the proton and triton groups, separate experiments were performed to
measure the absolute cross section for elastic deuteron scattering. Two
separate approaches were tried. In one case, an Yb target was placed in a
scattering chamber where a solid-state counter was used as a detector. The
angular distribution of the elastic peak was measured for 12 Mev deuterons.
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Figure 1. Triton spectrum for the reaclion Yh!8(d,f) Ybi6? at § = 85°.

(85020

If one assumes that the cross section for small angle scattering approaches
the Rutherford cross section, these data can be normalized to absolute
values without a knowledge of target thickness, detector solid angle, etc.
For the second method, the same experimental arrangement was used and
the relative intensities of clastic deuterons were measured at several angles
for beam energies of 5 Mev and 12 Mev. By assuming that the 5 Mev elastic
scaltering cross section is equal to the Rutherford cross section, the absolute
value for the 12 Mev elastic scatfering cross section is obtained. The two
methods gave results which agreed within 109/, and the estimated uncer-
tainty in the results is ~15 9/p. This procedure was carried oul for targets
of several different Yb isotopes, but any differences in the elastic scattering
cross sections for the different masses were smaller than the experimental
uncertainties. Therefore, in the analysis of the data, the same elastic scat-
tering cross section was assumed for all masses of ytterbium. The values
used were 460 mb/sr, 60 mb/sr and 13 mb/st for scattering angles of 60°,
90° and 125°, respectively. No attempt has been made to measure angular
distributions of the reaction products. For most reactions, spectra have
been obtained at two, and sometimes three, of the angles stated above, in
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TaBLE 2. Levels Populated in YDb167,

Ener- Eig; Ni . dajdQ (d,0)*

gy Known ilsson Assignment

Energy f =56°|18 =60°|0 =85°|8 =90°|0 = 125°
0 0 5/2 5/2-[523] 9 ~ 5 13

30 5 ~ 4 ~ 3

59 15 17 34 28

79 7/2 5/2 —[523] ~ 2 ~ 3 7

187 9/2 5/2 —[523]+3/2 3/2-[521] 49 45 90 96 78
212 1/2 1/2-1[521]? 42 52 62 55 40
258 12 10 12 19

277 4 6 12

316 7/2 3/2—[521] 50 64 98 124 89
408 9/2 3/2-[521]+7/2 1/2—[521] ? ~ 7 12 ~ 22
477 2

545 ~ 4

566 ~ 40 44 89 32

601 ~ 4

614 ~ 26 30 [~ 60 62

660 9 10

692 ~ 4

752 ~ 22 21 52 47

801 ~ 2

835 5 ~8 [~ 10

966 24 [~ 33 28

* Due to the fact that the areas of the Yb!®® targets were small, greater difficulties were
encountered in normalizing intensities to the elastic scattering cross sections. Hence the un-
certainties on relative values from diffecrent angles can be as great as 209/, as compared with
109/, for the other Yb targets.

order to help isolate impurity peaks by means of their different kinematic
shift of energy with angle.

The photographic plates’ were scanned by counting the tracks in strips,
1/, mm wide, using microscopes with specially consiructed stages. For the
determination of energies the peak posilions were defined to be the positions
of one-third maximum height on the high energy sides of the peaks. The
calculation of oulput energies and Q-values was performed on a GIER
digital computer. Energy calibration of the spectrograph was carried out
using the 6.0498 Mev and 8.7864 Mev alpha particle groups from an active
deposit of ThB placed in the target posilion.

The proton and triton spectra obtained for the different targets at 6§ = 90°
are shown in Figures 1-10. For the case of the Yb68 target, the speclra from
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Figure 2, Triton spectrum for the reaction Yb70(d,f) Yb18® at § = 90°,

an experiment at 0 = 85° are shown, because the reaction products
from C' in the target backing obscure important regions of the spectra
at 6 = 90°. The excitation energies and cross sections for the various
levels observed are given in Tables 2-7. The energies quoted in the first
column of Tables 2-7 are the averages of the values obtained from the various
exposures. The uncertainties in excitation energies are less than 2 or 3 kev
for low-lying states and less than 5 or 6 kev for states at ~1.5 Mev excita-
tion. The level assignments given in the third columns of these tables are
discussed in the next section.

The cross sections in Tables 2-7 have been corrected for variation of
the solid angle of the spectrograph with radius and for the contributions of
isotopic impurities in the elastic peaks used for normalization. In the course
of this work, a number of exposures have been repeated, and the intensities
of the strong peaks were found to be reproducible to within 10 °/y. In view
of this, and the possible variation in the elastic cross sections with mass,
the uncertainty in relative intensities from different target masses is estimated
to be not greater than ~15 %/y. The absolute intensities are also subject to
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TasLE 3. Levels Populated in Yb169,
g8 | Bretb @t 0
a0 . . sr
g %D %D Known Nilsson Assignment
E
QELEI nerey 6 =60°0 =90°0 = 56°|8 = 60°16 =85°
not
0 0 7/2 7/2 +[633] seen | ~ 1
24 24 1/2 1/2 —[521) 162 155 238 |~ 230 | 115
70 71 9/2 7/2 4+ [633] 12 22 {~ 13 14
84 87 3/2 1/2 —[521] 8
0 63 13k
98 100 5/2 1/2—]521] 3 26 ¢ 49
157 11/2 7/2 +[633] ~17?
192 191.5 5/2 5/2 - [512] Size* 8 4
244 244 7/2 1/2 —[521] 32 48 99 72
265 9/2 1/2-[521] 1
6
26 { 13/2 7/2+[633] 46 I 26 300 | Si28* | 228
277 278.5 7/2 5/2—-[512] 65
390 388 9/2 5/2 —[512] 7 7 7
487 488 11/2 1/2 —[521) 3 4
523 522 11/2 5/2—[512] 5 6 4
569 570.5 5/2 5/2—[523] 9 20 5 4
584 5/2 5/2+[642] 11
647 647 7)2 5/2 —[523] ~ 13 ~ 10
53 43
657 3/2 3/2—[521] 69 80 ~ 17
704 9/2 5/2 4-[642] 23 30 9 ~ 6 10
718 5/2 3/2—[521] ~ 12 ~9
747 746 9/2 5/2—[523] 6 [~22 | ~6 9 11
805 7/2 3/2-[621] + K = 1/2 y-vib 56 100 43 42 36
849 3/2 1/2 p-vib ~3 |~ 15 236 178 145
871 11/2 52— [523] 8 31
877 13/2 5/2+ [642] ~0 | ~6 | ~4
911 5/2 1/2 y-vib 70 47 49
925 9/2 3/2-[521]? 6 22
959 76 48 37
996 7/2 1/2 p-vib 21 Si28# 19
1030 55 110 19
1064 6 17 |~ 18 |~ 14
1074 8 ~8 [~ 14
1106 54 105 44 23
1134 8 8

(continued)
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TasLE 3 (continued).

”g\ Previ- E‘Z d,t i da d, #b
%% gn Igrl:;gn Nilsson Assignment d“Q( ) st an @) sr
ZEH| Brew 6 = 60°]9 = 90°|0 = 56°]6 — 60°]6 = 85°

1170 ~ 6 11

1182 ~ 2 10

1198 ~ 6 21 9

1225 11 13 14

1285 ~9 | 173 | 120

1317 18 |~ 20 18

1351 ~ 14 171 111

1395 ~ 7 20 68 58
~ 1421 5 ~ 4 7

1459 16 |~ 61 29

1473 ~ 40 23

1526 73 46

1553 ~ 88 56

1567 ~ 21

1607 ~ 50

1640 238

1688 334

1733 ~ 61

1767 ~ 150

* This section of the plate was obscured by reactions from the element indicated.

the error in the determination of the elastic scattering cross section and thus
may have an error as large as 20-25 %/,. The smaller peaks have larger
errors, not only because of poorer statistics (in these experiments, a total
count of 100 tracks usually corresponds to about 10-20 microbarns per
steradian), but also because of the danger of an impurity peak being included
in the count. In the present work, isotopic impurities are not a serious pro-
blem in this respect because the spectra of all the stable species of Yb have
been measured. Thus, where necessary, the contribution to a spectrum
from this source can be easily subtracted. The C13 in the carbon of the larget
backings often resulted in ““peaks’ in the specira, as can be seen in several
of the figures. The protons and fritons from this impurity are also easy to
identify because they always occur at the same energy and the “‘peaks”
are broader. The extra broadness is due to the fact that the energy of out-
coming particles has a greater variation with angle for a light target nucleus
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than for a heavy one. As the slit at the entrance to the magnetic field region
of the spectrograph usually subtended an angle of several degrees at the
target, an appreciable energy spread can result for a light target nucleus. It
should also be noted that another difficulty arises with the data in Tables
2-7. It often happens that peaks are found in the (d,f) and (d, p) spectra
corresponding to the same excitation energy within the uncertainty of the
measurements. However, due to the high density of levels, there is a pos-
sibility that more than one level is present. Thus, although both (d, p) and
(d,t) cross sections may be quoted for such a level, it may be that they
correspond to two different ““unresolved’ states.

The ground-state Q-values for the reactions studied are given in Table 8.
For completeness, the data from odd targets have also been included.
Columns 4 and 5 show the neutron separation energies calculated from the
(d,t) and (d,p) Q-values and the last column shows the neutron separation
energies obtained from the tables of Marravucu et al.l®. The uncertainty on
the present Q-value measurements is of the order of 12 kev.

4. Interpretation of the Spectra

The predicted intensity for the various states in a rotational band based
on a Nilsson state can be calculated from expression (6). As the quantities
U? and V2 are not well known initially, it is not easy to predict accurately
the absolute cross sections for levels near the ground state. However, since
the value of V2 is the same for all members in a rotational band, the relative
intensities of the states within the band are preserved.

Representative values of the quantity ¢; are shown in Figure 11, plotted
in a manner which shows the dependence on [ and the Q-value. These
values have heen obtained from a DWBA calculation of SatcHLER'™ who
has used reasonable values of the optical-model parameters*). There is
evidence® that the angular distributions and absolute values calculated for
the (d,p) process agree with experiment, but no such tests of the (d,t)
calculations have been made. Table 9 shows the predicted differential
(d,t) cross sections for some of the Nilsson orbitals found in this mass

* Optical-model parameters used in the calculations were as follows:
v w o a Iy a w

r
c

(d,p) Deuteron potential 86 1.15 0.87 1.37 0.7 12 1.25

Proton potential 55 1.25  0.65 1.25  0.47 15 1.25

1.3

1.4

(d,?) Deuteron potential 103 0 1.15 0.81 1.34 0.68 52
Triton potential 100 14 1.07 0.854 1.7 0.73 0
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Figure 3. Proton spectrum for the reaction Yb88(d,p)Ybl® at 0 = 85°.

Le5027

region. These values were calculated using expression (6) with 6 = 90°,
Q = 0, V2= 1. The C}, were calculated from Nilsson’s wave functions!:®
for a deformation of # = 6, and the ¢; were obtained from Figure 11. The
dependence of g, on the [-value for the (d, p) reaction is similar to that for
the (d,?) reaction so the ratios of intensities within a band are not widely
different in the two processes. (This is not true, of course, when the target
nucleus is odd, where the simplified expression (6) is not valid.)

In the spectra of Figures 1-10 it is seen that many of the states corre-
sponding to the observed proton and triton groups have been classified in
terms of the Nilsson model. All the reasons for the choice of each assignment
will not be discussed in detail. The decisions have been based largely on
the fact that each Nilsson orbital has a characteristic distribution of intensity
amongst the various members of its rotational band and that this distribu-
tion is similar for all nuclei. Other properties of the bands, such as moments
of inertia, decoupling parameter (for K = 1/2 bands), systematics of ex-
citation energy with neutron number, ctc. were also considered. In the case
of orbitals which originate from shell-model states of relatively small angular
momenta, the members of the band with low spin values tend to have large
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TABLE 4. Levels Populated in Ybl1?L,

/'?: Previ- do 4,1 pb | do d, ub
%E" ga Igrlxlsgn Nilsson Assignment a8 @0 aQ P
4 g £ | Energy ]
<ZH 0 = 60°(0 = 90°|6 = 60°|6 = 90°

0 0 1/2 12— [521] 480 | 340 | 167 638

66.73 3/2 1/2-[521] )

2 { 75.88 5/2 1/2 — [521] } 95| 82 ] 42 34
121 | 1224 5/2 5/2—[512] 43 |~ 14 |~7.4
168 | 167.6 9/2 7/2+[633] 28| 38 12 | 10.3
208 | 208.0 7/2 52 —[512] 115 127 | 208 | 160
230 | 2305 7/2 1/2—[521] 110

~ 250 | 247 9/2 1/2—[521] } 1031 44 } 66 } 5

318 | 317.3 9/2 5/2—[512] + Yb17 44 |~ 6% |~ gr¥

369 13/2 7/2+[633] 18| 48 11 25

449 11/2 5/2 - [512] 28 | ~8 |~ 4.8

486 11/2 1/2—[521] 4.6 | ~ 25 ~53

838 | 835.0 712 7/2—[514] + 2 14| 22 51 38
~ 867 | 862

876 } 61 5| -4

902 3/2 3/2-[521]* 104 | 117

906 21 [~ 12

945 | 948.3 9/2 7/2—[514] +1/2 1/2 —[510]* 44 50

971 .

087 ~ 42| 72

995 3/2 1/2-[510]* 208 | 198

1026 ) 32 [~ 34
1028 }~ 46| 62

1052 5/2 1/2—[510]* 71 86

1079 7/2 3/2—[521]* ~ 46| 78 18 26
~ 1113 ~4 | ~5

1118 ~17| 36

1144 7/2 1/2—[510]* 30 31

1188 ~ 8| 14

1204 8 21
~ 1244 1

1254 9/2 1/2—[510}* ~ 6 9

1280 11

1290 ~ 81 |~ 21
~ 1300 ~ 6

1320 15

1328 144 93

1348 ~41{ 72

(continued)
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TaBLE 4 (continued).

'/g Previ- da wb | do d pb
g’;fa% o] Igusly Nilsson Assignment a0 @9 sro| de @.p sr
S nown
EEg | Fnerey 6~ 60°|6 = 90°/0 = 60°[6 = 90°
~ 1356 ~ 28 [~ 28

1387 ~ 4

1395 208 141

1402 ~ 5

1432 20 |~ 36 |~ 29

1460 27

1486 28 250 1756

1518 72 125

1524 75 45

1559 ~ 2

1588 ~ 23 32

1599 8

1627 292 141

1638 20

1662 19

1671 358 174

1715 5

1730 210

1765 : 68

1771 32

* These states are thought to be y-vibrations which contain large fractions of the single-
particle states indicated. See text.
** After subtraction of ~ 6 ub/sr due to isotopic impurity in the target.

values of CJZ.Z and thus strong cross sections. In these cases it is easy to make
an unambiguous assignment of the observed peaks. However, orbitals
originating from shell-model states of high angular momentum tend to have
large values of C3, for the high spin states only. As the cross section decreases
rapidly with increasing [-value, the net result is that the total population of
such bands is more than an order of magnitude weaker than for the strongest
ones. This situation is found in the present work for some of the Nilsson
orbitals which come from the i13/2 shell-model state. In addition, these bands
usually have only about two states for which C?L is not vanishingly small,
and hence only two members of the band are populated strongly enough
to be observed. This makes the identification less certain than when several
members are populated, especially if one of the two weak peaks is obscured
by stronger groups.
Mat.Fys. Medd. Dan. Vid.Selsk. 35, no. 2. 2
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Figure 4. Triton spectrum for the reaction Yh''2(d,t)Yb™ at § = 90°

Level schemes for the Yb67, Yb18%, Yh17 Ybl? and Ybl? are given in
Figures 12-16 where the assigned states are separated into rotational bands.
No level scheme is given for Yb'77 as the results are essentially the same as
those of VEreNEs and SHELINES. The excitation energy of the band head of
each Nilsson state is shown plotted against the neutron number in Figure 17.
Points plotted at negative energies in this diagram indicate that the orbital
is a hole state, as determined from relative (d,p) and (d,t) cross sections
and systematics.

In view of the similarity of the spectrum of a given band in one nucleus
to that of the same band in the other nuclei, it seems reasonable to consider
one orbital at a time, discussing ils properties in the different isotopes. The
bands which have the largest cross sections will be considered first.

A — The 1/2—[521]* Orbital

This orbital is known to be the ground state of Yh'?! and it has a charac-
teristic level spacing due to its decoupling parameter a ~ 0.87%%, It occurs
at an excitation energy of 24 kev in Yb!%® and a similar level spacing is

* The notation used here is Kn[Nnz/]. When a particular member in a rotational band is
referred to, the quantum numbers used are IKn[NnzA].

** For previously known levels, see references 18-20.
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TasLE 5. Levels Populated in Yb173,

) Previ- do dt pb | do d, ub
%E" E’,, Igr‘:sgn Nilsson Assignment V% | @B s
L O O
ZBg | Brerey 6 - 60°|6 — 90°{6 = 90°[6 = 125°

0 0 5/2 5/2—[512] 19 | 20 8| ~2
79 78.7 7/2 5/2—[512] 440 | 450 | 165 64

179 | 1796 9/2 5/2—[512] ~3 1 7 4

301 11/2 5/2-[519] ~d | 12| ~7 4

398 | 399 1/2 1/2-—[521] 3
~ 410 | 4133 9/2 7/2+[633] }630 S I B
~ 462 3/2 1/24—[?21] 1120 30 9 5

478 5/2 1/2—[521] | 80 | 15

600 13/2 7/2+[633] +? ~25 | 88 | 35 | ~15

620 72 1/2—[521] +2 )

630 | 636 7/2 7/2 - [514] +2 }109 180 11 gy 21

655 9/2 1/2 —[521] ~3 | 12

743 9/2 7/2—[514] ~2 9 | 45 12

875 11/2 12 —[521] 8

890 ~9 4
1031 1/2 1/2 ~[510] ~12 ] o~ 2
1073 3/2 1/2~[510] 11| 19 | 370 | 145
1120 5/2 1/2—[510] 5 | 12 | 190 76
1168 3| 26 | ~4
1221 7/2 1/2 - [510] 93 40
1224 3/2 3/2—[521] 94 | 112
1306 9/2 12— [510] 16 | ~ 15
1324 12 | 12
1340 3/2 3/2—[512] 127 36
1354 7/2 8/2—[521] 60 | 88
1404 5/2 3/2—[512] 5 9.6| 209 78
1440 28 | 58
1445 ~ 15
1496 7/2 3/2-[512] 114 41
1582 17 | 27
1605 9/2 3/2-[512] +2 18 | 22 | ~ 28
1625 17
1665 11 | 430 | 168
1714 5 | 24 | 252 | 130
1735 12 | 112 | ~ 50
1765 ~2 |~25 | 78 | ~ 48
1790 99
1815 14
1855 170
1878 45

A
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Figure 5. Proton spectrum for the reaction Yb7%(d,p)Yb'™ at 0 = 90°,

observed. The first two members of the band have also been found in Yh!?3
where the band head energy is 399 kev2D.

From Table 9 it appears that all states up to a spin of 11/2 should be
populated in the present work. This is seen to be the case in Yb'"l where,
however, the 3/2 and 5/2 states are not resolved from each other and the
peak due to the 9/2 level shows as a shoulder on the side of that due to
the 7/2 state. The level energies are in good agreement with those previously
reported. The 11/2 member had not been observed before, but its energy
fits nicely into the sequence.

A similar intensity pattern is found in Yb16® except that some of the
wealker groups were not seen. The 3/2 and 5/2 states are resolved in the
(d,t) spectrum but the group due to the 9/2 level is hidden by a larger peak.
That of the 11/2 state is obscured by the C!3 ““peak’ in Figure 2, but can be
seen in Figure 3. It is noted that the ground state of Yb!6? is the 7/2 +[633]
orbital. As the 7/2 member of this band has an extremely small value of
C?; it is not seen in this work. Hence, the 1/2 1/2-[521] state at 24 kev
excitation is the first level for which a triton or proton group is actually
seen. For all levels in Yb!%?, energies have been measured relative to the
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TasLE 6. Levels Populated in Yh17%.

g Previ- do d,t ad do d ub
§D§n E‘D KOE(S)gn Nilsson Assignment d“Q( ) sr d‘Q( o sr
o D O
ZEg 5| Everay 6 = 60°/6 = 90°6 — 90°|6 — 125°

0 0 7/2 7/2—[514] 14 13 [~ 15 ~ 3

101 9/2 7/2 —[514] 43 59 |~ 35 15

225 11/2 7/2-[514] ~ 3

260 9/2 9/2 4 [624] 12

511% 1/2 1/2-[510]

516 13/2 9/2 + [624] } 30 50 64 30

552 3/2 1/2 - [510] 120 84 | 390 105

600 5/2 1/2—1510] 43 45 176 56

833 5/2 52— [512] <34 [~26 | ~7 | ~4

694 7/ 1/2 —[510] <12 |~ 11 79 29

723 7/2 5J2 - [512] 540 500 93 29

773 9/2 1/2—[510] +2? ~3 | 22 11

809 3/2 3/2 —[512] 18 14 106 24

837 9/2 5/2-[512] ~ 7

868 5/2 3/2-[512] 48 35 233 82

913 1/2 12— [521] 630 | 400 |~22 | ~7

954 712 3/2 —[512] ~10 | 16 | 115 33
~ 977 11/2 5/2—[512] ~ 12
~ 984 3/2 12— [521] 125 |~ 26
1004 52 172 — [521] 86 | ~ 7
1061 9/2 3/2~[512] +? ~ 8 ~ 8 |~ 20 ~ 3
1088 9/2 7/2+[633] +7 ~ 45 42 |~ 17
1166 772 1/2 - [521] 108 | 108
1196 9/2 1/2—[521] ~5 |~ 14
1300 ~6 |~ 10 ~ 9
1336 13/2 7/2+[633] 1 95 38
1360 J ~ 10 755 215
1420 ~ 8 ~ 8 377 147
1460 11/2 1/2 - [521] +? ~ 5 228 77
1616 3/2 3/2 —[521] 104 90 13
1677 5/2 32— [521] 20 | 22
1745 ~5 ] ~8
1765 7/2 3/2 - [521] 54 71

* Energy estimated from level spacings of other members of this band.
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Figure 6. Triton spectrum for the reaction Yb74(d,f) Yh'?® at 0 = 90°.

1/2 1/2—[521] group and then increased by 24 kev to yield excitation energies
above the ground state.

In Yb'7® and Yb175, all six members of this band are clearly seen in the
(d,t) process. A comparison of the observed relative (d,!) intensities with
predicted values is given in Table 10. For each nucleus, there are two
columns. The left shows the relative cross section at 6 = 90° normalized
to 100 for the 1/2 1/2—[521] state. The right column shows the values of €%
obtained from the relative intensities, using values of ¢, from Figure 11.
The values of C}; given have been normalized such that their sum is equal
to unity. For the case of Yb'6? it was not possible to normalize in this manner
as two of the weak peaks were not seen. In this case, the value of C}, for the
spin 1/2 member was set equal to that of the same state in Yb17,

Values for the decoupling parameter and inertial parameter, h2/23,
obtained from the energy spacings of the levels, are given in Table 11 where
the data for all bands are summarized. The observed dependence of these
quantities on the neutron number for the 1/2—[521] orbital fits quite well
into a plot such as that given by SHELINE et al.?2),
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23
TaBLE 7. Levels Populated in Yb177,
. do nb
Previousl —{(d,p)—
%122ag? Knowny Nilsson Assignment a0 “@n) sr
8y Energy
0 = 90° 0 = 125°
0 0 9,2 9/2+[624] Obscured ~1
111 109 772 7/2 —[514] ~ 2
124 123 ~ 1
222 220 9/2 7/2 —[514] 12 5
268 265 13/2 9/2 + [624] 35 15
306 306 Yb'"* impurity 6 ~ 1
335 333 1/2 1/2—[510] 9
379 379 3/2 1/2—[510] 305 89
424 426 5/2 1/2 —[510] 148 46
530 527 7/2 1/2—1[510] 59 26
615 614 9/2 1/2 —[510] 14 8
708 709 3/2 3/2-[512] 168 51
774 773 5/2 3/2~[512] 218 68
822 ~ 14
867 868 7/2 3/2—[512] 112 33
976 976 9/2 3/2 - [512] 15 9
1050 7
1104 11
1124 5
1173 5
1222 1226 7/2 7/2—[503] 346 121
1362 1365 3/2 3/2—[501] 740 235
1447 1449 5/2 3/2—[501] 172
1496 70
1564 1567 7/2 3/2—-1501] 14

The absolute intensities of the triton and proton groups are dependent
on V2 the probability that the state is filled in the target nucleus. In Figure
18, the (d,p) and (d,t) cross sections for the 1/2 1/2—-[521] state at § = 90°
are shown as a function of target mass. As the absolute cross section is
dependent on the Q-value, the (d,t) data have all been adjusted to the corre-
sponding values for Q = —1.5 Mev with the aid of the Q-value dependence
from Figure 11. Similarly, the (d,p) cross sections have been corrected to
the values they would be for Q = 4.0 Mev. The data are interpreted as
being an indication of the filling of the 1/2—[521] state in the various isotopes.
In the heavier targets, the (d,p) cross section becomes small and the (d,t)
cross section tends to become constant. This means that the state is nearly
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Figure 7. Proton spectrum for the reaction Yb'2(d,p)¥Yhi" at 0 = 90°

filled in these isotopes, as would be expected since it is the ground state of
Ybi? Below mass 171, the cross section for (d,t) becomes small, while
that for (d,p) is large, indicating that the state is nearly empty.

B — The 5/2—[512] Orbital

This orbital originates from a 2f7/2 shell-model state and the 7/2
member is the only one which has a large value of C,. Thus, the 7/2 state
is predicted to be strongly populated while the 5/2, 9/2 and 11/2 levels are
not. This distribution among the four states is seen experimentally by the
(d,p) and (d,{) processes in Yh17 where this orbital appears as the ground
state. Peaks due to all four members of this band can also be seen in the
proton spectra of Yb!'" and Yb'%%, and in the triton spectra of Yb" and
Ybi7, In the remaining spectra some of the weaker peaks are too small
to be observed. Table 12 shows a comparison of the predicted relative in-
tensities and €3, values with those determined experimentally. Figure 18
shows a plot of the (d, p) and (d,?) cross sections for the 7/2 5/2-[512]
state at & = 90° as a function of mass number. The Q-value dependence



Nr. 2 25

Tsnrr 8. Neutron Separation Energies for Yb Nuclei.

Mass Qd, 1) Q(d,p) Sn(A)  Sa(A) Sp(A) from
A A>A-1 A-1-+A from Q(d,?) tfrom Q(d,p) Mass Tables!%)
Mev Mev Mev Mev Mev
168 —2.797 £0.012 — 9.055 + 0.012 — 8.980+1.010
169 — 4.636 + 0.012 — 6.861 - 0.012 6.790 £1.010
170 —2.2114+:0.012 — 8.469 £ 0.012 — 8.550 £1.000
171 —0.359+0.012 4.390 £ 0.012 6.617 4 0.012 6.615 £ 0.012 6.760 + 0.070
172 —1.772 £ 0.012 5.797£0.012 8.030 +0.012 8.022 £ 0.012 8.140 4 0.080
173 —0.114 £ 0.012 4.145 40.012 6.372 +0.012 6.370 £ 0.012 6.480 - 0.060
174 —1.218 £ 0.012 5.239 +0.012 7.476 + 0.012 7.464 £ 0.012 7.440 4 0.070
175 — 3.595 4 0.012 — 5.820 £ 0.012 5.840 +0.080
176 —0.621 £0.012 — 6.879 +0.012 - 6.640 £ 0.080
177 — 3.337£0.012 — 5.562+0.012 5.530 +0.110

has been removed from these values as for the 1/2 1/2—[521] case. It is
seen that this orbital appears to be half-filled at a neutron number two units
greater than for the 1/2—[521] state. This is reasonable as it is the ground
state of Yb'?, which is two units heavier than Ybl7L,

For several cases where the above two orbitals were hole states, idenli-
fication of the weak peaks in the proton spectra was possible only because
the excitation energies of the levels were known from assignments made
on the basis of the triton spectra. This is one of the advantages of using
the two complementary reaction processes in conjunction with each other
for such studies.

C — The 1/2—{510] Orbital

The 1/2—[510] orbital has been found previously® in a study of Ybh1%7
levels by means of the (d,p) reaction. It is characterized by large cross
sections to several members of the band, an inertial parameter of h2/2% =
12.2 kev and a decoupling parameter a = 0.22. This band is also seen in
Figure 10 of the present work. Anomalous rotational bands wilh similar
intensity patterns are also found in the proton spectra of Ybl% and Ybl?
and have been assigned to the 1/2-[510] orbital. The spin 1/2 member of
this band is populated rather weakly and in Yb175 is not resolved from the
larger 13/2 9/2 +[624] peak. Relative intensities and relative values of C5
for the various states observed in this band in Yb'?, Ybl" and Yb'7® are
shown in Table 13, where the theoretical values are included for comparison.
As the 11/2 state was not observed, its value of C% cannot be determined.
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Figure 8. Triton spectrum for the reaction Yb'?¢(d,{) Yb'" at 6 = 90°.

20 92

In Yb' and Yb'%, an upper limit of ~0.15 can be given for the C}; of this
state. From Table 13 it is seen that this quantity is expected to be very small
and thus the values of C% are normalized such that those of the observed
states add to unity. This normalization should not be more than 15 0/,
different from that which would have been obtained if all the members
of the band had been observed.

Although this band would be expected to have an excitation energy
slightly greater than one Mev in Yb!7l, there is no peak in Figure 5 below
two and one-half Mev cxcilation which has a cross section as large as that
expected for the 3/2 1/2—[510] state. The most intense peak in the region
of 1 Mev appears to be the spin 3/2 member of a K = 1/2 band which has
an intensity distribution among the various spin members similar to that
of the 1/2-]510] orbital. However, the absolute intensilies are only about
609/ of what would be expected for this orbital on the basis of the intensities
in Yb17 and Ybl?, after making allowance for the difference in Q-value.
The decoupling parameter is also smaller than in the heavier Yb isolopes
(see Table 11). This behaviour is ascribed to mixing belween the single-
particle states and vibrational states and will be discussed in a later section.
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Figure 9. Proton spectrum for the reaction Ybh74(d,p) Yb'"™ at 6 = 90°.

The relative intensities of states in this band have been included in Table 13
to show how the intensity pattern resembles that of the 1/2—[510] band.

A similar phenomenon appears to take place in the Yb6? spectrum of
Figure 3, except that in this case two bands with relative intensities similar
to those of the 1/2—-[510] orbital are found. The absolute intensities of these
are about 409/ and 459y of that which would be expected for the pure
band. It is clear thal this behaviour is more complicated than that seen for
the same orbital in Yb'%, Yb'"> and Yb'?7 and for the 1/2—[521] and 5/2—
[612] orbitals discussed above. Consequently, the interpretation is more
difficult and less certain. The variation of the cross section of the strongly
populated 3/2 1/2—-[510] stale with target mass is shown in Figure 19. As
this orbital should be the ground state of Yb'?, comparison with Figure 18
shows that the (d,p) cross section into Yb17? is less than that into Ybh17
and Ybl? because the U? is smaller. The weaker bands mentioned above
are also included in this diagram.

The 1/2—[510] orbital provides a sensitive means for assessing the im-
portance of the two-step process of rotational excitation and stripping. The
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Figure 10. Proton spectrum for the reaction Yb%(d,p) Yb'?? at § = 90°.

theoretical spectroscopic factor for the 3/2 member is 40 times that of the
1/2 member for the direct process. With rotational excitation and stripping,
the strong j = 3/2 transition may contribute to formation of the 1/2 state.
An enhancement of the 1/2 cross section by maybe a factor of 3 is obtained
from a qualitative estimate bascd upon the cross section for inelastic deuteron
scattering to the 2+ state. The measured spectroscopic factor for the 1/2
state relative to that of the 3/2 state is only about 3009/ to 509/¢ larger than
theoretically calculated and, in fact, constitutes excellent agreement for a
state with such a small spectroscopic factor. Since we do not observe a
contribution from rofational excitation and stripping in a particularly
favourable reaction where even a small admixture would have easily
observable effects, we conclude that it is reasonable to disregard the process.
A similar conclusion has recently been reached for (d, p) reactions on W
isotopes.?.

D — The 3/2—[512] Orbital

This is another strongly populated band which has been classified® in
Yb'7%, In the present study, similar patterns of sirong peaks have also been
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found in the proton spéctra of Ybl"™ and Yb'? and assigned to this orbital.
The relative intensities at § = 90° and relative values of C% for these three
nuclei are shown in Table 14 where also theoretical values are given. Again
the proton group corresponding to the spin 11/2 state was too weak to be
seen, and thus the values of CJZ-Z are normalized such that the sum for the
observed states is unity.

The discrepancies between experiment and theory are greater for this
orbital than for the ones discussed above. In all cases, the 7/2 and 9/2 states
are more strongly populated relative to the 5/2 slate than was predicted.
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However, in the absence of any other similar band of comparable absolute
intensity, there is no doubt as to the certainty of the assignment.

The strong peaks of both the 1/2—[510] and 3/2—[512] orbitals can also
be seen weakly in the triton spectra of Ybl7 and YDb!7. Needless to say,
many of these peaks would not have been identified if the assignments made
on the basis of the proton spectra had not been available.

E — The 7/2+]633] Orbital

From Table 9 it is seen that only the 9/2 and 13/2 spin members of this
band are expected to be populated strongly enough to be detected in the
present work. This is found to be the case in the nuclei where the orbital
has been observed.

As the excitation energies of several members of this band were previ-
ously known in Yb169, Yh'?l and Yb!%3, identification was no problem in
these nuclei. The assignment of the states in Yb17 at 1088 kev and 1336 kev
to the 9/2 and 13/2 spin members of this band is based mainly on the fact
that these are the only two unexplained hole states with reasonable cross
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sections in the region of excitation energy where this orbital is expected to
be found.

The relative intensities and relative values of Cj, for the 9/2 and 13/2
members of this band, populated in the (d,t) process in Yb!6?, Ybl" and
Yb1!7, are shown in Table 15 where they are compared with predicted
values. Data for Yb!™ are not shown because the triton group due to the
9/2 state is not resolved from the strong 1/2 1/2-[521] group. The agree-
ment with predictions is quite good.

F — The 7/2-][514] Orbital

The position of this orbital was also known previously for Yb1?, Yb175,
Yb17 and Yb17l., As the C% is large only for the spin 9/2 state, which has [ = 5,
there are no strongly populated levels in the band. However, the intensities
of the proton groups in Yb!?3, Yb17 and Yb177, as well as the triton groups
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TaBLE 9. Predicted Cross-Sections for (d,{) Reactions Q = 0 6 = 90° V2 = 1.

Orbital/Spin 1/2 3/2 5/2 712 9/2 | 11/2 13/2
3/2 +[402] - 710 58 27 2 - -
1/2 + [400] 1090 200 94 14 2 - -
9/2 - [514] - - - - 1 88 -

11/2 — [505] - - - - - 90 -
1/2 — [541] 196 250 190 26 25 13 -
1/2 — [530] 11 384 39 153 31 13 -
3/2 —[532] - 69 140 54 51 10 -
1/2 +[660] 10 2.2 45 0.9 94 0.08 28
3/2 +[651] - 0.7 18 1.8 75 0.4 32
3/2 - [521] ~ 188 ~0 342 23 10 -
5/2 + [642] - - 3.6 1.2 49 0.54 35
5/2 — [523] - - 49 50 71 5.4 -
1/2 - [521] 448 44 120 153 24 4.1 -
7/2+[633] - - - 0.3 25 0.62 38
5/2 —1512] - - 6.6 520 13 5.6 -
7/2 —1503] - - - 610 5 1.9 -
7/2 —[514] - - - 28 83 2.6 -
9/2+1624] - - - - 8 0.54 40
1/2 - [510] 18 730 192 125 8 1.3 -
3/2-[512] - 144 420 77 13 0.11 -
32— [501] - 1380 93 50 1 ~ 0 -

in Yb1%, are in agreement with the predicted values and can be considered
to be verifications of the assignments. In Yb1" the spectra are quite compli-
cated in the energy region where this orbital has previously been assigned.
The dala are consistent with this assignment but cannot be considered as a
definite verification.

G — The 9/2+[624] Orbital

Table 9 shows that none of the rotational members in this band should
be strongly populated. Ience, in the present work it can be identified only
in Yb'%7 where it is the ground-state band, and in Yb!75 where it appears
at 260 kev excitation with no other strongly populated states to interfere.
It is not surprising that it cannot be found in Yb!?® because there are many
strong groups which could obscure the weak peaks.

H — The 3/2-[521] Orbital
From Table 9 it is seen that this band should be characterized by
strongly populated 3/2 and 7/2 states with only weak lransitions to the other
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TasrLe 10. (d,t) Population of 1/2—[521] Band.

Relative Intensity 6 = 90° Values of C?l

Spin

Theory | Y8 | Yhi7 | Ybi% | Yh¥ Theory | Ybi6? | Ybin | yhims | ypus
1/2 100 100 100 100 100 0.249 | 0.284*%|0.284 0.300 0.282
3/2 9.3 |~ 52 24 6.3 6.5 0.024 | 0.015* | 0.018** 0.020 0.019
5/2 26 17 17 21 0.182 | 0.135% | 0.142%*| 0.142 0.165
772 31 31 32 27 27 0.231 | 0.264*[0.272 0.243 0.228
9/2 5.0 gbsgltl;id ~ 3 2.5 3.5 0.269 0.185 0.164 0.216

T

11/2 0.7 groups 1.35 1.7 |<1.25 | 0.045 0.097 0.130 [ < 0.090

* Normalized such that Cy?l for the spin 1/2 member is the same as that in Yb17.,

** Assumes that the unresolved triton groups due to the 3/2 and 5/2 spin members have an
intensity ratio of 1:3 similar to that in the other isotopes.

members of the band. It is expected to be a hole state in all the Yb nuclei
studied. The triton spectra of Yb'67 and Ybl6? each have prominent peaks
which fit into bands similar to what is expected for this orbital. In each case
the 3/2 and 7/2 spin members have similar intensities, which are much
larger than those of other members of the band. In each of the spectra of
Yb™, Yb'™ and Yb'% there is a pair of strong triton groups which, due to
their intensity, energy spacing and excitation energy, are probably associated
with the 3/2—[521] orbital. The variation of the absolute (d, t) cross section
of the 7/2 3/2—[521] state as a function of target mass is shown in Figure 19,
The decrease in intensity with increasing mass is attributed to a dilution of
the state with inert components as the excitation energy becomes higher. As
will be seen later, it is expected that this band will be strongly coupled with
the K = 3/2 gamma vibration band based on the 1/2—-[521] orbital, and thus

some variations in its properties from one nucleus to another might be
expected.

I — The 5/2—[523] Orbital

It has been suggested by Jomansen2?® that this orbital appears at an
excitation energy of 570 kev in Yb169, As it originates from the h9/2 shell-
model state, the only level with a large value of Cjzl is the spin 9/2 member
and thus there are no strongly populated states in the band. However, it is
expected that three small peaks of roughly equal intensities corresponding
to the 5/2, 7/2 and 9/2 rotational states should be observed. In the triton
spectrum of Yb1%9, Figure 2, weak peaks can be seen at positions corre-

sponding to the excitation energies reported by Johansen for the 5/2, 7/2
Mat.I'ys.Medd.Dan.Vid.Selsk. 85, no, 2, 3
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and 9/2 levels. The group due to the spin 7/2 member is not completely
resolved from the larger one already assigned to the 3/2 3/2—[521] state.
The weak triton group observed at the position where the spin 11/2 state is
expected is due largely to another state at about the same energy which is
strongly populated in the (d,p) reaction.

The low log ft value for the positron decay of Yb167 (24,25 suggests that
the 5/2—[523] orbital is the ground state of Yb167. If one assumes that the
highest energy triton group in the spectrum of Figure 1 corresponds to the ;
ground state, the level at 80 kev excitation is probably the 7/2 member of
the band, and the group expected for the spin 9/2 state would be obscured
by the strong 3/2 3/2—[521] peak.

J — The 5/2+[642] Orbital

There are three peaks in the triton spectrum of Yb169 corresponding to
excitation energies of 584, 701 and 876 kev which have not yet been discussed.
It is noted that, according to the Nilsson scheme, one expects the 5/2 + [642]
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state to be found close to the 5/2—[523] and 3/2-[521] orbitals which occur
at 570 kev and 657 kev, respectively, in Yb!%®, From a comparison of Tables
3 and 9 it is seen that the three triton groups have reasonable intensities to
be the 5/2, 9/2 and 13/2 spin members of this band—the 7/2 and 11/2 spin
members should be too weakly populated to be seen. This level spacing
results in a rather low value of the inertial parameter A2/2J = 7.3 kev.
However, this is very reasonable for the 5/2 +[642] orbital which is char-
acterized by a large moment of inertia®. On the basis of the present work
alone, it is not possible to distinguish between the 5/2 + [642] and 3/2 +[651]
bands, as Table 9 shows that the predicted intensity patterns are almost
identical, and the moments of inertia are probably similar. The choice made
above is based on the fact that the 5/2 + [642] orbital appears higher in the
Nilsson scheme and is known to be the ground state of Dy®1 which has 95
neutrons.

It has been suggested?® that the 5/2+ [642] orbital appears at an excita-
tion of 30 kev in Yb67, The spectrum of Figure 1 shows a weak group at
this energy, but it seems unlikely that it can be assigned to this orbital due

3*
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to the absence of any triton group corresponding to the spin 9/2 member
of the band. If one assumes a moment of inertia similar to that observed in
Dyl6l or Yb189, the 9/2 state should occur at approximately 140 kev. How-
ever, there are no triton groups observed between energies corresponding
to 79 and 180 kev excitation. Thus, at present there is no good explanation
for the levels at 30 kev and 59 kev in Yh'67. It is also seen that there are
many other unexplained levels in this nucleus. This is perhaps not too
surprising as one expects considerable confusion to arise in this region of
the Nilsson scheme. First, there should be strong interactions between the
pairs of states with the same spin and parity which come from different
shells, but which cannot cross each other, namely 1/2+[660], 1/2+ [400]
and 3/2 + [651], 3/2 + [402]. Also there may be considerable Coriolis coupling
between pairs of the above bands with K-values differing by unity.

K — Vibrational States

It is a typical feature of the spectra shown in Figures 1-10 that the groups
at low excitation energies can be assigned to rotational bands based upon
intrinsic states. The relative and absolute populations of these states are
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consistent with those expected on the basis of the Nilsson model with pairing
effects. However, in each case it is found that the portions of the spectra
corresponding to higher excitations cannot be explained in such a simple
manner. There are many cases where the Nilsson model would predict the
presence of a state which should be strongly populated, but the spectra show
no peaks with greater than half the intensity expected for such states. On
the other hand, the density of states populated is larger than expected, so
that the total differential cross section per Mev of excitation is roughly as
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calculated for the states which the Nilsson model would predict in this
region. It is therefore reasonable to conclude that new modes of excitation
become of significance and that the coupling of the single-particle motion
to these modes gives rise to a considerable mixing so that the intensity ex-
pected for population of a given single-particle state now may be distributed
over several states. In this connection it is worth remembering that several
collective excitations are found at energies in the neighbourhood of 1 Mev.
In the neighbouring even-even nuclei X = 2+, gamma vibrational states
have been identified in a series of inelastic deuteron scattering experimentsi®
which also have given a strong indication for low-lying octupole excitations
in this region.

There is a striking correlation between the energies of the low-lying
gamma vibrations and the before menlioned break-down of the pure single-
particle description. This can be seen in Figure 20 which shows the energy
of the most highly excited single-particle state assigned in the previous sec-
tions and the energies of the K = 2+ gamma-vibrational states in the neigh-
bouring even-even nuclei. Of course it must be expected that the other
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Tasre 11. Inertial Parameters h2/25 and Decoupling Parameters.
Numbers in brackets are decoupling parameters for X = 1/2 Bands.

Orbital/Mass 167 169 171 173 175 177
3/2—[521] 10.5 12.3 14.7 10.8 12.4 -
5/2 + [642] - 7.4 - -~ - -
5/2 ~ [523] ~ 11.3 11.0 - - - -
7/2 +[633] - 8.2 8.4 ~ 7.9 10.3 -
1/2-[521] -~ 11.5 12.0 12.1 13.5 -

, (0.80) (0.85) (0.70) (0.75)
5/2— [512] - 12.3 12.2 11.2 12.8 -
712 - 1514] - - ~11.5 ~ 11.9 11.2 ~12.3
972+ [624] - - - - 10.7 11.0
1/2 —[510] - 13.2 12.4 11.9 11.4 12.2
(0.08) 0.032) | (+0.20) | (+0.20) | (+0.22)
3/2—[512] - - - 12.8 12.0 - | ~ 12.9
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collective modes have a similar effect, but in the Yb nuclei the spacings of
the single-particle states are such that levels connected by large E2-matrix
elements occur separated by approximately the phonon energy (cf. Figure 17).
Under such conditions a strong coupling of the particle motion to the vibra-
tional motion is highly probable.

A qualitative understanding of some of the coupling phenomena and their
significance for the observed stripping and pick-up spectra can be obtained
from simple microscopic pictures of the vibrational state. The vibrational
state in the even-even nucleus is a superposition of various two-quasiparticle
states where the quasiparticles (in the case of the gamma vibration) have
K-values differing by two units (Fig. 22). In a collective state many two-
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TaBLE 12A. (d,t) Population of 5/2-[512] Band.

Relative Intensity 8 = 90° Values of C}
Spin -
Theory | Ybir | yps | yms | Theory | ypm ‘ ypuz | ypus
5/2 1.3 3.4 4.4 5.2 0.01 0.022 0.029 0.037
7/2 100 100 100 100 0.786 0.681 0.696 0.742
9/2 2.4 3.5 2.4 1.4 0.141 0.177 0.124 0.077
11/2 1.0 2.2 2.7 2.4 0.062 0.120 0.150 0.142
TasLe 12B. (d,p) Population of 5/2 ~[512] Band.
Relative Intensity 6 = 90° Values of C?l
Spin
Theory | Ypes f Ypin | Yb1 | Theory I Yhies | Ypin | Ybirs
5/2 1.2 2 ~ 4.6 4.8 0.01 0.015 0.03 0.03
7/2 100 100 100 100 0.786 0.72 0.66 0.61
9/2 2.5 3.5 3.8 4.2 0.14 0.18 0.17 0.18
11/2 1.2 1.8 3.4 ~ 4.2 0.06 0.09 0.14 0.18

quasiparticle states enter, but the major contributions come from quasi-
particles near the Fermi surface. The importance of a given particle combina-
tion can be estimated on the basis of the asymptotic quantum numbers
[Nn,A4].

The E2-matrix element vanishes unless AN = 0 (or =2), An, = 0,
A4 = 2 and 42 = 0. If these selection rules are fulfilled the matrix element
is approximately proportional?” to (n+ A+2) (n —.A) where n = N—n,.
The amplitude of a given two-quasiparlicle state furthermore depends on
the single-particle energies and the U and V factors for the corresponding
states. Figure 21 shows for Yb'"2 the most important amplitudes in the
gamma vibration? involving the neutron orbits of interest in this work.

In the odd nuclei one can attempt to describe the vibrational states as
superpositions of one-quasiparticle and three-quasiparticle states. The three-
quasiparticle states consist of the ground-state particle in the orbit K, and
(one of) the various two-quasiparticle configurations with (K, K = 2) which
make up the even-even gamma vibration. These states normally cannot be
created from an even-nucleus ground state by the addition or subtraction
of one nucleon (Fig. 22) and are therefore not populated by the (d,p) or
(d,t) reactions. The components of the even vibration which involve a
particle in the state — K, play a special role. In the even vibration the state

Mat.Fys.Medd.Dan.Vid.Selsk. 35, no. 2. 4
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TasLe 13. (d,p) Population of 1/2-[510] Band.

Relative Intensities § = 90° Relative Values of CE‘Z**

Spin

Theory | YDb17 | Yhi7 | Yb'% | Y17 | Theory| Yb'? | Yhi78 | Ybi?s | Yhirz
1/2 2.4 | Obscured| 3.3 * 3.0 0.01 - 0.01 — 0.01
3/2 100 100 100 100 100 0.40 0.34 0.31 0.31 0.32
5/2 35 43 51 45 48 0.29 0.31 0.33 0.29 0.32
7/2 25 16 25 20 19 0.19 0.10 0.15 0.12 0.12
9/2 1.36 4.4 4.2 5.5 4.5 0.09 0.24 0.21 0.28 0.23
11/2 0.24 Not Observed 0.01 — - — —

* Obscured by 13/2 9/2 4 [624].

** The values oblained from experimental results have been normalized such that the sum
of C;%l for the observed peaks is equal to unity. The error in normalization due to inabitity to
observe the spin 11/2 states is < 159, in Ybh? and Yhi.

K, could enter if it is connected with states K, +2 by large E2-matrix ele-
ments. In the odd nucleus the same matrix elements will admix the single-
particle states K, + 2 into the vibrational wave function and these components
can be populated by the transfer reactions (Fig. 22). The amplitude of each
component depends on the E2-matrix element connecting the states K, and
K,+2 and the important admixtures can therefore be localized in Figure 21.
Furthermore, as pointed out, the admixtures are expected to be especially
strong when the vibrational energy is close to the single-particie energies of
the states K, 2.

Reference to Figure 21 shows that in the Yb nuclei the 5/2—[523] and
the 3/2—[521] states are expected to be components of the gamma-vibrational
states on the 1/2-[521] state. Similarly, the 1/2—[510] state should be a
component of the K - 2 vibration on the 5/2 -[512] state.

Several of the experimental observations are indicative of effects of the
nature discussed above. The most advantageous place to begin comparison
may be Yb'™. This nucleus has been studied by both the (d,p) and (d.t)
reactions and is furthermore a stable nucleus where additional information
about the collective states can be obtained from (d,d’) experiments. The
vibrations based on the 1/2—[521] ground state have K = 3/2 and 5/2. It
is observed that the lowest band excited in the inelastic scattering experi-
ments coincides in energy, within the experimental error, with the band as-
signed above ashaving a large admixture of the 3/2—[521] orbital. The intensity
in the (d,d’) spectrum to this band at 6 = 125° is distributed on the 3/2,
5/2, 7/2 and 9/2 states in the ratios 5x107%, 8x107%, 2x1074, and 4x10" ¢ ex-

3

pressed relative to the elastic scattering intensity. For the inelastic scattering to
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the 2 + and the 4+, K = 2 gamma-vibrational states in Yb170 the ratios are
3x1073 and 2x10-3. The total intensity in the odd nucleus is thus approxi-
malely 409/q of that in the even nucleus, which is about as expected con-
sidering that only half the strength goes to the K — 2 vibration and one there-
fore would identify the band as this component. On the other hand, the
(d,t) spectrum has a strength to this band which is probably not less than
509/ of that expected for the pure single-particle state (cf. Fig. 19).

The situation is less clear with respect to the K+2 component of the
gamma vibration. The inelastic deuteron spectrum in the neighbourhood of
1 Mev contains several peaks which could belong to this band. However,

4%
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Figure 22. Independent-particle picture of the stripping reaction leading to vibrational states.

the (d,{) intensity to the expected 5/2-[523] admixture is weak, and it has
not been possible of identify this band.

The other low-lying intrinsic state in Yb'"! is the 5/2—|512] orbital. It
is coupled with a strong matrix element to the 1/2—[510] orbilal, which is a
particle state and thus should be seen in the proton spectrum. The previous
discussion on the 1/2-[510] orbital mentioned a group of levels in Yb7
whose intensily pattern resembled that band but whose absolute intensity
was only ~600/y of the expected value for that orbital. It is interesting to
speculate that this might be the K = 1/2 gamma-vibrational band based on
the 5/2—[512] state. It is seen from Table 11 that the decoupling parameter
for this band is much smaller than the value of ~0.2 observed for the 1/2—
[510] orbital in the heavier Yb nuclei. This is consistent with the fact that
K = 1/2 vibralional states usually have small decoupling parameters.

TaBLE 14. (d,p) Population of 3/2—[512] Band.

Relative Inlensity Relative Values of CH*

Spin

Theory Yh173 Ybi7s Y1 Theory | Ybiw Yhts Yb17?
3/2 26.4 61 45 77 0.08 0.11 0.09 0.15
5/2 100 100 100 100 0.64 0.39 0.42 0.41
72 18.9 54 49 51 0.118 0.20 0.20 0.21
9/2 2.9 < 9.5 < 8.5 6.9 0.149 | <030 |<0.29 0.23
1172 0.24 Not observed 0.012 - - -

* The values derived from experimental results are normalized such that the sum of C‘j’%l
for the observed peaks is equal to unity.
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Figure 20 also shows the variation of the excitation energy of the 1/2—
[510] orbital with mass number. It is seen that in Yb1%, Yb'? and Yb1%,
this state does not appear at an energy close to that which would be expected
for the gamma vibralion based on the 5/2-[512] orbital. This is probably
the reason why the 1/2—[510] band appears as a good particle state in these
nuclei. However, as one goes down in mass to Yb'?, the excilation energy
of the 1/2—-[510] orbital approaches that of the gamma vibrations and, as a
result, the mixing becomes appreciable.

On the basis of these arguments, one would expect the behaviour in
Yb189 to be similar to that in Yb17t, This is, in fact, seen to be the case,
excepl that the band ascribed to the vibrational state has an intensity only
~45 %/, of that which would be expected for the pure 1/2-[510] state. It is
also interesting that another band similar in structure to the 1/2-[510]
orbital, but with an intensity ~409/y of that expected for the pure state, is
seen at higher excitation. The lowest band has a small decoupling parameter
(see Table 11) whereas the other has a = 0.12, a value comparable to that
of the pure state in the heavier Yb nuclei.

One further observation which supports this line of reasoning concerns
the results of the Dyl!%? (d,p) Dy'% study by SereLiNe et al.2?) as re-inter-
preted in the light of experiments by ScHurt et al.28), The latter workers
have assigned a K = 1/2 band at excifation energy 570.25 kev to be the
gamma vibration based on the 5/2-[512] orbital. The 3/2 member of this
band is at 605.10 kev. In the (d, p) reaction®®, 3/2 and 5/2 states at 605 and
658 kev, respectively, are populated. Although intensity values were not
given for these proton groups, the relative peak heights in the spectra shown
are comparable with those found at a similar reaction angle for the analogous
band discussed above in the isotone Yb'69. This provides the missing link
which connects the bands assumed to be vibrational states in the present
work with a band in Dy6 assigned as a gamma-vibrational band on the
basis of gamma-ray studies.

In conclusion one can say that the experimental observations are in
agreement with the qualitative arguments given in the introduction to this
section. However, it remains to be seen whether the microscopic theories of
nuclear vibrations presently in use can account for the large single-parlicle
amplitudes determined from the observed intensities of the stripping and
pick-up reactions.
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5. Determination of 4 from the U? and V>

The data shown in Figure 18 have been interpreted above as being an
indication of the filling of the 1/2—-[521] and 5/2—-[512] orbitals as a function
of target mass. If the porlions of the curves where the (d, t) cross sections have
“saturated’’ at maximum values are, as assumed, to correspond to V2 almost
unity, the V2 for these states in the other isotopes can be derived from the
figure. Similarly, estimates of the U? can be obtained from the (d,p) cross
sections. Figure 19 shows, however, that this procedure cannot be applied
to states which become badly mixed before the excitation energy is high
enough to give the state almost pure hole or particle characteristics.

In order to obtain a value of the parameter 4 from these estimates
of the U? and V2, it is useful to consider the standard equations of pairing

theory: S
v E, = [/ 42 + (e - 2)2,

where E, is the quasiparticle energy, ¢ is the single-particle energy without
pairing, and A is the Fermi energy.
Thus, the excitation energy of a quasiparticle level above the ground
state is
E=)A24(e—2)2 |42+ (e0— 2)2 = |/ A2+ (e = 2)? — Fo,

where g refers to the ground state. As g~ 4 << A the value of Ep should be
approximately equal to 4.
If one combines the above equation with the usual expression for V2,

ve - 1jof1 - —2=* )
YA (e Ay

TaBLE 15. (d,?) Population of 7/2+[633] Band.

Relative Intensity 6 = 90° Relative Values of C?l*
Spin
Theory | Yhise I Ybint l Yhirs Theory | Ybé® Yhin Yhiw
7/2 1.2 Not seen 0.001 - - -
9/2 83 ~ 100 | 79 | 110 0.07 0.08 0.07 0.09
11/2 1.8 Not seen 0.015 - - -
13/2 100 100 | 100 | 100 0.915 0.92 0.93 0.91

* The values derived from experimental resulls are normalized such that the sum of C]?l
for the observed peaks is equal to unity. The error in normalization due to inability to observe

Lhe spin 7/2 and 11/2 states is less than 109/, in all cases.
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Figure 23. The relationship between the excitation energy of a state and its V2 (or U?). Energies

are taken from odd nuelei and the values of V2 (or U?) were interpolated from values in neigh-

bouring even-even nuclei. Pairing theory suggests that the points should fall on a straight line
with slope A. The line shown in the figure has a slope of 800+ 150 kev.

and eliminates ¢ — A, 1t is found that

A

E= —
2/ V(1 - V?)

Ey.

That is, if one plots the excitation energy versus 1/2x(V3(1—V2))" Y2, the
points should fall on a straight line with slope 4 and intercept — Ep on the
energy axis. Figure 23 shows such a plot for some of the states in the Yb
nuclei. The straight line drawn through the points has a slope of 800 kev.
The value of A thus obtained is 800 + 150 kev, which is in good agreement
with the value of 700 kev derived from the neutron separation energies
in this region. It is also noted that the straight line drawn in Figure 23 passes
through the point (1,0), which means that the intercept on the energy axis is
approximately equal to — 4, as was to be expected.
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6. Comparison of Intensities with Predicted Values

The comparisons of theoretical and experimental relative intensilies
given in Tables 10-15 show that the main features of the stripping and
pick-up processes are described very well by the Nilsson wave functions and
the distorted wave calculations. It 1s noted, however, that there are several
cases where the relative cross section of a particular member of a band may
be consistently too large or too small when compared to the predicted value.
It would be interesting to look for systematic trends in these discrepancies
and to try to find their origin. Also, the above discussion has been mainly
concerned with relative intensities and a detailed comparison of absolute
intensities with predictions has been avoided so far. Of course, in order fo
make an estimate of an absolute intensity, it is also necessary to have a
knowledge of the quantity V2 and, as we have seen, the purity of the state.
From Figure 18, however, it is probably safe to conclude that for the 5/2—
[612] and 1/2-[521] orbitals the value of V2 is nearly unity for the Yh17
and Ybi? targets, respectively. Similarly, other cases can be found where
the V2 (or U2) for a band can be assumed to be close to unity for the (d,t)
(or (d,p)) reaction. For cases selected in this manner, Figure 24 shows the
ratio of experimental to predicted differential cross section at 0 = 90°
plotted as a function of I-value for the (d,f) and (d, p) processes. The solid
lines in this figure connect points which are obtained by geometrical aver-
aging of all the data points for a particular [-value. It is seen that for the
(d.t) case especially, the average values are dependent upon the [-value and
are always greater than unity. The fact that the predictions and experiment
are in hetter agreement for the (d, p) process is probably a reflection of the
fact that the triton potentials are not as well known as the proton potentials
and thus there is more uncertainty in the choice of parameters for the DWBA
calculation.

It is also seen that there is a greal deal of “‘scatter” from the average
values in Figure 24. Apart from experimental inaccuracies there are various
effects which could cause differences between the calculated and the observed
cross sections. Several such effects can be imagined: Inelastic effects in the
reaclion process, a possible dependence on the quantum number j of the
stripped particle, band mixing, and the fact that the Nilsson wave functions
are approximations. The incoming deuteron could excite the nucleus before
the stripping (or pick-up) takes place, and this could give a different dis-
tribution of intensity among the final spin states. The triton or proton re-
sulting from the reaction could also cause similar inelastic effects as it
leaves the nucleus. It is known from the inelastic deuteron spectra obtained
in the present study that, at § = 90°, inelastic scaftering from the first 2 -
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Figure 24. Ratio of experimental Lo theoretical cross sections for states populated by (d.p)
and (d,?) reactions. See text for discussion of discrepancies between experiment and theory.

rotational state in the target nucleus occurs with a probability about 109/,
of that for elastic scattering. Thus, one should expect that not more than a
similar fraction of the intensity of one peak in a band would be redistri-
buted over the other members of the band by such inelastic effects. However,
many of the small peaks where discrepancies arc observed have intensities
from 19/ to 5% of that of the strongest peak in the band. The net result
of this type of inelastic effect would generally be an increase in intensity of
the weakest peaks. Indeed, there does seem to be a slight tendency for the
weakly populated slates to have higher values in Figure 24 than the strongly
populated ones. For the 1/2—[510] band, however, it was seen that rotational
excitation and stripping lead to an overestimate of the cross section for the
1/2 state. It is therefore obvious that other effects must also be present.

In Figure 24, one can also look for indications of a j-dependence in
the stripping process. If such an effect were present, one might expect a
correlation between the directions of the deviations from the average values
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and whether the neutron spin is parallel or antiparallel to the orbital angular
momentum. The spin direction is indicated by a plus or minus sign heside
each point in Figure 24. As points with both signs have random directions
of deviation for any [-value, there appears to be no evidence for strong
j-dependence in these stripping and pick-up reactions. Strong band mixing
between the 1/2-[510] and the 3/2—[512] orbitals has been observed in
the tungsten isotopes®. In_the Yb isotopes, the larger energy differences
between these orbitals reduce the mixing so that there appears to he no
observable Coriolis mixing. The spacings of orbitals with 4K = =1 are
sufficiently large in the Yb isotopes to obviate detailed consideration of Corio-
lis coupling in the analysis of the data. Any other mechanism which pro-
duces band mixing is also expected to depend upon the separation of the
bands. Since the separations vary with nucleus, consistent deviations from
the theoretical values for the C;; are probably not due to band mixing.
The Nilsson wave functions are of course approximations and some
deviations between the experimental and theoretical values of C} are ex-
pected. If the C%, for a slate is large, its relative error should be small. How-
ever, if the C}, is small, a considerable relative error can be expecled because
of greater sensitivity to the choice of parameters in the Nilsson model. Thus,
errors of this nature would be expected to result in larger deviations (of
either sign) from the averages in Figure 21 for states with small C% than
for those with large C%. In Figure 24, the numbers shown beside the data
points show the value of CJ, for that state. It is seen that the states with small
C?l tend to have large deviations from the average and the direction of the
deviation is random. Hence, some of the discrepancies may be due to small
errors in the wave functions used. A favourable opportunity for the study
of such effects might be offered by the 5/2—[512] band where the 5/2 and
7/2 states have the same V2 and [-value. The 5/2 state is expected to be
populated with an intensity only about 19/ of that of the 7/2 state, but
Tables 12A and 12B show that the observed population is usually about
49/y, If the discrepancy were due to inelastic effects, one would expect
approximately the same amount of distortion of the intensity pattern in
each nucleus where the band was observed. Table 12B indicates, however,
that in Yb189 the intensity ratio in this band is only 29/, and thus it is more
likely that the deviation from the theoretical ratio is a nuclear effect. In
this case, it is not unlikely that the theoretical value of Cj could be slightly
in error (and could vary from one nucleus to another) as it is rather sensitive
to the parameters of the Nilsson model. This is seen when one compares the
value of €%, = 0.01 calculated from the Nilsson wave functions!) with that
of €3, = 0.04 calculated from the wave functions for proton states in the
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N = 5 shell by MorTeLsoN and Nivsson?. Although the latter value is
applicable only for proton states, it does show that the small values of C%,
can be rather sensitive to the choice of parameters in the Nilsson model.

This does not mean, however, that in all cases the experimental values
are more accurate than the theoretical ones. A simple test in the case of
K = 1/2 bands is to calculate the decoupling parameter, a, from the re-
lationship

a =3(-D7HI PR
I

This is really a very severe test for the experimental data because the in-
tensities for the invariably weak peaks corresponding to the high-spin states
are weighted much more heavily than those for the low-spin states. For
instance, in the 1/2—[521] band, the spin 11/2 state is populated only about
19/¢ as strongly as the spin 1/2 state, but its contribution in the calculation
of the decoupling parameter is several times greater than that of the spin
1/2 state. When one uses the empirical values of C} from Table 10 in the
above expression, it is found that a = - 0.1, —0.3 and +0.4 in Ybl7,
_ Yb'3 and Yb17, respectively. The corresponding values obtained from
energy level spacings are a = +0.87, +0.70 and + 0.67, respectively, which
are in reasonable agreement with the predicted value of 0.9, oblained from
the theoretical values of C}. Slightly better agreement can be obtained for
the empirical values if correction factors for ¢, for the various [-values
obtained from the curves in Figure 24 are used. This procedure should,
in fact, give more realistic values for C}, than those presented in Tables 10—
15. It has not been applied to the data in these tables because the limited
experimental data available do not yet give a good determination of the
correction factors to be applied to the ¢;. The fact that this procedure still
does not predict acceptable values for the decoupling parameter probably
indicates that some small effects are present which have not been included
in the description of the reaction process.

The above discussion indicates that the small discrepancies observed
between experiment and theory cannot be ascribed to any single cause.
The most likely causes are uncertainties in the calculated values of ¢,
uncertainties in the nuclear wave functions, and higher order effects in the
reaction processes. It is to be remembered, however, that the general agree-
ment between experiment and theory is quite good and is more than ade-
quate to permit unambiguous assignments of bands in cases where mixing
is not serious. As can be seen from Figure 24, the discrepancies are only
appreciable for those cases where the intensity is less than 5-10°9/; of that
of the strongest peaks in the spectrum.
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7. Summary

In the preceding sections it has been seen that the single-nucleon transfer
reactions are very useful for the assignment of levels in deformed nuclei
because the relative intensities to the various rotational members of a band
vield, in effect, the wave function of the intrinsic state. In the present work
this technique has resulted in the classification of many previously unknown
states in terms of the unified model. The combined use of stripping and
pick-up reactions has been very helpful for studying the hole-particle proper-
ties of the levels and for determining the U2 and V?2 factors for various
states in the target nuclei. The distributions of neutron pairs among the
orbitals near the Fermi surface were found to be in good agreement with
pairing theory.

The tentative results concerning the population of vibrational slates
indicate that these reactions could be used for studying the compositions
of such collective states, as each reaction essentially projects out one or two
of the various components. This is a problem which deserves further ex-
amination and the best suitable nuclei for studies in the rare earth region would
probably be the Gd, Dy or Er series. In these nuclei the gamma vibrations
occur at lower excitation energies than in the Yb series and their B(E2)-
values are larger. Under such conditions it is expected that many configura-
tions conftribute to the vibration and therefore the amplitude of any single
component is much reduced in the total vibrational wave function.
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