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Synopsis

Targets prepared from separated isotopes of all the stable ytterbium nuclel have been
bhombarded with 12 MeV deuterons from a tandem Van de Graaff accelerator. The reaction
products were analyzed with a broad range, single-gap, magnetic spectograph with an overall
resolution of 0.1°%/,. In order to study the levels in even nuclei, the triton and proton spectra
trom "1YDb and 17¥Ybh targets and the inelastic deuteron spectra from 168Ybh, 170Y]h, 172Yh, 174Yh,
and 17%Yb targets were recorded. The systemalics of the (d,d") population of vibrational
bands are discussed and utilized for the identification of y- and octupole vibrational levels in
nuclei in which these had not previously been observed. The (d,p) and (d,f) cross sections are
compared with the predictions of stripping theory of deformed nuclei calculated with empirical
values of the single-particle cross sections obtained from experiments on even-even targets.
The populations of ground states are in agreement with these predictions as modified by pairing
theory. The (d, p) and (d,?) populations of several rotational bands show patterns which resemble
those expected for two-quasiparticle states, although in many cases the absolute cross sections
were smaller than predicted for a pure configuration. The stripping and pick-up data for the
vibrational bands offer strong experimental evidence that these states can be considered as
superpositions of two-quasiparticle states. The predicted components are found to bhe present,
but the theoretical amplitude often shows only qualitative agreement with the observed cross
sections. :
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1. Introduction

he energy spectra of deformed even-even nuclei have mostly been studied

in radioactive decay or by Coulomb excitation. These studies have provided
evidence for the occurrence of low-lying quadrupole vibrational states and
some rather scattered information about octupole vibrational states. In
addition, it has been possible to identify certain levels as two-particle states,
but the basis for the assignments has often been scanty and very little is
known about the purity of such configurations.

The microscopic descriptions? of nuclear vibrational motions have made
the distinction between ‘‘collective’” and ‘‘single-particle’” excitations less
sharp. In the simplest approach, a state in an even nucleus is considered
to be a superposition of two-quasiparticle states. The ‘‘single-particle’ excita-
tions have only one such component, whereas the “‘collective’ states are
characterized by the presence of many components, each with a small
amplitude. However, it is to be expected that states with structure interme-
diate to those mentioned can occur.

The microscopic treatment of nuclear states is an excellent guide for the
interpretation of the results of single-partlicle transfer reactions and, conver-
sely, the experimental cross sections for such reactions are measures of the
amplitudes for certain configurations. Thus, the measurements can be com-
pared directly to theoretical predictions.

It should be stressed that, for even-even final nuclei, only amplitudes
involving the odd target ground-state particle can be measured by single-
particle transfer reactions. Furthermore, only fairly large amplitudes can be
observed by transfer processes. IEven if the experimental spectrum is clean
and well resolved so that small cross sections can be detected, there will
always be considerable uncertainties about other mechanisms which could
result in such intensities. This is in contrast to the situation for several types
of decay processes in which rather small admixtures often cause appreciable
effects.

1%



4 Nr. 6

Collective vibrational states based on the ground state are most easily
localised by Coulomb excitation or by various inelastic scattering processes.
In many cases, the cross section for such reactions also measures to a good
approximation the reduced electric multipole transition probability between
the ground state and the excited state.

In the present work, the (d,p), (d,f), and (d,d") reactions are used to
investigate the energy levels in the even isotopes of ytterbium. A previous
report® describes the results of similar measurements in the odd ytterbium
isotopes. The present investigations are largely based on the earlier findings,
and it might therefore be appropriate to present a summary of some of the
results for the odd final nuclei.

At lower excitation energies, the cross sections for the neutron transfer
processes were consistent with the nuclear slates representing almost pure
single-particle motion in a deformed well. The cross sections were well
accounted for on the basis of the stripping theory developed by SATcHLER?,
the NirLsson® wave functions, and single-particle cross sections obtained from
a DWBA (Distorted Wave Born Approximation) calculation®. The absolute
cross sections for the low-lying states clearly showed the effects of a partial
filling of the states near the Fermi surface in the target nuclei. These results
are in quantitative agreement with the predictions of the pairing theory.

At higher excitation energies, there were several indications of a consider-
able mixing of states, the most noticeable being the absence of cross sections
as large as those predicted for pure single-particle states. This breakdown
of the single-parlicle description seemed to take place at an energy approxi-
mately corresponding to the quadrupole phonon energy. A related phenome-
non was a considerable spreading of quadrupole vibrational strength. This
was indicated by the absence, in any single band populated by the (d,d’)
process, of a cross section comparable to that found in the even nuclei.

Although many of the low-lying states of deformed odd nuclei are well
described by the Nilsson wave functions, it appears that the odd nuclei of
Yb offer particularly favourable examples of pure single-particle motions.
This is partly related to the fact that, in these nuclei, the collective vibrational
modes are weak and are found at high excitation energies and partly to the
absence of close-lying single-particle levels with K differing by 0 or 1 unit.

The present study of the levels in the even isotopes of Yb has largely
profited from the knowledge of the single-particle states in the odd isotopes.
Also the general confidence in methods and procedures which have been
subject to an experimental test has been important for the experimental
study of levels in even-even final nuclei, which is more difficult for several



Nr1. 6 5

reasons. The transferred particle can couple with the odd-target particle to
form two different configurations, that is two rotational bands, as compared
to one band for the odd final nucleus. The level density above the energy
gap in an even-even nucleus is thus greater than that near the ground state
in an odd nucleus, which means that better resolution is desirable. There
are additional experimental difficulties because each particle group can
contain conlributions with different [-values. The intensity patterns for
rotational bands populated in a given single-particle transfer process are
characteristic of the intrinsic states on which the bands are based. However,
these patterns are often not as unique as in the case of odd final nueclei
because of the averaging effects introduced by the summation of several
components to form the cross section for each final state. Finally, there is
the practical consideration that only one or two stable odd targets exist for
a given atomic number, a fact which limits the number of single-particle
fransfer processes that can be used to populate states in even-even nuclei.

On the other hand, for the study of the even nuclei, empirical values
of the single-particle cross sections obtained from the studies of odd nuclei
could be used to improve the predictions for the single-particle cross sections.
This method has been widely applied in the present paper. The interpreta-
tion of the inelastic deuteron scattering data is also much simpler for even
than for odd nuclei and has been helpful in locating the collective quadrupole
and octupole vibrations.

2. Theoretical Considerations

SaTcuLER® has given an expression for the cross seclion of the reaction
which transfers a nucleon with angular momentum j to or from a target nucleus
of spin [; to a final state If, where 1; is a member of a rotational band in a
deformed nucleus. It has been found that the populations of many levels
in odd Yb nuclei by (d,p) and (d,{) reactions are well accounted for by
this simple description of the process.

For the even target nuclei, the ellects of pairing were taken into account
simply by multiplying the cross section (do/dQ), predicted by Satchler (cf.
Eq. 1 of ref. 2) by a factor of U? for a (d,p) process and a factor of V2
for a (d,t) process. These factors are in agreement with the intuitive picture
that the cross section for putting a particle into a given state is proportional
to the probability for the state being empty and, correspondingly, the cross

section for removing a particle is proportional to the probability for the state
being full.
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The same factors apply for reactions on odd targets except when the
transferred neutron is in the same Nilsson orbit as the ground-state particle
in the odd target. As an example of this exception, one can consider the
(d,t) reaction leading into the ground state of an even-even nucleus. The
probability of finding the unpaired neutron in the ground-state orbital, »,
of the odd target nucleus is unity, and the cross section for picking up this
neutron is (do/df2),. Following this process there is a condition of no neutrons
in the state ¥ which, however, is not the ground state of the even nucleus,
since the Iatter has only a probability U*(») of state » being empty. Hence, the
cross section (do/d€2) should be multiplied by the factor U2(») whichis the over-
lap of the two cases. Similar reasoning will vield a factor V() in the (d,p)
cross section leading to the ground state of an even-even nucleus. One can
also invoke the principle of detailed balance to show that these are the
appropriate factors to be used for transitions ot the ground states of even-even
nuclei. For example, the cross section for the (d,p) reaction between the
ground states of the even-even nucleus 4 and the odd nucleus A4-1 has a
factor U*(»). The (d, f) reaction between the same two ground states can be
regarded as the inverse reaction and thus should also be proportional to
U%(v). A more formal derivation of these factors is outlined below.

Let us assume that an even-even nucleus has the Bardeen-Cooper-
Schrieffer ground state

v = 0> = TI(U) + V(»)ar(»)at(3)) | 0, (1)
v
where |0 > and [p = 0) represent the vacuum states for particles and quasi-
particles, respectively. Here, v and % represent conjugate nucleons while
a(y) and a*(v) are annihilation and creation operators for particles in the
state ». The quasiparticle annihilation and creation operators «(v) and a*(»)
are related to the operators a(v), a+(¥) by the unitary transformation

1

at(v) = U@@)at(v) — V(v)a(y)
ot (®) = Uw)at(») + V(»)a().

If one starts with an odd target nucleus with one quasiparticle in the state v

(2)

It

at(v)lv = 05

and removes a nucleon from the same state by means of a pick-up reaction,
the result is

a(y) at(»y|v = 0). 4
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Thus, the cross section for performing this process and arriving at the ground
state of the final nucleus is

[<v = 0l a@a() |0 = 0>P(§5); 00| o)

\ ;8

(5)

The cross sections for stripping and pick-up reactions of this type can
be summarized® by the relationships

R R A Ol A C

where the single nucleon with angular momentum j is transferred between two
nuclear states with spins I; and 7. The mass of the nucleus with I, is one
unit greater than that with 7;. The quantity v represents the number of un-
paired nucleons of the type being transferred.

3. Experimental Details and Results

The beam of 12 MeV deuterons for the present experiments was obtained
from the Niels Bohr Institute’s tandem Van de Graall accelerator. The tech-
nique of target preparation and operation of the broad-range magnetic spec-
trograph has been outlined previously®. No attempt has been made to measure
angular distributions of the reaction products, but exposures were made at
two or three different angles for each reaction studied. Triton and proton
spectra from targets of "'Yb and '"*Yb are shown in Figs. 1-4, and Figs.
5—9 show inelastic deuteron spectra. The energies and cross sections for
population of the levels observed are given in Tables 1—5. For a discussion
of the uncertainties involved in these measurements, see ref. 2. The Q-values
for stripping and pick-up processes leading to the ground states of the daugh-
ter nuclei have already been reported®. Proposed level schemes for 168 170
7% 1T 176Yh are shown in Figs. 10—14. The assignments given to the levels
in these diagrams are discussed in the following section.

4. Interpretation of the Data
4.1. Ground State Rotational Bands
The energies of levels in the ground state rotational bands of these nuclei

have been well established up to spin values of eight or ten® 4, In the present
(d,d") experiments, the states up to and including the spin six member are
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TasLE 1. Levels in 98Yb.

Energy do/df2 (ub/sr)
Previous R¥* I,Kn Comments
Val:d, o | @O § =85 | 6=125°
0 0 82600 13000 0,0 +
87.9 87 6300 3090 2.0 2.0+ Ground state
286.9 287 61 69 0.9 4,0 + rotational band
585.7 582 4.3 7.9 0.6 6,0 +
986 981 127 54 2.3 2,2+ y-vibration
1150 3.3 3.1 1.1 0,0+ p-vibration
1174 1167 18 27 0.7 4,2 + y-vibration
1233 1230 32 8.3 3.9 2,0+ B-vibration
1391 1387 6.8 7.7 0.9 4,0 + B-vibration
1433 2.6 3.0 0.9
1475 84 65 1.3 3,7 — Octupole vibration
1547 11 12 0.9
1595 42 35 1.2 3,7 — Octupole vibration
1725 5.1 5.8 0.9
1860 12 8.0 1.5
1969 5.9
1997 3.3
2058 13
2122 16

* In this work, R denotes the ratio of (d,d’) cross section at 6 = 90° to that al 125°, How-
ever, in the case of 188Yh only, the values shown are actually ratios of data at 6 = 85° and
6 = 125°. For all levels except the ground state, this will have a very small effect on R due to
the slow variation of the (d,d") cross seclion with 6.

strongly populated. The syslematics of the relative populations of the ground
state rotational levels In the even rare earth nuclei have been described
earlier'®. It was suggested thal the population of the 4 + states could take
place in part by a direct E4-transition from the ground state. The Yb-nuclei
show particularly low cross sections for the 4 + states, which could indicate
that the population is mainly by multiple excitation. In this connection it
might be significant that the values of the ratio, R, of the 90° yield to the 125°
vield for the Yb-nueclei is less than unity in all cases. In the beginning of the
rare earth region where the 4 + cross sections are large, this ratio is'® 8
approximately 1.20. The 6 + states are also weakly populated in the Yb-
nuclei. Strangely enough, in most cases the 90° cross section is larger than
the 125° cross section.

The cross sections for the population of levels in the ground state rota-
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TaBLE 2. Levels in °Yb.

11

do/df (d,d)

Energy dofdf2 (d,§) ubfsr ubjsr
Prev. R I, Kn Comments
value | (d,t) | (d,d’) |6 = 45°[6 = 60°|0 = 90°|0=125°|f = 90°|0=125°
refs)
0 0 01305 | 222 | 130 48 163000 [13000 | 4.8 | 0,0+
84.3 84 84 | 30 45 30 15 5600 [2700 2.0 | 2,0+ Gr. state rot. hand
277.7| 275 | 278 | 36 60 47 35 37 64 0.6 | 4,0+
573 | 577 ~5 5.6 7.1 500 1.4 |60+
1065 16 25 22 7.1 0,047 F-F*
1138 | 1145 | 31 47 45 20 77 35 2.2 | 2,24 | y-vib.
1221 10 14 6.0 3,2+ | p-vib.
1289 | 1300 8.7| 19 16 8.7 19 12 1.6
1324 | 1330 8.81\ a1 32 21 16 22 0.7 [42+ | »-vb.
1341 4.9|f 16 9.6
1358 3.3] 12 10 6.1
1398 | 1400 | 11 17 19 ~7.5| 54 60 0.9 |3,7— | Oct. vib.
~ 1445 ~3 2.3 52+ | y-vib.
1473 43 66 56 29
1508 2 } 13 ~6 4.4
1529 6.5 15 7.8
1552 } 2 ~:_> 2.5
1564 14 45 35
1586 2.3
1655 47| 14 16 11
1690 ~2 ~2
1757 } 2% 12 12
1774 ~6 27 14
1783 46 53 0.8 {3,7— | Oct. vih,
~ 1789 ~ s ~3
1829 13 25 32 19
1911 ~0.6 4.5
1963 | 1968 1.8 ~3 | ~1.6 0.8 1.6
2000 4.2 24 9.3
2106 5.4 21 14
2115 7.5

* The notation is patterned after that of ref. 20. The letter F indicates the single-particle
state nearest to the Fermi level. The level order is as in Fig. 21 of ref. 2, and the key to Tables
2—-4 is as follows: F—4: 3/2—[521], ' —3: 5/24[642], F—-2: 5/2-[523], F—1: 7/2+{633], F:
1/2-1521], F+1: 5/2—[512], ' +2: 7/2-[514], F+3: 9/2+[624], F+4: 1/2-[510], F+5:

3/2—|512].
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Nr. 6
TasrLE 3. Levels in 2Yb.
: do/df2 (d,) | do/dQ (d,p) | dojd@ (d,d")
Lnergy pbfsr pbjsr [b/sr
R I,Kn Comments
Prev.
value | (d,1) (d,p) |(d,d)| 8=60°|0=90°0=45°|0=90° 6 = 90° |6 = 125°
ref.?,1%)
0 0 0 0 3 ~4 | 106 37 (63000 {13000 4.8 10,0+
79 78 80 79 170 136 34 17 6400 3200 2.0 | 2,0 —I—l Gr. state rot. band
260 260 260 260 110 87 26 20 61 68 0.9 | 4,0+ e ’
540 539 542 543 5 2 8.4 6.4 1.3 6,0+[
1043 | 1045 | 1046 weak 14 ~3 0,0 +)| F-F, (F+1)—(F+1
1119 | 1114 1116 | 1116 44 56 4 ~4 2.2 1.0 ~2.2 | 2,0+
1172 | 1170 1170 230 209 | 285i* 5 3,34+)| F+(F+1)
(1195) ~ HEE
1224 1222 9 ~13 29 26 1.1 [ 3,2~ | Oct. vib.
1263 | 1261 1263 | 1262 39 ~ 35 70 49 22 26 0.9 |43+ | F+(F+1)
1283 26 ~41 4,0+ | F-F, (F+1)—(F+1.
1333 ~6 ~12
1352 1349 | 1355 ~8 ~16 | ~1 ~2 4.9 0.9
1376 | 1374 |~1373 22 ~32 | ~2 53+ | F+(F+1)
(1415) 2
1466 | 1465 1466 | 1465 58 46 | ~2 35 18 2.0 1224+ | y-vib.
1497 ~19 97
1510 | 1507 1508 ~ 8%k 5 ~2 6,3+ | F+(F-+1)
1544 39 60
1549 1550 26 20 3,2+ | p-vib.
1609 | 1607 1604 | 1605 184 167 8 ~3 4.5 3.2 14 |22+ | (F+1)-F
~1634 | 1631 ~2 2.2 3.5
1660 1.0 1.7 0.6 | 4,24 | y-vib
1663 | 1659 1661 154 158 42 20
1702 1699 1702 29 ~ 34 64 33 32+ | (F+1)-F
1708 15 12 1.2 (3,2 -y (Oct. vib.)
1749 | 1752 17560 | 1747 22 ~14 38 32 2.1 1.3
1775 ~8
1803 | 1803 1793 | 1789 19 ~ 30 10 ~6 3.3 42+ | (F+1)-TF
1820 54 53 1.0 | 3,2— | Oct. vib.
1859 |~ 1853 ~2 ~7| ~6 ~3
1886 1893 ~2 ~7 4
1925 1921 16 18 [z 20%**| 12
1967 > 4%*% 12
2008 15 ~12 1,1+ | (F+1)—(F-4)
2032 21 20 1.0 {3,72— [ Oct. vib.
2046 13 | ~11 2,1+ | (F+1)—(F—4)
2050 7.0 11 0.6
2097 4 2
2109 ~18 20 31+ | (F+1)—(F—-4)
2121 3 6
2179 2173 6 N\ 14 40 5
2193 4 |f 41+ | (F+1)—(F—4)
2228 2218 *oxok 10 | 105 38
2279 24 24
2325 . ~8
2344 } 46 19
2371 144 80

* Intensity not reliable due to presence of peaks from target impurity indicated.

** Approximately 409/, of the intensity quoted is due to **YDb target impurity.
**+* Intensity not reliable due to joint in photographic plates at this point.




TasLE 4. Levels in 74Yb.

13

Prev. do/d2 (d,p) dajdQ (d,d’)
Energy
val;le wbjsr pbfsr R I,Kn Comments
ref.
m,a2,18) | (d,p) | (d,d) |6 =60°18=90°| 0= 90°|0 = 125°
0 0 0| ~061 ~0.7}| 63000 | 13000 { 4.8 | 0,0+
76.5 77 79 62 29 5400 3300 [ 1.7 | 2,0+ Gr. state rot. band
252 251 252 38 20 71 108 | 0.7 | 4,0+
527 523 5.7 3119 | 6,0+
1316 <2 2,2 — Oct. vib.
1348 14
1380 45 30| 1.2 ] 3,2— Oct. vib.
~ 1520 1509 17 (6,6+) ] (F+2)+(F+1))
1559 11 5,2 — Oct. vib.
1630 1629 73 44 38 29 | 1.4 | 2,2+ | y-vib.
6,2 — QOct. vib.
1667 24 18 (7,6 +)| (F+2)+(F+1))
1696 16 19| 0.8
1702 99 67 3,24 | p-vib.
~ 1723 ~12 ~12
1760 2
1778 15 121 0.8
1799 1801 56 35 14 151 0.9 | 4,2+ | y-vib.
1841 ~ 30% ~8
1846 55 551 1.0 | 3,2~ | Oct. vib.
1876 ~15 ~15
1926 ~10 24 5,24 | y-vib.
1947 ~15 35
2039 ~19 10
2080 79 51
2101 ~ 40 14
2150 ~ 40 58
2189 | 2178 79 51 9 10 2,2+ F+1)—(F+4)
2213 19 -
2237 | 2230 | 144 78 2 3,2+ (F+1)—(F+4)
2284 144 95 3,3+ (F+1)+(EF+4)
2333 110 69 4,2+ (F+1)—(F+4)
2370 100 67 4,3+ (F+1)+ (7 +4)
2407 ~ 40 11
2450 ~ 80 47
2482 26 5,3 + (F+1)+(F+4)

* Contains impurities?
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TaBLE 5. Levels in '7Yb.

Energy % (d.dVub/sr
- R I,Kn Comments
Previous | =\ oy | 60— 000 |0 < 125°
value
0 0 63000 13000 4.8 0,0+ l
2331 2{;3 4322 2;22 éz} iigi Ground state rotational band
564 565 4.4 1.8 2.4 6,0+
1270 1254 57 27 2.2 2,2+ y-vibration
1340 3.2
1429 13 9.3 | (1.4 4,2+ y-vibration
1491 30 19 1.6 (3,2-) Octupole vibration?
1692 8.5 4.7 (1.8)
1767 13 12 1.1
1790 39 50 0.8 3,72 — Octupole vibration

fional bands by means of (d,p) and (d,f) reactions can be calculated from
equations (6) it one knows the quantities Cjz-l @, and U(») or V(»). Empirical
values of these parameters can be obtained from the stripping and piclk-up
reactions on even targets?. Theoretical values could be used, although they
do differ slightly from the experimental ones. For the Yb-nuclei there is good
evidence that several of the single-particle states are quite pure. For such
cases it might be more reasonable to use empirical values of Cg, for pre-
dictions of the cross sections to states in even-even nuclei. This would com-
pensate for some uncertainties in the theoretical wave functions and in the
DWBA calculations. If the states in the odd nuclei are not pure, such a
procedure should of course not be applied.

Table 6 shows some of the experimental values of Chgp, for several
Nilsson states, obtained from (d, p) and (d,t) reactions® at § = 90°. These
data are normalized such that they correspond to Q-values of 4 MeV and
—1.5 MeV for the (d,p) and (d,t) processes, respectively. Predictions for
the intensities of the ground-stale rotational bands have been made by
inserting the values of Chg, from Table 6 into equations (6). Such results
are shown in columns 2, 4, 6 and 8 of Table 7 where the values presented
are (dofd),. The alternate columns of Table 7 show the experimentally
observed values and, thus, the ratios between values in the corresponding
columns should yield the U? or V2 for the particular state in the final nucleus.
The last two columns of Table 8 show estimates of U? and V? ébtained in
this way for the four possible ground-state reactions with the two stable odd
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TasLE 6. Empirical values of C}p;, § = 90° (inicrobarns per steradian).

Spin Chpi(d,p),Q = 4.0 MeV Choy(d,1),Q = —1.5 MeV
j 1/2—[521] | 5/2—[512] | 1/2—[510] | 1/2—[521] | 5/2-[512] | 3/2-[521]
1/2 75 — 4 270 — —
3/2 7 — 124 16 — 140
5/2 29 4 64 50 12 Not obs.
772 40 115 26 92 270 150
9/2 5 4 6 9 7 19
1172 4 Not obs. 5 8 Not obs.

targets. These are to be compared with the corresponding values in the third
and fourth columns; which were obtained from studies of the transfer of
neutrons into and out of the same Nilsson states in experiments with even-even
targets®. It is seen thal there is acceptable agreement between corresponding
values of V2 obtained from the different reactions. However, in both cases
measured, the values of U? obtained from experiments with odd targets are
appreciably lower than the corresponding values from experiments with
even targets. As an example, one can consider the two values for the U? of
the 1/2 —[521] orbital in 7°Yb (cf. Table 8) which have been determined
from the ground-state transitions in the 1*Yb(d, )'°Yb and the *"°Yh(d, p)
171YDb reaclions. As mentioned in sect. 2, the same factor U? must apply to
both reactions because of the principle of detailed balance. Although the
(d,p) and (d,t) reactions are not exactly inverse, the use of the empirical
values of C% ¢, in the cross section comparisons should ensure guite close
agreement between the reduction factors UZ, and the observed discrepancy
of more than a factor of two is therefore surprising. It should, however,
be remembered that the ground-state Q-values for the (d,?) reactions on
odd targets are approximately 1.5 MeV higher than those on even targets.
The predicted experimental cross sections therefore depend on the Q-de-
pendence obtained from the DWBA calculations (Fig. 11 of ref. 2). More
complete calculations with improved triton potentials?® give a Q-dependence
less steep than the one used here. An estimate shows that the values for U?
in Table 8 obtained from odd targets consequently should be increased by
approximately 25 %/,. This correction is, however, not sufficient to remove
the diserepancy with the values obtained from even targets, and the origin
of this discrepancy is therefore still unknown. In order to be consistent with

the earlier work, no correction has been applied to the values in Tables 7
and 8.
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4.2. Quadrupole y-vibrations

The K = 2 quadrupole vibrational states in deformed rare earth nuclei
have been the subject of many investigations. There are good theoretical
predictions of the observed systematics of excitation energies and transition
probabilities to the ground states!” 18, Due to the nature of the states near
the Fermi surface in the ytterbium region, the y-vibrations occur at rather
high excitation energies and the B(E2) values connecting them with the ground
states are small'”. As a resull, most of these states were not observed in a
recent survey of vibrational states in rare earth nuclei by means of the
Coulomb excitation process!®). The energies of the p-vibrational states in
168YDh, 170Yb, 172Yb, and 7¢Yb were previously known?® 1% 11) although there
has been some uncertainty concerning the assignment of the 1.468 MeV
state in 1"2Yb as a y-vibrational state2®),

It has been shown that the collective vibrational states in the even nuclei
of samarium and gadolinium were strongly excited by the (d,d") process.
The quadrupole excitations could with reasonable certainty be identified on
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TasLe 7. Comparison of ground state rotational band populations with
predictions 6 = 90°.

Transfer of 1/2 —[521] neutron Transfer of 5/2—[512] neutron

1T1YD (d,f) YOYh ' VYD (d,p) 2YD | Yh (d,f) “*Yb | 1%Yb (d,p) Vb

Spin Predicted Exp. |Predicted Exp. |Predicted Exp. |Predicted Exp.

do do do de do do do do
wl, | @ |\a),| @ |\w),| @ |\w),| =

4] 520 130 36 36 8.5 4 0.8 0.7

2 118 30 20 16 344 136 45.4 29

4 162 47 27 20 213 87 34.0 20

6 7 5 3 2 10 Not obs. 3.5 Nol obs.

the basis of the ratio of the yields at two angles. Furthermore, the inelastic
scattering cross section at 90° was, within the experimental error, proportional
to the reduced transition probability B(E2).

The inelaslic scattering spectra shown in Figs. 5—9 contain several strong
groups for which the ratio, R, of the 90° yield to that at 125° is in the range
2.0—3.0, which is typical for quadrupole excitations. In each spectrum, one
such group was found which could be ascribed to the K = 2 yp-vibrational
state. The y-vibrational bands seem {o bhe characterized by fairly strong
populations of the 2+ and 4+ states, whereas the 3+ states, which have
unnatural parity, were never observed with certainty.

The above mentioned properties definitely establish the 1468 keV state
in '*Yb as the p-vibrational 2 + state. A similar state was observed at 1630
keV in '7¢Yb.

Some of the properties of the y-vibrational states have been collected in
Table 9. The reduced transition probabilities, B(E2), given there are based

TasLE 8. Experimental values of U? and V2.

From experiments with From experiments with
Nilsson state Grou.nd state even-even largets? odd targets
of isotope

U2 (%) V2o U2 (") Vi (o)
1/2—[521]........... 170Yb 54+ 8§ 44+ 7 26+4 -
1/2—521........... 172Yh 30+ 4 7411 — 86 +13
5/2—[512]........... 12Yh 74411 284 4 40+ 6 —
5/2—[512]........... 174Yh 27+ 4 75 +11 - 62+ 9

2*
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TaBLE 9. Properties of K = 2 + gamma-vibrational states.

Isotope E, . 223 B(E2)3) B(E2)gp0.P
B8Yh . oo 981 13.4 0.15 5.2
T0¥D . e 1145 13.2 0.094 3.2
L 4 o 1465 13.9 0.044 1.5
TAYD . oo 1629 12.2 0.050 1.7
YD e 1254 12.5 0.070 2.4

a) B(E2)e? in units of 107 cm* = 1.18><(dtr/d[_))90o in mb/sr.
b) 1B(E2)s.pu. = 0.029 x 10-%e2em?,

upon the semi-empirical fact that the inelastic cross sections are proportional
to the reduced transition probability between the ground state and the excited
state. The proportionality constant was obtained by interpolation from
(d,d") data for the even isotopes of Sm, Gd, Th and U. Furthermore, for
176Yh, the B(E2) value was already known®). The value obtained here is in
good agreement with the earlier value. The 90° (d,d") cross sections were
used for the evaluation of the B(E2) values because it was felt that they were
less affected by multiple excitations involving the 4+ states.

Fig. 15 shows some of the systematic features of the y-vibrational states
as functions of the mass number. For the nuclei **2Yb and 74Yb the energies
are high and the transition probabilities low. Thus, for these nuclei, typical
collective properties are less well developed than for other nuclei in the rare
earth region.

Additional information concerning these levels is obtained from the
(d.p) and (d,t) reactions in the 7°Yb, 1%*Yb, and 174Yb nuclei. Current
theories consider the collective vibrations to consist of superpositions of
quasiparticle states and the decomposition of the K = 2 y-vibrations has
been calculated'™ 8. These two-particle states can be populated in the strip-
ping and pick-up reactions by coupling the transferred neutron (or hole)
with the unpaired nucleon in the odd mass target. There is an obvious
selection rule that one can populate only the two-particle states for which
one of the particles is the ground state of the odd target nucleus.

In most cases, the calculations show that only one or two components
of the vibrational states have appreciable amplitude'” and also satisfy the
above selection rule. Thus, it is easy to calculate the predicled intensities
for the population of a vibrational state by a (d,p) or (d,{) reaction from
its theoretical composition. However, it should be remembered that, when
more than one component is present, the amplitudes f; in the expression
for the spectroscopic factor add coherently—that is, they must be added for
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a given j before being squared. Only the magnitude of C%p, and not its sign
was obtained from the experiments with even-even targets. Therefore, in all
caleulations of mixed states which follow, each term has been given the same
sign as the theoretical value of Cj.

The 1/2 —[521] Nilsson orbital forms the ground state of '"'Yb. For the
y-vibrational slate in 7°Yb, Bxs et al.’® predicl two components which
should be populated in the (d,{) reaction. These are the 1/2 ~[521] +3/2 -
[521] state with amplitude 0.45 and the 1/2 —[521] —5/2 —[523] state with
amplitude 0.52. Empirical values of Chg, for the 3/2 —[521] and 5/2 —[523]
states from (d,f) experiments on even Yb targets® then predict the cross
seclions® for the 2+, 3+, 4+, and 5+ members of the K = 2 y-vibration
to be 33, 14, 13, and 10 ub/sr, respectively. The experimental cross sections
for these slates are 45, 14, 32, and ~3 ub/sr. As we shall see later, there is
a good possibility that the experimental value quoted for the 2 + member
actually is that for a closely spaced doublet, the other state having a cross
section of ~5 pb/sr. This would reduce the observed population of the 2+
slate to ~40 pb/sr. Similarly, the cross section of the 4+ state may be
reduced by ~8 ub/sr to ~24 ub/sr.

The agreement between prediction and experiment is not very good for
the 4 + and 5+ states. One might try to account for the high cross section
of the 4 + state by considering the possibility that the observed value pertains
to additional unresolved levels. Of course, this line of argument cannot be
applied to the 5+ level where the observed strength is only about 3 ub/sr
compared to a predicted value of 10 ub/sr. It is possible, however, to calcu-
late which set of amplitudes, if any, for the above mentioned two-quasi-
particle components would yield the experimental cross sections. One can
calculate, first, the effect of varying the relative amplitudes of the two com-
ponents to reproduce the relalive intensities of the different members of the
rotational band and, then, normalize both amplitudes to obtain agreement
with the absolute values of the observed cross sections. Let I, I, I,, and I;
be the intensities of the 2+, 3+, 4+, and 5+ states, respectively, and let
“a” and “b” be the respective amplitudes of the 1/2 —[521] +3/2 —[521]
and 1/2-[521] —5/2 -[523] components. In Fig. 16, the solid curves show
the predicted intensity ratios /I, I,/I5, and Iz/I; as a function of the ratio
bja. The cross-hatched areas show the experimentally observed relalive
intensities. It is seen that the predicted and the experimental values of I,/ 15
are in good agreement if b/a is less than 0.8, and for [,/l; the value of b/a
must be less than about 0.6. The experimental ratio Is/I; places a still lower

* All comparisons of cross sections in the present work are based on the 90° data.
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limit on b/a. The relative uncertainty in J; is large as the cross section is
weak, but even the generous relative error of 100 °/, would limit the ratio
b/a to less than 0.4. The absolute values of the cross sections give a ~0.53
and 0.05 < 5< 0.2, The amplitude of the 1/2 —[521] +3/2 -[521] component
is seen to be in good agreement with the theoretical value of 0.45, but that
of the 1/2—[521] —5/2 —[523] component is less than about one half of the
theoretical value 0.52.

In 172Yb, the only component of the 1.468 MeV, K = 2, p-vibration
which can be populated in either the (d, p) or the (d, t) reaction is a fragment
of the 1/2 —[521] — 5/2 — [512] state. According to Bis et al.1?, this component
should have an amplitude of 0.20. On the other hand, the calculations of
SoLovievl® suggest that the state at 1.468 MeV is almost a pure 1/2 —[521]
—5/2[512], K = 2 two-quasiparticle state. From the (d,d’) systematics
discussed above it is seen that most likely the band is the X = 2 y-vibration.
The stripping and pick-up reactions can provide an empirical estimate of
the amplitude of the above two-quasiparticle configuration which forms a
part of this vibration. As this band was not strongly populated in either the
(d,p) or (d,f) process, the weaker peaks were not observed. Hence, in this
discussion, only the member of the band with the largest cross section is
considered. In the (d,?) reaction the 2+ member of the band is expected
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to be populated most strongly. For the pure two-quasiparticle configuration,
this state would be expected to have a cross section of 185 ub/sr if one
assumed a reasonable value of V?a: 0.8 for the 1/2 —[521] orbital in 173Yb.
This estimalte of V2% was obtained from an interpolation of the results of
ref. 2. The experimental cross section for the 2+ state at 1.468 MeV is
46 ub/sr, which implies that the state is about 25 %/, 1/2 ~[521] - 5/2 —[512].
An independent estimate of the amplitude of this component can be obtained
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from the (d, p) spectra where the 3 + member of the band is the most strongly
populated. Again using the values of C%p, of Table 6, and U?~ 0.8 for the
5/2 — [612] orbital in "'Yb, the pure two-quasiparticle state would be expected
to have a cross section of 62 ub/sr. The experimental cross section is 20 pb/sr
so that the vibrational state contains ~32 ¢/, of the two-quasiparticle state.
The two estimates of the admixture are consistent, within experimental error,
and indicate that the amplitude for the 1/2 —[521] —5/2 ~-[512] component
of the K = 2 y-vibration in "2YD is about 0.50 or 0.55 as compared to the
theoretical estimate of 0.2017.

In 174YD, there is again only one two-quasiparticle state which is predicted
to have a large component in the y-vibration. This is the 5/2 —[512] —1/2 ~
[510] state with a theoretical amplitude of 0.5619. The 1/2 —[521] —5/2 -
[612] state is also expected to contribute an amplitude of 0.07, but, coupled
with a low value of U? for the 1/2 —[521] stale in 173Yb, this is found to result
in a negligible correction to the cross sections. The 2+, 83+, 4+, and 5+
members of the rotational band based on the K = 2 y-vibralion are then
expected to have (d, p) cross sections of 27, 32, 17, and 6 ub/sr, respectively.
The experimental values are 44, 67, 35, and <22 ub/sr. It is seen that the
observed cross sections are almost twice as large as those predicted, which
would suggest that the amplitude of the 1/2 ~]510] - 5/2 —[512] state is closer
to 0.75 or 0.80 than the theoretical value of 0.56. It is also noted that the
predicted ratios of the cross sections to the 2+, 3+, 4+, and 5 + states are
0.85:1.00:0.53:0.19 as compared with experimental values of 0.66:1.00:
0.52: < 0.33, respectively. These ratios agree reasonably well, although the
intensity of the 2 + state is a little weaker than expected, compared to the
other members -of the band. However, if the amplitude of the 1/2 —[521] —
5/2 - [512] state were ~0.5 instead of 0.07, the predicted intensity ratios
would be in agreement with the experimental data.

4.3. Octupole Vibrations

Just as in the case of the quadrupole excitations discussed in the previous
section, the collective octupole vibrations are strongly excited by the (d,d")
process. The ratios R of the 90° yield to the 125° yield for the Sm and Gd
nuclei were found to be in the range of 1.2—1.6, with some tendency toward
a decrease with increasing mass numbers.

The inelastic scattering spectra shown in Figs. 5—9 contain several strong
deuteron groups with R in the range of 1.0—1.3. Although the absolute
intensities of these groups are considerably smaller than those observed in
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the lighter deformed rare earth nuclei, it is natural to associate at least some
of them with excitations of collective octupole states. Some of the properties
of states believed to be of this nature are collected in Table 10.

On the basis of the (d,d’) results it has been possible to identify the spin
1, 3, and 5 members of rotational bands based on Kn = 0 — octupole vibra-
tions in the Sm and Gd nucleil® 21, In 152Sm, these rotational members have
also been found in a vibrational band known to be Km = 1 —. The absence
of any deuteron groups which can be assigned to possible spin 1 members
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TaBLE 10. Properties of octupole vibrational states
Isotope Ey_ K 1223 keV B(E3)P) B(E3)s p..©

B8Yh. oo 1475 0.077 6.2

s 1595 0.039 3.1
VO¥b .. 1400 0.049 3.9

T (1783)» (0.045) (3.6)
R T 1222 (2) 0.026 2.1

e (1708) (0.015) 1.2)

R R 1820 0.0563 4.2

R T R 2032 0.022 1.8
WYh L 1380 2 10.0 0.041 3.3

T, 1846 0.051 4.1
L N 1491 0.027 2.2

T . (1790) (0.038) (3.0)

a) Brackets indicate that the assignment is doubtful.
b) B(E3)/e* in units of 10~ "2cm® = 0.85 (dcr/cl.Q)900 in mbjsr.
¢) 1B(E3)s.p.u. = 1.25 x 10~ "eem®.

associated with most of the lower levels in Table 10 suggests that these are
not members of the K = 0 or K = 1 bands. From the following discussion
it will be seen that there is evidence supporting the assignment of K = 2
to one of these states. The appearance of Km = 2— states at the lowest
energy is also in agreement with the fact that the lowest lying octupole state
in 1%9Er has recently 2% 2% 29 heen established to have a K-value of 2.

In Table 10, columns 5 and 6 contain B(E3) values for these octupole
states. These values were obtained from the (d,d") intensities in a manner
similar to that described for the quadrupole excitations. It is believed that
this procedure will yield B(E3) values within an uncertainty of 40 °/,.
A slight correction for Q-dependence of the proportionality constant was ob-
tained from a DWBA calculation.

The largest E3 transition probabilities found in the Yb nuclei are approxi-
mately five single-particle units. This number can be compared to values
of 20 to 30 single-particle units for nuclei at the beginning of the deformed
rare earth region. Thus, there is a very considerable decrease in the strength
of the octupole levels below approximately 2 MeV as one increases in mass
from the Sm and Gd regions.

As in the case of y-vibrations, the single-particle transfér reaction can
sometimes provide important additional information. The lowest 3 — state
in 19YDh is at 1400 keV. A peak corresponding to this energy is also observed
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in the (d,?) spectrum. Of the 19 ub/sr observed approximately 7 ub/sr are
ascribed to the 172Yb impurity in the target. The peaks in the triton spectra
at 1289, 1341, and 1358 keV might possibly be associated with lower spin
members of an octupole rotational band. In the (d,d’) spectrum, there is
a multiple group at ~1300 keV, part of which might correspond to a 1 -
state. If this is indeed the case, it is impossible on the basis of the present
data to decide whether this band has K = 0 or K = 1. Both of these possibi-
ties would involve small amplitudes of states'® found by the transfer of the
1/2 +[400] or the 3/2 +[402] neutrons and are consistent with the weak
triton groups observed.

For 172Yb, the lowest energy 3 — state seen in the (d,d") process is at
1222 keV. This level is also weakly populated in the (d,{) reaction, but as
in the case of *Yb, the data do not give a unique determination of the
K-value. Any possible band members with spin less than 3 could be weakly
populated or could be obscured by the large triton groups at 1119 and 1172
keV.

The wave functions for the octupole states in this region are likely to con-
tain components involving the 1/2 +[400] and 3/2 +[402] Nilsson orbitals!®
which have (d,t) cross sections of the order of ~100 ub/sr for the population
of a spin 3 state at this Q-value. The observed cross section of ~13 ub/sr
thus gives an upper limit of 10—-15 %/, for the admixture of either of these
states into the octupole vibration.

The state at 1222 keV is not observed in the (d,p) reaction, which is
consistent with the fact that there are no nearby Nilsson states above the
Fermi surface connected to the 1/2 —[521] orbital with large octupole matrix
elements.

As seen from Table 10, there are three other states in *72Yb which have
large (d,d’) cross sections, and R values which would suggest they are
octupole excitations. The state at 1707 keV coincides, within the experimental
error, with a state assigned as I,Km = 3,2+ (see section 4.6). It is highly
improbable that this is the same state as that observed in the (d,d") spec-
trum, because experience has shown that the latter process populates only
natural parity states. The remaining 3 — states have no corresponding peaks
in the (d.p) or (d,t) spectra with cross sections greater than ~5 ub/sr.

The lower energy 3 — state observed in the (d,d’) spectrum of 174YD is at
1380 keV. It is interesting to speculate that this might be one member of a
K = 2 band based on the 2— state at 1320 keV. This 2 — level was pre-
viously assigned to be the 9/2+[624] —5/2 —[512] two-neutron configura-
tion*V), which is consistent with the present suggestion if one considers that
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the 9/2 +[624] —5/2 —[512] combination is predicted® to make up a large
fraction of the Km = 2 — octupole vibration. Further evidence for this assign-
ment is obtained from the results of the (d,p) reaction in which this two-
quasiparticle component can be populated by the iransfer of a 9/2 +[624]
neutron. The energies given above for the spin 2 and 3 members indicate
that the inertial parameter 52/2 % is 10 keV, which suggests the 4, 5, and 6
spin members should be at approximately 1460, 1560, and 1680 keV. The
expected cross sections for the spin 2, 3, 4, 5, 6, 7, 8, and 9 spin members
of the rotational band are 2, ~1, 8, 11, 8, 3, ~1 and ~0 ub/sr, respectively.
Thus, the proton groups corresponding to the spin 2 and 3 members should
hardly be observable and would be lost in the small background seen in
these regions of the spectrum. The spin 4 state is unfortunately obscured
by protons from the 13C impurity in Fig. 4. However, the group at 1559 keV
with ~11 ub/sr can be ascribed to the spin 5 member, and part of the
18 ub/sr in the peak corresponding to 1667 keV can be due to the 6 — state.
(The remainder of the 1667 keV group will be explained later). Thus it is
seen that all the available data are consistent with the possibility that the
K = 2 octupole vibration exists at 1320 keV and that this collective state
contains a large admixture of the 9/2 +[624] —5/2 —[512] two-neutron con-
figuration.

4.4. Low-Lying K —= 0 Bands

It is known that a number of low-lying bands with Kz = 0+ exist in
deformed rare earth nuclei. In particular, low-lying collective states which
are connected to the ground-state band with fairly large electric quadrupole
malrix elements have been found in some cases. These states are often
called f-vibralions, although their character is not entirely clear. In addition,
several other K = 0 bands have been identified at excitation energies less
than 2 MeV. The present experiments add to our knowledge of the nature
of these states in two ways. Firstly, the transfer reactions enable us to deter-
mine the amplitudes of certain two-quasiparticle components in the state,
and secondly, the excitation by (d,d") of the 2+ states allows an estimate
of the reduced transition probabilities to the ground state.

As for the ground-state bands, special attention is required when the
transferred neutron is in the same Nilsson orbital as the unpaired target
nucleon. It has been seen that a state filled with a pair of nucleons (v,%)
is present in the correlated ground state of a nucleus with the probability
V2(v). Hence, there must be a probability 1-V2(») or U3(») that this state
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is distributed among K = 0+ excited states in the spectrum. One would
expect that these K = 0 bands in the (d, 1) and (d, p) processes are populated
in the same way as the ground-state rotational bands. For instance,with a
(d,t) reaction on a '"®Yb target one could remove the single 5/2 —[512]
. . d .
neutron. This process should take place with a cross section (d—z?) , but it
$
has been seen that only a fraction U? of this strength leads to the ground
state of 172Yb. Therefore, a cross section V2 (g—g) must lead to the population
\ 8
of other K = 0+ states which have admixtures of the 5/2 —[512] — 5/2 ~[512]
configuration. This can also be shown by considering the wave function of
the component of state (v,%) which is orthogonal to the ground state (i.e.,
is in excited states) and is®

=2, (mY))> - {V(v%U(v>a+(1f)d+(?)}v1;[v{U(v)'+V(v')a+(v')a+(v')}yo>.

The probability of populating this component in, say, a (d, p) reaction from
an odd target nucleus in a state x*(¥)|v = 0) is

do do
= 7 (Yt — 21 7 | - 2 -
[<v = 2,(n,P) | at(Peat(@)|v = 0] (dg)s U(V)(dg)s. €))
Similarly, the (d,) cross section to the portion of the state (v,%) orthogonal
to the ground state is

Kv = 2,(»,%) | a()at(¥) |0 = O}fz{ig)s= VZ(v)(g—g)s. (9

In these expressions, U%(¥) and V%) pertain to the filling of the ground
state of the final nucleus. Of course, the relative intensities for the popula-
tions of the various members of the rotational bands based on these states
are expected to be the same as those in the ground-state band in any one
reaction. '

In the (d,p) and (d,?) spectra for reactions leading to 172Yh, one sees
particle groups corresponding to states at excitation encrgies of 1045, 1115,
and 1283 keV in '"*Yb. The energy spacings of these levels are reasonable
for the 0+, 2+, and 4 + members of a K = 0 + band with a slightly greater
moment of inertia than that of the ground state. It is also seen that, in both
processes, the relalive intensities for the rotational members are strikingly
similar to those observed for the ground-state band. This is particularly
noticeable for the 1045 keV level which should be populated by I = 1

(M
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TasLE 11. Comparison of (d,p) and (d,t) populations of the K = 3 band at
1172 keV in 1"2Yb. Intensities shown are cross sections in ub/sr at 6 = 90°.

Predicted intensities Predicted intensities Experimental
for 1/2 —[521]+5/2 —[512] | for 1/2 —[521] - 7/2 — [514] xp mn a
Spin state state intensities
(d’t) (d,])) (d:t) (d,p) (d,t) (d,p)
3 270 11 0 6 209 5
4 54 66 0 15 35 19
5 42 3 0 4 39 -9
6 ~13 1 0 0.1 ~5 ~32

stripping in the (d, p) process. In order to enhance the intensity of the proton
group corresponding to this state, an exposure was made at 0 = 45° where
a maximum in the angular distribution for I = 1 stripping is expected for
the Q-value and beam energy used in this work?%. It is seen that the 1045
keV state is populated quite strongly in this spectrum. This test was considered
as an important verification of the existence and nature of the state, as the
1045 keV level itself is populated only very weakly in the (d,¢) process.

It is interesting to note that, except for the ground-state rotational band,
no excited states below 1174 keV have previously been reported in 172Yh.
The present assignment of Kn = 0-+ gives a good explanation. A K = 0
band would not be expected to be strongly populated in the electron capture
decay of *"*Lu which has Kz = 4—. In the f™-decay of "*Tm, which has
Ka = 2 —, the transitions to the 1045 keV band would have much smaller
Q-values than those leading to the ground-state band and could easily have
been missed. However, a careful study should reveal the f-feeding of these
levels and, in fact, the 1044 and 1119 keV states have recently been observed
in a study of the g-decay of "*Tm, using lithium-drifted germanium y-ray
detectors*®.

On the basis of the absolute values of the cross sections, it is possible
to make some comments about the 1/2 —-[521] —1/2[521] and 5/2]512] —-[512]
components of the 1045 keV state. If all the components of the wave function
orthogonal to the ground state appear in one excited band, the above expres-
sions give the expected cross sections for levels in that band. If only a frac-
tion of this component appears in a given K = 0 excited band, the cross
sections will be correspondingly reduced.

In the reaction "*Yh(d, f)'"2Ybh, the population of the band based on
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the 1045 keV level is ~30 ¢/, of the value ( ) calculated from the data

de
in Table 6. The value of V2 for the 5/2 —[512] orbital in the ground state of
172Yh is ~30 %/, according to Table 8. Thus, it seems that most of the
5/2 —[512] —5/2 —[512] amplitude which is not in the ground state is found
in the band based on the 1045 keV state.

For the (d, p) reaction, the cross section to the 1045 keV level at § = 90°
is too weak to be reliable. However, one can make use of the data at § = 45°.
There, the cross section for the 1045 keV level is ~13 9/, of that for the
ground state. This value can be used to estimate that the cross section for
do
de
orbital in the ground state of 72Yb is at least 0.09. This is also consistent
with the data given in Table 8.

A state with a similar nature may also have been observed in "°Yb at
an excitation energy of 1065 keV. This assignment is not nearly as certain
as the one in 172Yb, but it does give a good explanation of the (d,t) data.
Although complete angular distributions have not been measured, the varia-
tion of the (d,?) cross section for the 1065 keV state over the four angles
measured closely resembles that for other states populated by [ = 1 pick-up.
This aspect of the reaction has not been well studied, but it is possible to
say that this state is not populated by a pick-up process with high angular
momentum (ransfer. This excludes the possibility that the 1065 keV level
could be one of the four possible two-quasiparticle states formed by picking
up a 7/2+[633] or 5/2-[523] neuiron, as these states are populated pre-
dominantly by processes involving the transfer of 4, 5, or 6 units of angular
momentum. Furthermore, the spectrum does not show a rotational band
based on the 1065 keV stale with an intensity pattern consistent with pick up
of a 3/2-[521] neutron to form a K = 1 band. If this band had the same
relative intensities as the ground-state band, the 2 + and 4 + states would be
expected to have cross sections of 5 and 8 ub/sr, respectively. These states
would be at almost the same excitation energies as the 2+ and 4 + members,
respectively, of the y-vibrational band discussed earlier and give rise to the
estimated ~5 ub/sr and 8 ub/sr which might have to be sublracted from
the cross sections lo those states.

The (d,f) cross seclion to the 1065 keV state is ~8 9/, ol the value (Z.Q)

expected for a pure 1/2-[521] —1/2 —-[521] state. This means that V2 for
the 1/2-[521] orbital in the ground state of 1"°Yb is at least 0.08. From

experiments with even targets it appears that the V2 is actually about 0.44.
Mat.Fys.Medd. Dan. Vid.Sclsk. 86, no. 6. 3

the 1045 keV level is 0. 09( ) Thus, the value of U? for the 1/2 -[521]
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Thus, a large component of this K = 0 configuration is yet to be assigned
or some other hindrance occurs.

There is empirical evidence from the lighter rare earth nuclei that the
(d,d’) reaction populates the 0+, 2+, and 4+ members of excited K = 0
bands® 19, The cross sections for these states are approximately equal at
125°, but at 90° the 2+ slate is usually dominant.

The (d,d’) spectrum obtained for '%8Yb (Fig. 5) gives evidence for the
population of a K = 0 band based at a level at 1150 keV. This band has
been observed earlier”). The estimated B(E2) value for the 2 + state is given
in Table 9.

It will be difficult to observe the 2+ and 4+ members of the suggested
K = 0 band in °YDb with the (d,d") process, because these states occur at
almost the same energies as strongly populated members in the y-vibrational
band. In the 125° spectrum, there is weak evidence for a peak corresponding
to the 0+ state.

The (d,d") spectra for '"Yb show a small population of the 2 + member
of the K = 0 band based on the 1045 keV state discussed above. The cross
section is an order of magnitude smaller than for the 3Yb case, which
indicates that this band has a different nature than those usually classified
as f-vibrations.

4.5. Other Levels in !"Yb

There are a number of states below an excitation energy of 2 MeV in
170Yb which have not been discussed. Unfortunately, in this case the only
one-neutron transfer process which can be studied with the use of stable
targets, is the pick-up process, and a considerable ambiguity exists concern-
ing the interpretation of the data. For the largest unassigned peaks in the
(d,t) spectrum of Fig. 1, several possible combinations of rotational bands
exist. For instance, the state at 1473 keV could be a Kn = 1+, 3/2-[521]
—1/2-[521] configuration or a Kx = 0+ state with a large 1/2-[521]—
1/2-[521] component similar to the levels discussed in section 4.4. The
level at 1564 keV could be the spin 3 member of the possible Ko = 1+
band mentioned above, or a K = 2+ state which contains the remainder
of the 1/2~[521]+3/2 —[521] strength which was not found in the y-vibra-
tion. Considering energies and cross sections at only one angle, one cannot
exclude any of the above suggestions. However, (d,f) spectra have been
recorded at four different angles for this particular reaction, and considera-
tions of the cross section ratios at these angles suggest that the population
of the 1564 keV state takes place with an [-value of threce or more, whereas
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that of the 1473 keV level involves less than three units of angular momen-
tum transfer. This would eliminate the assignment of spin 2 to the 1564 keV
level and thus favour the choice of a Kz = 1+ band at 1473 keV. The levels
at 1473, 1508, 1564, and 1655 keV could be spin 1, 2, 3, and 4 rotational
members. If this state were the 3/2—[521] —1/2—[521] configuration, the
intensities for these four states would be expected to be 87, 27, 74, and 50
ub/sr, respectively, at 0 = 90°. The observed cross sections are 56, ~6, 45,
and 16 ub/sr, respectively, which indicates that, if this is a K= = 1+ band,
it consists of only slightly more than half of the 3/2 ~[521] —1/2 —[521] state.

In view of the uncertainty of the nature of the strongly populated states
discussed above, there is little use in making speculations concerning the
weaker peaks. Many levels are expected in this region of excitaion which
can be populated by the transfer of 7/2+[633] or 5/2 —-[523] neutrons. As
thesc orbitals have low values of C}¢,, many weakly populated states are
expected, which may be the explanation for many of the small peaks in Fig. 1.

4.6. Other Levels in "?Yb

There has been a great deal of discussion concerning the Kn = 3+ level
at 1172 keV in 172Yb. GALLAGHER and SorLoviev?®® have considered the early
experimental information and assigned the level to be the K = 3+, 1/2 —[521]
+5/2—[512] two-quasiparticle state. More recently, GUNTHER et al.2®) have
measured the magnetic dipole moment of this state and concluded that only
the 1/2—[521] —7/2 —[514] two-neuiron configuration was consistent with
their results. The present measurements show clearly that the 1/2-[521]
- 5/2—[512] state is indeed present at this excitation energy. This is seen most
easily from the data in Table 11 which compare the predicted cross sections
for the two configurations with the experimental values. The state formed
by coupling the 1/2—-[521] and 5/2-[512] neutrons can be populated by
both the (d, p) and (d, ¢) reactions because these orbitals are the ground states
of the "Yb and !7*YD target nuclei, respectively. However, the 1/2 -[521]
—7/2[514] state is not expected to be populated by the (d, t) reaction because
neither component of this two-quasiparticle configuration is present in the
ground state of *Yb. The 1/2 —[521] + 5/2 ~[512] state is the only one which
should occur at such a low excitation energy and have such high cross sec-
tions in the (d,f) process.

A closer look at these data shows that the experimental (d,) cross sec-
tions are only about 75 %/, of the predicted values. Although the expected
uncertainty on each of these values is about 15 °/,, it is noted that the expe-

3*
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rimental (d,p) cross section is also less than the predicted value by about
the same factor. This could be an indication that only about three quarters
of the state at 1172 keV is made up of the 1/2-[521] +5/2 —[512] combina-
tion.

It is interesting to speculate on the significance of the measured value
of the magnetic moment. For instance, it has been suggested that both of
the two-quasiparticle states mentioned above might be present at almost the
same excitation energy near 1172 keV. This, of course, would make no
difference to the (d,?{) measurements and would make only a small differ-
ence for the (d,p) results as the transfer of a 7/2 - [514] neutron takes place
with a cross section much smaller than that of a 5/2 —[512] neutron. Although
the experimental (d, p) cross section to the band agrees more closely with that
expected for the 1/2—[521] +5/2 —[512] state alone than with that expected
for the sum of the two states, the agreement is not good enough to exclude
the possibility that both bands are present alt almost the same energy.

Another possibility is that the 1172 keV level might have some admixtures
of two-proton states. The measured magnetic moment is 0.64 +0.04 n.m.
The calculated magnetic moments for several two-quasiparticle states are
as follows?9

Two-neutron 1/2-[521]+5/2-[512] 4 = —0.126 n.m.
1/2 —[521] - 7/2—[514] & = +0.59 n.m.
Two-proton  7/2+[404] —1/2+[411] 4 = +2.19 n.m.
5/2 +[402] —1/2 +[411] x = +2.87 n.m.

The two-proton states listed consist of orbitals near the Fermi surface
and are expected to have rather low excitation energies (1.4 and 1.7 MeV39).
If the 1172 keV state contains only about three quarters of the 1/2 —[521]
+5/2 —[512] state as discussed above, and if the other 1/4 of the state is
one of the lwo-proton configurations, a magnelic moment of ~+1/2 n.m.
could easily be explained.

This suggestion implies that the 1172 keV state has an admixture of more
than one two-quasiparticle state, somewhat similar to the vibrational states
discussed above, though with the amplitude of the 1/2—[521]+5/2 -[512]
being ~0.9. The inelastic deuteron scattering results may indicate a slightly
collective nature for this state. It is seen that in the (d,d") population of
vibrational levels only the transitions to the states of natural parity in the
rolational bands are observed. In the '7*Yh(d,d") spectrum, the 1263 keV
level, which is the 4+ member of the rotational band based on the 1172
keV state, is seen. The exact mechanism of this process is not understood,
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but it is interesting to consider the possibility that small admixtures of other
lwo-quasiparticle states could give rise to a collective hexadecapole moment
which could cause the excitation of the 4+ state from the ground state by
a direct E4-transition.

It was shown in section 4.2. that only about 25 %/, of the Kn = 2 + two-
quasiparticle state 5/2 —[512] —1/2—[521] was involved in the y-vibration
at 1466 keV. This means that a large fraction of this stale should be observed
elsewhere in the spectrum. The state under discussion is expected to have
a large cross section, and one could perhaps make an attempt to associate
it with some of the large peaks observed in the spectra. However, on the
basis of the present stripping and pick-up reactions alone, it is not easy to
identify this band with certainty, since it is difficult to decompose the observed
spectra inlo clearly defined rotational bands. If this state were at an excita-
tion of ~1.6 MeV, the 2 +, 3 +, and 4 + membecrs of the rotational band would
be expected to have cross sections of 133, 48, and 28 wb/sr in the (d,1)
reaction and 2, 48, and 17 pb/sr in the (d, p) reaction, respectively, assuming
an admixture of only 759/, for the 1/2-[521]—5/2~[512] component.
There is no unique group of levels which meets all the requirements exactly,
but there are two sets of levels which fit roughly into bands and have cross
sections comparable to those expected. Three states at approximately 1607,
1699, and 1803 keV have cross sections of 167, ~34, and ~30 ub/sr in the
(d,t) reaction and ~3, 33, and ~6 ub/sr in the (d,p) process, respectively.
Another setf of levels found at 1660, 1750, and 1855 keV has (d, t) cross sec-
tions of 158, ~14, and ~7 ub/sr and (d, p) cross sections of 20, 32, and ~3
ubfsr, respectively. As staled above, these states do not fit exaclly the expec-
tations, but it is noted that they are the only ones with reasonable inten-
sities for the state in question. The levels at 1607 and 1660 keV are the only
ones with (d,?) cross sections greater than ~20 ub/sr until an excitation
energy of ~2.5 MeV is reached. The peak in the (d,!) spectrum correspon-
ding to a level at 1660 keV is broader than others nearby and thus probably
includes more than one group. Therefore the first set of levels mentioned
above is in better agreement with expectations than the second. However,
there are also other reasons for choosing the 1607 keV band for the Knw = 2 +
band in question.

If there is some of the Kz = 2+ two-quasiparticle state 5/2-—[512] ~
1/2 —[521] mixed into the y-vibration, some of the y-vibration could be mixed
into the two-neutron state. Hence, one might expect a small (d, d") population
for the spin 2 member of the band at 1607 keV. It is seen that there is a small
peak in the (d,d’) spectrum at about this energy, which supports the assign-
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ment. It is also noted that OTTEsSoN'® has studied the **Tm decay and found
a Kn = 2+ band where the 2+, 3+, and 4+ members coincide, within
errors, with those discussed above. On the basis of transitions seen in the
decay, this band was assigned to be the 5/2 —[512] —1/2 —[521] configura-
tion. The rotational energies in the band deviate considerably from the
simple I(I+ 1) dependence, but this might not be too surprising when one
considers that there are several rotational bands with positive parity in this
region of excitation energies.

There are four triton groups in the spectrum of Fig. 3, which correspond
to levels at energies of 2008, 2046, 2109, and 2193 keV. These groups re-
semble the pattern expected for the Kmw = 1+, 5/2 —[512] —3/2 —[521] band
for which the spin 1, 2, 3, and 4 members have predicted cross sections of
50, 50, 47, and 40 ub/sr, respectively. The observed intensities are 12, ~11,
20, and <14 pb/sr and thus, if this set of levels is due to the configuration
suggested, only a fraction of the single-particle strength is present.

As seen in the spectrum of Fig. 3, there are many strongly populated states
above an excitation energy of 2 MeV. It is reasonable to expect that some
of the lowest of these are states formed by stripping a 1/2 —[510] or 3/2 —[512]
neutron, as these are the next lowesl Nilsson states which have large values
of C5p,. However, if one tries to compare the observations with predictions,
it immediately becomes clear that the situation is complex. For instance,
the stripping of a 1/2 —[510] neutron should yield a K= = 1+ band with
cross sections for the 1+, 2+, 3+, and 4+ members of approximately 45,
150, 70, and 30 ub/sr, respectively, and a Kz = 0+ band whose 0+, 1+,
2+, 3+, 4+, 5+, and 6 + spin members should have cross sections of 2.5,
120, 135, 34, 14, 1, and 0.2 wb/sr, respectively. The transfer of neutrons
into states which lie higher in the Nilsson scheme takes place with similar,
or larger, cross sections. However, the large peaks in Fig. 3 corresponding
to ~2.5 MeV excilation have cross sections of 50 to 80 ub/sr and are much
too weak to represent a pure state of this nature. Hence, it appears that a
situation similar to that observed in the odd Yb nuclei® prevails, whereby
the stales become strongly mixed and the intensity for a particular transfer
process is distributed over several levels, resulting in a corresponding increase
in the density of levels populated.

4.7. Other Levels in *Yb

The data pertaining to 17Yh are more ambiguous than those for "?¥b
because only the (d,d") and (d, p) reactions were used. The ground state of
173YD is the 5/2 —[512] orbital and thus all two-quasiparticle states in '7*Yb
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which are populated by the (d,p) reaction involve this neutron. The strip-
ping cross sections to rotational bands based on states at 0, 1320, and 1630
keV have already been discussed. Another level at ~1518 keV has previously
been observed'’ 1% 13 in the decays of "Lu and ™ Tm, and there are
differences of opinion as to whether it is the Km = 6+, 5/2~[512] +7/2 —
[514] or the Km = 7—, 5/2-[512] +9/2 +[624] state. One positive piece of
information which favours the first choice is that the 994 keV gamma
transition leading to the 6 + member of the ground state rotational band has
an internal conversion coefficient which indicates that its multipolarity is
E21%. However, it is possible that both states may exist at ~1520 keV exci-
tation and are populated differently in the two decay processes.

If the 6 + assignment is correct, one would expect to observe (d,p) cross
seclions to the spin 6 and 7 members of the rotational band of approximately
20 and 16 ub/sr, respectively. There is a proton group populating a state at
~1509 keV with an intensity of 17 un/sr, which could be the 6+ state,
although the energy deviation from the previous value is slightly larger than
the expected experimental error. The proton group populating the level at
~1667 keV has been partly ascribed to the spin 6 member of the band
based at 1320 keV. However, there is > 10 pb/sr of this peak left unassigned,
which could be due to the spin 7 member of the K = 6 + band. This choice
would correspond to an inertial parameter h%/2 §of ~11.5 keV, which would
be quite reasonable for the 5/2 —[512] +7/2 —[514] state.

If the Kn = 7- state were found at ~1520 keV, one would expect
(d, p) cross sections to the spin 7, 8, and 9 members of ~5, 10, and 16 ub/sr,
respectively. If the peak at ~1723 keV were due to the spin 8 member and
part of thal at 1947 keV due to the spin 9 member, the value of 1?/2 § would
be ~12.5 keV, which is rather high for this two-quasiparticle state. One
cannot, however, exclude the possibility thal the spin 8 member is unresolved
from the strongly populated state at 1702 keV and the spin 9 member is
included in the peak at ~1926 keV. Thus it is seen that the (d,p) data give
some support to the assignment of the Kmx = 6+ state at ~1520 keV, but
do not exclude the possibility that the Kz = 7 — stale may be present at
about the same excitation energy.

It was seen that about half the intensity of the K» = 2+, 5/2 -[512] -
1/2 —[510] two-quasiparticle stale was found in the y-vibration at 1630 keV.
This combination involves the stripping of a 1/2 ~[510] neutron which occurs
with large cross sections. It should therefore be easy to find the remainder
of the strength to the Kz = 2+ band and also to the Kx = 3 + band which
is formed by coupling the same two neutrons with their spins parallel to
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each other. In the spectrum of Fig. 4, a number of strong proton groups
are seen with excitalion energies between 2.1 and 2.5 MeV. The ex-
pected cross sections for a pure K = 2 state formed by stripping a 1/2 -
[510] neutron in this region of excitation energies are 111, 129, and 69 ub/sr
for the spin 2, 3, and 4 members, respectively. The K = 3 band would be
expected to have cross sections of 154, 133, and 41 ub/sr to the 3, 4, and 5
spin members, respeclively. As about half of the strength of the K = 2 state
is found in the y-vibration, the K = 3 band is expected to have the largest
peaks. It is seen that none of the peaks is quite as large as the predicted
intensities for the K = 3 band, but the states at 2284, 2370, and 2482 keV
have cross sections of 95, 67, and 26 ub/sr, respectively. These levels prob-
ably represent the 3, 4, and 5 spin members of a band which contains
about 60 °/, of the K= = 3+, 5/2-[512] +1/2-[510] configuration.

There are remaining peaks corresponding to states at 2189, 2237, and
~2333 keV which have an intensity pattern resembling that of the spin 2,
3, and 4 members based on the y-vibration. The absolute cross sections to
these levels are consistent with those one would expect for a band containing
approximately one-half of the 5/2 —[512] — 1/2 —[510] state. Further evidence
for this suggested assignment is presented by the (d,d") spectrum which,
In analogy to *7*Yb, shows small peaks at the excilation energies of the
proposed spin 2 and 4 members.

The assignments discussed in this section must be regarded as being
rather tentative. Some of the ambiguities coud be removed by a careful study

of the angular distributions of the strong peaks preferably with better reso-
lution.

Summary

The low-lying levels in even-even Yb nuclei have been studied by the
single-neutron transfer processes (d,p) and (d,?), and by the inelastic scal-
tering process (d,d’). The characteristics of these reactions are fairly well
known from studies on other nuclei and therefore the main effort in the
present work was directed toward the extraction of a maximum amount of
information about the levels in the even Yb nuclei from the observed cross
sections. Particular emphasis has been placed on the decomposition of the
nuclear states in terms of two-quasiparticle excitations. For this purpose
it was important that the collective states built on the ground state could
be identified from the (d,d") experiments.

In some cases, the absolute values of the cross sections for stripping
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reactions leading to the ground state in the even nuclei did deviate from
those calculated on the basis of the cross sections for the inverse transfer
process leading to the odd nucleus. The origin of this descrepancy is not
clear, but it might partly be connected with imperfections in the DWBA
procedure used in the comparison of the cross sections. In other cases,
however, the populations of ground state X = 0 bands yielded values of
U*(y) and V%(v) for orbitals involved in the paired ground state, which were
in good agreement with the corresponding values obtained from reactions
on even target nuclei.

The (d,d’) reaction systematically populated the 2+ and 4 + members
of the K = 2 quadrupole vibrations, although the reduced transition probabi-
lities were quite low. In a few cases, a weak population by (d,d") was
ohserved for bands with Kmx = 0+. One of the most interesling aspects of
the present work is that the (d,p) and (d, ) cross sections to the vibrational
bands confirm the wvalidity of considering such states to consist of super-
positions of two-quasiparticle states. The present results lend convincing
support to the calculated decomposition!™ 1% of the vibrations, although the
predicted amplitudes often show only qualitative agreement with the measure-
ments.

In all the nuclei, states were observed in the (d,d’) reaction which were
assigned as octupole vibrations. The collective octupole sirength, however,
appears to be weak in the Yb-region. In '"Yb, it was possible to identify
a two-quasiparticle component in one of the octupole bands, which indicated
that the octupole state with lowest energy has Kz = 2 —.

In *7*YDb, the nature of several states has been definitely established.
These include states with Kz = 0+ at 1045 keV, Kw = 3+ at 1172 keV,
and Kw = 2+ at 1607 keV. In addition, several other states whose assign-
ments are not so certain have been observed, including a possible Kz = 1+
level at 2008 keV. In '"°Yb and '"*Yb, several levels have been tentatively
assigned as two-quasiparticle states, sometimes with the assistance of previous
investigations. It was found that the possibility of using both neutron transfer
reaclions to populate levels in 72Yb was of considerable importance in eli-
minating ambiguities in the assignments and, therefore, it was more difficult
to study the levels in '"*Yb and '7*Yb. For these nuclei it would be very
helpful to carry out a detailed study of the angular distributions, preferably
using better resolution than was employed in the present work.
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