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INTRODUCTION

In the first part of this review! we described the
methods used in the Laboratory of Nuclear Problems
at our institute to obtain and investigate neutron-defi-
cient radioactive nuclides in order to study the prop-
erties of nuclei far from the g-stability band in the
Yasnapp program (program of nuclear spectroscopy in
a proton beam). The results of the investigations of
spherical and transition nuclei were also reviewed.
The second part of the review consists of the third
chapter, devoted to the results of investigations of de-
formed nuclei of rare-earth elements., For the con-
venience of the reader, a brief description of the ex-
perimental procedure will be given. A more complete
description can be found in Ref, 1,

3. INVESTIGATIONS OF DEFORMED NUCLEI OF
RARE-EARTH ELEMENTS

An important task of nuclear physics is to create a
theory of the nucleus based on the general laws of in-
teraction of the nucleons in the nucleus and capable
of explaining and predicting physical properties of
nuclei, This is a very difficult problem since, first,
the interaction forces between nucleons in a nucleus
are very complicated and inadequately studied and,
second, nuclei, apart from the lightest, are systems
with many strongly interacting particles, For this
reason, the theory of the nucleus is at present based
on different models. On the basis of various simplify-
ing assumptions about nuclear forces, attempts are
made to explain the experimental data and predict the
properties of nuclei. Significant success in understand-
ing the structure of the ground and excited states of nu-
clei has been achieved on the basis of the shell model,
the model of deformed nuclei, the generalized model,
the superfluid model, and others. It is well known
that from the point of view of these models nuclei are
divided into spherical (magic), deformed, and transi-
tion nuclei.? It is also well known that the structure of
deformed nuclei has hitherto been investigated experi-
mentally and theoretically in the most detail, However,
even in this region of nuclei there are many problems
that require experimental investigation,

For example, new data are needed on the masses of
the nuclei, Experimental investigations continue into
the parameters of the average one-particle potential of
deformed nuclei, Great interest has recently been
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evinced for the properties of high lying (~2 MeV and
higher) states (back bending effect and fragmentation
of quasiparticle states).

Valuable information about the properties of neu-
tron-deficient isotopes of rare-earth elements can be
obtained in investigations of the radioactive decay of
nuclei formed by the irradiation of targets with pro-
tons having energies of several hundred MeV., Sys-
tematic investigations of this type were first begun at
the Laboratory of Nuclear Problems in 1955, In this
cycle of investigations, about 80 new isotopes were
discovered, The decay schemes of many neutron-
deficient deformed nuclei of rare-earth elements were
studied. In these studies, nuclei were already investi-
gated with a neutron- deficit of up to six or eight units
from the g-stability band. These investigations are
reviewed in Ref, 3,

A new stage in our investigations of neutron-deficient
isotopes of rare-earth elements was begun in 1967,
when a start was made on investigating short-lived nu-
clei (the Yasnapp program). The Yasnapp investiga-
tions were carried on, from the methodological point
of view, in two directions. The first is the identifica-
tion and study of the structure of short-lived nuclei
far from the g-stability band, The second direction is
associated with the continuation of detailed investiga-
tions of the properties of ground and excited states
relatively close to the g-stability band (T,,;=1 h and
longer).

Experiments in the first direction were made basical-
ly in accordance with the following scheme (see the
first part of the review Ref, 1).

The target (tantalum or a complex of rare-earth
elements) is irradiated with the extracted proton beam

" of the Dubna synchrocyclotron, The proton energy is

660 MeV and the current about 0.1 pA. After irradia-
tion, the target is carried by a pneumatic shuttle to the
express radiochemical laboratory or to the electro-
magnetic mass separator. The sample of the rare-
earth element removed from the irradiated target is
brought to isotope separation, Wide use is also made
of a method that eliminates chemical operations; in it,

.the irradiated tantalum target is brought directly to the

ion source of the mass separator to separate the rare-
earth elements into isobars,

The radiochemical methods that are used are de-
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scribed in Defs, 1 and 4, and the mass separator, the
ion source, and the method of isotope separation in
Refs. 1, 5, and 6. Depending on the methods employed,
the spectrometric investigations begin 3—-20 min after
irradiation of the target. The emission accompanying
the decay of the short-lived isotopes is investigated by
means of gamma, beta, and alpha spectrometers with
semiconductor detectors; the spectra of prompt and
delayed yy and By coincidences are studied; and an ap-
propriate technique is used to accumulate information
and evaluate data by means of computers (Ref, 1).

Isotopes of rare-earth elements with T;,,21 h are
investigated by the usual off-line scheme: irradiation
of the targets (tantalum) in the internal proton beam of
the Dubna synchrocyclotron (E,=660 MeV, I,=2.3 pA),
chemical separation of the rare-earth elements, * and
separation of the isotopes of the element in the mass
separator.” The investigations are begun in this case
1.5-2.0 h after the end of irradiation, '

Apart from spectrometers with semiconductor de-
tectors, we have also used beta spectrographs with
constant magnetic field, an iron-free toroidal beta
spectrometer, a beta spectrometer with twofold double
focusing of the beam, and so forth,

Naturally, if the need arises the basic experimental
arrangments are modified, For example, the isobars
are separated chemically after the mass separation,
in some cases the spectra of conversion electrons of
the isotopes with T, ,,=5-10 min are studied in a to-
roidal beta spectrometer and beta spectrographs, etec.

Figure 1 shows the scheme of the Yasnapp experi-
ments.

3.1. Experimental results of the investigations of the
properties of deformed nuclei in the Yasnapp program

We now consider the main results of the investiga-
tions of the radioactive decay of the neutron-deficient
isotopes of rare-earth elements in the Yasnapp pro-
gram. We present the results of our most recent in-
vestigations into the decay of nuclei with 150<A4 <190,
The exposition does not pretend to completeness as
regards the interpretation of the results of the experi-

Control

mental investigations of the deformed nuclei of rare-
earth elements. The results of the investigations of
even deformed nuclei are reviewed in the book by
Grigor’ev and Solov’ev (Ref. 8). The last review of
the properties of odd nuclei was by Bunker and Reich
(Ref. 9) in 1971, Results of later investigations can be
found in the compilations in Ref, 10,

1%Th, Ty,,=17.4+0,2 h, The results of our investi-
gations into the decay of **Tb have been presented in
Ref. 11, We studied the spectra of ¥’s, conversion
electrons, positrons, and ey, yy, and B*y coincidences,
In the 2Gd nucleus levels are excited of the ground-
state rotational band (2'0, 344, 4 keV; 4%0, 755.6 keV),
B-vibrational band (0*0, 615,5 keV; 2%0, 931,1 keV),
y-vibrational band (2*2, 1109, 8 keV; 3*2, 1320.0 keV;
40, 15417, 0 keV), band of octupole vibrations (370;
1124 keV; 170, 1314 keV), Besides these states, we
observed a number of levels including one with energy
1047.8 keV and I"K=0%0, The decay energy Q,(*°Tb)
=3850+15 keV was determined in Ref, 12,

53Dy, Ty,3=6.3 h. Investigations of the spectra of
¥’s, conversion electrons, and yy and e"e” coincidences
made it possible to construct the decay scheme of
153py (Ref. 13), For '%3Th, 50 excited states were in-
troduced, It is assumed that the ®°*Dy nucleus in the
ground state is spherical with quantum numbers /5,5 .
The %3Tb nucleus in some states has a spherical
shape; in others, it is deformed. The lower levels of
153 are states of an odd proton with spherical shape
of the nucleus: 0 (ds,s), 80.7 (gy,z), and 163.2 keV
(Ryy ,g). At the same time, the properties of the levels
at 147,5 (3/2*), 240.4 (5/2%), 389,4 (7/2*), and 572.1
keV (9/2*) are the same as those of the lower levels of
the 3/2*[411] rotational band in the strongly deformed
nuclei 1¥9157139Th  The levels of 799.8 (5/2*) and
1087.1 keV (7/2*) are possibly members of the rotation-
al band of the state 3/2*[411]9,,. The '**Dy nucleus
also undergoes « decay. A fine structure of the o
spectrum of this nucleus was found in Ref, 14: E,,
= 346415 keV (3.0+0.3.10"% per decay of mDy) and

E, =3305+5 keV (9+6x10""% per decay).

84, Ty ,;=0,940,1h, ["=8; ¥mTh, Ty,-28,1
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FIG. 1. General arrangement of experiments in the Yasnapp program. The different lines indicate different arrangements of ex-
periments.
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£0.9h, I">6; 1*maTh, T, ,-22,0+1,5h, I"=0", In-
vestigations were made of the spectra of y’s, con-
version electrons, and yy coincidences, ' The level
scheme of **Gd includes a ground-state rotational
band: 0 keV, 0% 123 keV, 2*; 371 keV, 4%, and 718
keV, 6% a g-vibrational band: 681 keV, 0*, 816 keV,
2% 1048 keV, 4% a y-vibrational band: 996 kev, 2%
1128 keV, 3*; 1264 keV, 4% 1402 keV, 5% a band of
octupole vibrations with K7=0": 1241 keV, 1~ and
1252 keV, 37, and also a number of other levels,

*Ho, T,,;=49+2 min. Study of the decay of **Ho
made it possible to determine more accurately the half
life of '**Ho, to determine the multipolarity of the tran-
sition 39.5 keV (M1 +4.4%E2) (Ref. 16), and to mea-
sure the lifetime of the '**Dy level at 247.9 keV: T,
=63.0+3,3 nsec and the level at 39.4 keV: T,,,<3.5
nsec (Ref, 17),

Dy, Ty,,=10.1h. Investigations of the decay of
5Dy (ground state of type 3/2"[521], decay energy
Qs(***Dy)=2100+10 keV) led to the establishment of a
complicated scheme of excited states of '**Th (Refs. 18
and 19), We identified rotational bands of the ground-
state of ¥Th: 3/2*[411] and of excited states of the
type 5/2°[632], 7/27[523], 5/2*[413], 1/2"{[532]4 + Qs },
1/2*[411], 7/2*[404], 3/2*{[411]4 + Q,,}, 3/2*{[411]4
+ Qofy 1/27{[532]4 + Qp5}. The level at 1664, 7 keV (5/27)
probably contains an appreciable admixture of a three-
quasiparticle state of the type p5/27[532], »3/2-[532],
n3/2-[521],

1%5Tb, T,,,=5.6 days, We studied the spectra of in-
ternal conversion electrons, y¥’s, and ey and yy coin-
cidences, A complicated >Th ~%5Gd decay scheme
was proposed,®® The scheme includes the rotational
band of the ground-state (levels 0, 3/2°[521]; 60, 5/2%;
146 keV, 7/2°), a band based on the state 3/2*[402]
(levels 269, 3/2*; 326 keV, 5/2*), a band based on the
state 1/2*[400] (368, 1/2% 427, 3/2°; 489 keV, 5/2°),
a band based on the level 1/27[521] (560, 1/27; 616 keV,
3/2%), and also the states 3/2°[532], 287 keV; 3/27,
451, 3 keV, and a number of other states. The level
593 keV, I"=3/2", has a dominant component [521]t
+ @, (20),

1%Er, Ty,,=19.5+1,0 min, Identified in Ref, 21;
the constructed decay scheme includes levels of **Ho
with the energies 52 keV, I"=2% T, ,<2-3 min; 82
keV, I"=1* T,,;=(1.46+0.15) nsec, and 117 keV, I*
=17, The hindrance factor of the 52-keV transition is
F(M3)<100. The observed levels can be associated
with two-quasiparticle configurations in *®Ho: 0 keV,
5*—{ p5234 + n5214}; 52 keV, 2°—{p5234 —n5214}; 82
keV, 1*'—{p5234 — #5234}. Note the low value lg f£=5.0
for the § transition of *®*Er(0*) to the level 117 keV
(17). The intensity of a decay of **Er was estimated to
be less than 5-107'% per decay.

%Ho, Ty,3=(55+1) min. Investigation of the decay
15610 ~15%Dy (Ref. 22) revealed levels of the rotational
band of the ground state (up to 6*), a 8 band (up to 6*),
and a y band (up to 5*), and also levels of octupole vi-
brational bands with K"=2", 07, and 1", A complicated
scheme of the Dy levels consisting of 47 levels was
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constructed. A decay energy @,(***Ho)= (4.7+0.1) MeV
was determined,

i o 1 s2=(3.6+0,4) min. Discovered in Ref. 23,
This decay includes vy transitions with the energies
99.9 keV (38), 110.2 keV (100), 131,1 keV (50), 192.4
keV (66), and 241.4 keV (95). The relative intensities
of the ¥’s are given in the parentheses,

BTEr, Ty,5=(22+2) min. Identified in Ref, 24 from
the accumulation in the activity of *'Dy. In Ref. 25
studies were made of the spectra of y’s, internal con-
version electrons, and positrons. The multipolarities
of a number of transitions were determined, The
YTEr-'"Ho mass difference is (34702 80) keV. The
measured lifetime of the 121, 8 keV level in ¥"Ho is
Ty ;2= (0.75+0,10) nsec.

“"Ho, Ty,,=(141) min, Discovered in Ref. 24 from
the accumulation of the daughter activity of "Dy, A
decay scheme of “¥"Ho is proposed in Ref, 26, We ob-
served the levels 3/2, 5/2, 7/2, 9/2 of the rotational
band of the ground state of *'Dy: 3/2-[521]; the levels
5/2, 7/2, and 9/2 of the band 5/2°[523], a level at
187. 8 keV of type 5/2*[642], the levels 5/2 and 7/2
of the band 5/2-[512], and a number of other levels,
Estimates were made® of the lifetimes of the first ro-
tational level at 61 keV of the band 3/2°[521]: T,
<0.4 sec and the level at 341, 1 keV of type 5/2~[523]:
Ty,2<0.3 nsec, Estimates were made of the internal
quadrupole moment and the deformation parameter of
the "Dy ground state: Q,>3.6 b and 8> 0, 20,

Y5TDy, Ty,3=8.08 h. Careful study was made of the
spectra of ¥’s and internal conversion electrons.,?’ In
the decay of "Dy (3/2"[521]) the **"Tb state with energy
326.4 keV (5/2"[532]) is populated most strongly
(98.3%; lg ft=5.4). The level 357.8 keV, 7/2" is the
first rotational state of the band, Levels of the ground-
state rotational band 3/2*[411] with spins 3/2, 5/2, 7/2
and energies 0, 60,8, and 143,8 keV are excited.
Levels with spins 1/2, 3/2, and 5/2 (597.5, 637.0,
and 697. 0 keV) belong to the level 1/2*[411], Thelevel
at 991,6 keV, I"=3/2", and the rotational level 5/2*,
1044, 2 keV belonging to it are interpreted as members
of a band based on the state (3/2*[411]+ @, (20)). The
excited state at 1102, 5 keV is ascribed the quantum
numbers 3/2-[541].

%8Yh, Ty,,=(1.1+0.2) min. Reliably identified at
Dubna.®® When '**Yb decays, y’s with energy 74.2
keV are emitted, The intensity of this y transition is
estimated to be approximately 50% on decay of **vb
and its multipolarity is E1, It is possible that the de-
cay of **®Yb to '**Tm takes place principally to the level
at 74, 2 keV of type 1* with 1g ft 5.0, .

8Tm, T,,,=(4.3+0.2) min, Discovered in 1970 by
De Boer et al. and Neiman ef al.*® At Dubna, studies
were made®® of the spectra of ¥’s and yy coincidences
in the decay of '®Tm. Excitation of levels at 191 keV
(2*) and 526 keV (4*) of the rotational band of the ground

" state of ¥ Er were established,

YEr, Ty,,=(2.2540.10) h. Discovered at Dubna in
1960. The latest results on the investigation of the de-
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TABLE 1.
E, keV I Ty¢3, min Foposedit | g it
configuration
0 5+ 11 () p523t —n5214 —
67 2 27 (BLT.) p523+ — n651 ¢ >8.4
115 2t p523t—nb21¢ =>8.4
139 1= 1.85-0.10 nsec (y) pil1t—nd241 5.5

cay of '®Er were published in Refs. 31 and 32. A de-
cay energy Q,(***Er)= (2060+100) keV was measured,
The multipolarities of the majority of ¥ transitions
were determined. It was shown that when *Er decays
levels of *®Ho (see Table 1) are excited and also a
number of higher lying states with I"=1", 27, and 2*,
It was noted that the probability of g decay to the level
139 Kev (17) is unusually large for first-forbidden tran-
sitions,

1%8¢Ho, Ty/p=11 min, ®™Ho, T, ,=27 min, Dis-
covered and investigated in detail at Dubna, In our
latest investigations®*~% of the decay of the ground
state and the isomeric state (27, 67 keV, 27 min) of
this nucleus we observed 170 y transitions and deter-
mine the multipolarities for 120 of them. Experiments
were made in which we established that the y transitions
belonged to the decay of the isomeric state or the ground
state of '®Ho. A decay energy Q4(****Ho)=4220+30
keV was measured, A complicated % ™o —~ %Dy de-
cay scheme was proposed (Fig. 2) which contains al-
most all the observed y transitions, We identified ro-
tational bands of the ground state (up to 8*), of y states
(up to 5%), of 8 states (up to 4*), and of octupole vi-
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FIG. 2. Decay scheme of 1%¢Ho,
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brations, and also bands based on two-quasiparticle
states,

1%8mHo, T,,,=(212) min. Discovered by Schepers,®
The data of Ref, 35 confirm Schepers’s conclusions
about the spin and structure of this level: 9* (p5234
+n5054). In 90% of the cases, this state undergoes
au—f decay to a level at 2528,5 keV with I"=8* (r523+
+15054),

15%Yb, Ty,3=(1.8%0.4) min, Discovered at Dubna, '
When *°Yb decays, y's with energies 166(100) and
177 keV (48) are emitted,

%Tm, T,,,=9.0 min. The existence of an (11+3)

min activity of **Tm was communicated in 1968 at
Dubna, ® In later investigations in the Yasnapp pro-
gram a decay scheme was proposed (Fig. 3) which in-
cludes 12 excited states of "’ Er (Ref. 39). It was
shown that the properties of the ground state of **Tm
match a configuration of the type 5/2*[402]. In the de-
cay %9Tm ~°Er identifications were made for the
first time of levels of rotational bands of the states
3/2-[521], 5/2-[523], 3/2*[402]+[651], 11/2"[505], and
levels with I"=5/2", 7/2% and 9/2* of a strongly per-
turbed band were also identified; these were described
in the framework of a nonadiabatic model with allow-
ance for residual centrifugal and spin-spin interaction
between nucleons. A decay energy @,(***Tm)= (3.4
+0.3) MeV was determined.

'Er, Ty,,=(37%2) min. The latest results of the
investigation of the isotope *’Er discovered at Dubna
in 1961 were presented in Ref, 40, A decay energy
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FIG. 3. Decay scheme of 1Tm,

Rs(**°Er) = (2920+ 100) keV was established.

A scheme of the "*®Ho levels that occur as a result
of the decay of *Er was proposed; it includes levels
of the rotational band of the ground state 7/27[523], a
level at 166 keV with 7/2*[404], levels of the band
1/2*[411]: 1/2* (205.9 keV), 3/2*(221.2 keV), 5/2*
(328.2 keV), and 7/2*(350.2 keV), and the level 1/2
[5411] (431.8 keV); the level 3/2*[411] (299.1 keV),
and the level 5/2"[532] (649.6 keV). When *°Er decays
there is strong excitation of a level at 624. 5 keV with
I"=5/2", The level with I"=3/2" at 504, 8 keV is in-
terpreted as'a y vibrational state of type 7/2"[523]+ @,,.

%*Ho, Ty,3=(33%1) min. Information about the y’s
and internal conversion electrons obtained in the Dubna
experiments are summarized in Ref. 41, These re-
sults are consistent with the later investigations of
Torres. In Ref, 41, a “®Ho -'*py decay scheme was
proposed; it includes levels of the rotational band of the
ground state 3/27[521] (up to I=9/2), levels of the band
5/2*[642] up to I"=9/2*, and 5/2 and 7/2 levels of the
band 5/2°[523]. We determine a decay energy @,(***Ho)
=1827+10 keV and a value lg ff=4.84 +0. 06 for the qu—
B transition of '**Ho (7/2"[523]) to the level of %°Dy
with energy 309.6 keV (5/2-[523]). We measured the
lifetime of the level 309.6 keV (T, ;=3 nsec) the level
177.6 keV, 5/2*[642] (T, ,,=9 nsec), and also of the
first rotational level at 57 keV of the ground-state band
3/2°[521] (T, ,;=0.2 nsec). The quadrupole moment of
"Dy was estimated to be @,% 5.5 b,

80yb, Ty,3=(4.8%0.2) min. Recently identified at
Dubna, * The y transitions 132,2(9.9), 140, 3 (16.6),
173.8(77.4), and 215, 8 keV (32.0) are ascribed to the
decay of "®®yb, The brackets contain the intensities of
the y’s, the intensity of the K, emission of Tm being
taken as 100,

0Tm, Ty,,=9.2 min, The activity of thulium with
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' Ty,,=8 min observed in experiments at Dubna® is

due to the decay of ®*°Tm, as became clear from the
work of De Boer ef al.*® Investigation of the decay of
'Tm (Ref. 43) in the Yasnapp program made it pos-
sible to improve the results of Ref, 29 significantly,
More than 40 y transitions have been attributed to the
decay of **Tm and the multipolarities of four of them
determined. Experiments with ¥y coincidences were
made. A decay energy @,(**°Tm)= (4.9+0,5) MeV was
determined. The proposed decay scheme of *°Tm con-
tains levels of the rotational band of the ground state of
'°Er, levels of a y-vibrational band, bands with K
=0%, and some states with energy higher than 1 MeV.

“YEr, T,,,=28.4h, This undergoes only electron
capture. Under theassumption that a 8 transition is
allowed, Buttsev ef al.* determined the decay energy
Rs("*°Er) = (340°13%) keV. It was assumed that the B
decay takes place entirely to a hypothetical level of
18040 with I7=1* which lies somewhat higher (AE<1,5
keV (Ref. 45)) than the isomeric state of ¥°Ho with J*
=27, energy 60 keV, and T,,,=5,0 h. This isomeric
state is excited in 100% of the cases of *°Er decay.

80mHo, Ty,,=5.0h, I'=2", E, =60 keV. This de-
cays by B transitions to Dy levels and by an isomeric
E3 transition to the ground state, The fraction of the
isomeric transition is 60+3% (Ref. 46),

18050, Ty/,=25 min, I"=5%. Prolonged and detailed
investigations of the decay of **#'"Hg are summarized
in Ref. 46. Careful studies were made of the spectra of
¥'s, conversion electrons, and positrons. Studies
were made of the spectra of pair-conversion positrons
and monoenergetic positrons resulting from the conver-

~ sion of high energy y’s. The decay energy is ,(*%°¢Ho)

=3286 +15 keV. The energies and intensities of 340 v
transitions were determined, together with the multi- :
polarities of half of them, Decay schemes of " Ho and
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180sHo were proposed. The isomeric level and ground-
state level of '®°Ho are interpreted as of two-quasipar-
ticle type: I"=2", p5234 - %651 ¢+ and I"=5%, p523+
+#n521 ¢4, Information was obtained about the rotational
bands of the ground, A, and B vibrational states and also
about the bands of a number of two-quasiparticle states
of Dy, The strength function of the 8 decay of *°™ Ho
was analyzed and the conclusion drawn that there is
fragmentation of the wave function of the state I"=1",
7523 ¥ - #8651 + over a number of **Dy levels in the re-
gion 2. 6-2. 8 MeV.

180m2Ho, Ty,=1h, I"=9*. Schepers'® reported the
existence of such a isomeric state of '®Ho. The iso-
meric state of **Ho with Ty2~1 h was not found in Ref,
46,

161yh, Ty/,=(4.2+0.2) min. This was discovered
during the Yasnapp program in 1973 (Ref. 47). The de-
cay of '®'Yb gives rise to y's with energies 78. 17(49),
140. 2(3. 3), 188. 2(4.5), 599. 8(39), and 631. 3 keV (21).
The intensities of the y’s are given in the brackets, the
intensity of the K, x rays of Tm being taken as 100.

81Tm, T,,,=37 min, This was studied at Dubna from
1964. The spectra of conversion electrons, y's, de-
layed and instantaneous yy coincidences, and positrons
were investigated. ** The decay energy @,(**'Tm)=(3.2
£0.2) MeV was determined. A decay scheme of *'Tm
was proposed. It was shown that the ground state of
81T, in contrast to the other Tm isotopes with odd A,
corresponds to the configuration p7/2*[404]. The
ground state of "*'Er is ascribed the configuration
3/2°[521]. Inthe ''Er nucleus rotational levels asso-
ciated with states of the type 3/2°[521], 5/2°[523],
3/2*{[402]+[651]}, 11/2°[505], 3/2°[532], and 5/2-
5/2"[512] were identified. When *'Tm decays, one ob-
serves levels of a strongly perturbed rotational band
with positive parity and I=5/2, 7/2, 9/2, 11/2, and
13/2. The small value lgft=5.0 for the B decay to the
level at 2044. 5 keV shows that its principal component
is a three-quasiparticle state of the type
9/2* {p,1/2°[523], p,7/2*[404], n5/2"[523]}.

¥lgy, T,,,=3.1h. As a result of investigation of the
spectra of conversion electrons, y’'s, positrons, and yy
coincidences a decay scheme of ®'Er was proposed in
Ref. 49; it includes 37 excited states of ®'Ho. The
mass difference @,(**'Er)= (2. 05+0. 04) MeV was mea-
sured.
bands associated with the states 7/2°[523] (ground state
of "'Ho), 1/2*[411], 7/2*[404], 3/2*[411], 1/2-[541],
5/2*[413], and 5/27[532], and also with a y-vibrational
state of type 3/2: 7/27[523]+ Q.. Some of the '®'Ho
levels with excitation energy higher than 1 MeV are re-
garded as one-particle states of the type 3/2[541],
3/2°[532], 1/2°[530], 1/2°[550] or ¥ vibrations of the
type K — 2 to the state 7/2*[404]. The three levels at
1656.8, 1691.5, and 1740.1 keV have I"=5/2", It is
assumed that these levels have a collective or three-
quasiparticle nature, In particular, in Ref. 2 it is as-
sumed that in the range 1.7-1.8 MeV in '*'Ho one can
expect a multiplet of three-quasiparticle levels of the
type »n,3/27[521], n,5/2°[523], p7/2"[523].
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TABLE 2,
E, keV' I, K% | e+BY, % Ig 1t Structure of state

0 1; 1- 22 5,7 | pl72+[411]—n3/2-1521]
44,6 2; 1- < 0.3 =>7.4 pl/2+[411] —n3/2- [521]
163.4 1; 1+ 77 4.9 | p7/2+[523]— n5/2- [523]

Identifications were made of levels of rotational

61Ho, Ty,,=2.48 h. The spectra of y’s and internal
conversion electrons were studied. °**! The decay en-
ergy Q,('®'Ho) =855+20 keV was determined. It was
shown that when '*'Ho (7/2°[523]) decays into *'Dy the
levels 5/2, 7/2, and 9/2 of the rotational band of the
ground state 5/2*[642], 5/2, 7/2, and 9/2 of the band
5/2°(523], 3/2, 5/2, 7/2, and 9/2 of the band 3/2"[521],
and also the levels 5/2" (451. 3 keV) of the band °
1/27[521] and 5/2 (790. 6 keV) of the state 5/2°[512] are
excited. The value 1gft=4. 8 0. 2 for the B transition
to the level 25. 6 keV is characteristic of the au—8
transformation p[523] ¢ —#[523] +.

82yp, Ty/,=19.0 min. The decay of this nucleus,
discovered at Dubna in 1963, was most fully studied in
Ref. 43. The limit of the ratio of the intensities of
electron capture and positron decay to the level 163, 4
keV (K/B*>36) was used to estimate the decay energy:
Q4(**Yb) <2.2 MeV. When '*2Yb decays, the levels of
182T'm shown in Table 2 are excited.

In Ref. 52, the lifetime of the level at 44, 6 keV was
measured: Ty;,=1,55%0.20 nsec, and values were de-
termined for the internal quadrupole moment: @,=6.00
+ 0,49 b, and the deformation parameter 8=0.27+0.02
of the ground state of '%*Tm.

%2Tm, T,,,=21.8 min. Discovered in 1963 at Dubna.
The radiation resulting from the decay of ®*Tm was
studied in Ref. 43. The mass difference Q4(***Tm)=4.6
+ 0, 3 MeV was determined. The decay of **Tm was
associated with 140 y transitions, for ten of which the
multipolarities were determined. Only some of the ob-
served y transitions were included in the decay scheme,
The decay of '®*Tm is accompanied by the excitation of
0%, 2%, 4' levels of the rotational band of the ground
state, 2*, 3*, and 4" levels of the y-vibrational band, 0*
and 2* levels of the B-vibrational band, and also other
levels with K"=0%, 17, and 2", Altogether, 12 excited
states of '®’Er were introduced.

88yb, T,,=11.4 min. Investigations were made of
the spectra of ¥’s, conversion electrons, delayed and
prompt yy coincidences, and By coincidences; these
were used to construct for the first time a scheme of
the **Tm levels excited during the decay of Yb (Ref.
53). The mass difference @4('%*¥b)=(3. 37+0. 10) MeV
was measured,

%7m, Ty»,=1.8 h. The latest data obtained on the
decay of '**Tm were presented in Refs, 53-55, In the
decay scheme of **Tm, 23 excited states of *®Er were
introduced. They include levels of the rotational bands
of the states 5/27[523], 5/2*[642], 3/2°[521], 1/2"[521],
3/2*{[402]+[651]}, and 1/2*{[400] +[660]}. The levels
1538. 6 (3/2*) and 1801. 5 keV (1/2*) are members of a
multiplet of a three-quasiparticle state: {p7/2°[523],
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p1/2*[411], n5/27[523]}. Measurements were made of
the lifetimes of the excited states at the energies 69. 2,
84.0, and 104. 3 keV; they were 7.72, 0.92, and 0. 52
nsec, respectively. The decay energy is @('**Tm)
-=(2.6+0.2) MeV.,

'®Er, T,,,="75 min. Study of the spectra of ¥’s and
internal conversion electrons solved only some ques-
tions®®; in particular, the multipolarities were deter-
mined for the y transitions at 436 (M 1) and 440 keV
(E1).

% Yb, T,/,="15 min. Discovered at Dubna in 1960.
In the first investigations it was shown that '* Yb de-
cays primarily to the ground state of ** Tm by an al-
lowed unhindered 8 transition, so that the ground state
of ' Tm corresponds to a two-particle configuration:
1*(p7/27(523] - n5/27(523]. In 1971, the Dutch group of
De Boer ef al.’” made a careful investigation of the y
spectra of the chain '* Yb~ ' Tm~'#Er, and some of
the transitions were attributed to the decay '®*Tb
-~'%Tm. Our investigations of the spectrum of con-
version electrons®® greatly extend the number of tran-
sitions that could be attributed to the decay of this nu-
cleus. It is assumed that when '™ Yb decays, levels
are excited in the nucleus '® Tm at 37.5(2%), 78.3(1°),
97.2, 172.3, 261.7, 543.4, and 588.6 keV.

' Tm, T,,,=2.0 min. A decay scheme of this nucle-
us, which was discovered at Dubna, was proposed in
Ref. 59. The decay energy is @4('%Tm)=3.96+0.02
MeV. Levels of the rotational bands of the ground
state and of a y-vibrational state, and a number of
other levels, were identified. An interesting result
was the discovery of several 0* levels in the ** Er nu-
cleus. Subsequently, the decay of '® Tm was studied in
detail by the Dutch group.®” Investigations of the con-
version electron spectrum continue. %

'8 Lu, Ty,,=11.3 min. For the first time, ¥’s and
conversion electrons from the decay of **Lu were ob-
served. The half life is T, 5 =(11.3+ 0. 3) min (Ref.
61). In Ref. 62 a fragment of the decay scheme of %Ly
is proposed.

18 ¥b, T,/,=10.5 min. A decay scheme of this nu-
cleus was proposed on the basis of the spectra of y’s
and 7y coincidences obtained by Rasmussen et al. %
Our group is making investigations of the spectra of
conversion electrons from the decay of % Yb. Pre-
liminary results were published in Ref. 64.

' Tm, Ty,,=30.1 h. The decay of *® Tm has been
the subject of several studies of the Dubna group®—8"5
and other investigations.®% It has been established
that when % Tm decays 28 levels of ** Er are popu-
lated. The spins and parities of 21 of them have been
established. Identifications have been made of the
ground and rotational levels of the following one-quasi-
particle states: 5/27[523]; 5/2*|642]; 3/27521];
1/27[521]; 5/27[512]; 1/2*{[400]+[660]}, 3/2*{ 402]
+[651]}, 3/27532] and a three-quasiparticle state of
the type 3/2*{p7/27[523], p1/2*[411], #5/27[523]}. The
method of ey delayed coincidences was used to mea-
sure the lifetimes of nine excited states of ** Er, and
the probabilities of the y transitions were determined. *

399 Sov. J. Part. Nucl., Vol. 6, No. 4

'S Er, Ty/,=10.89£0.07 h. The transformation of
165 Er(5/27(523)) is entirely to the ground state of ** Ho
(7/27(523])). The decay energy Q;('*Er) =371+ 6 keV
(Ref. 70) was deduced from the internal bremsstrah-
lung spectrum.

Y8 Hf, Ty/3=6.0+0.5 min. The half life of the new
168 11t isotope was determined from the decrease in the
intensity of the y’s from ' Tm in preparations of Lu
separated successively from the Hf fraction.™

1814, Ty,,=8.3+£0.2 min. The new isotope '®¥Lu was
discovered in the Yasnapp program in 1969 (Ref. 71).
Gammas at energies 102, 228, 338, and 428 keV were
observed.

186Yb, Ty/,=56.7 h. The latest and most accurate
data on the decay of this nucleus were obtained by the
Dutch group of De Boer ef al.™ Electron capture in the
nucleus *®¥b (Q,('% Yb) =215*} keV, lg ft=4.50.1)
leads to excitation of a level at 82.3 keV of ' Tm of
type 1*{p[523]+ —n[523]4}. The F-forbidden y transi-
tion from this level to the ground state of type
2*{pl411]+ -n[642]4} has a low hindrance factor F,,
<400.

1% Tm, T,,3=7.7 h. The decay scheme of ¥ Tm is
very complicated. The most complete of the previous-
ly published investigations of this isotope™ ™ were
made by the Dubna group. The investigations of the de-
cay of **® Tm have now been completed and preliminary
results communicated in Ref. 75. The electron cap-
ture and B* decay in % Tm is accompanied by about
300 y transitions with the excitation of levels in !*¢ Er
with energy up to 2.8 MeV. Identifications have been
made of levels of rotational bands of the ground state
of " Er up to I"=6*, of a y-vibrational state up to I"
=5*, and of an octupole state up to IK" =42, The se-
ries of levels at 1918, 2002, 2021, 2216, and 2160 keV
and others are regarded as two-quasiparticle excita-
tions. On the basis of the low value of lg ff=5.5 and
6.1 it is concluded in Ref. 73 that the levels at 2133
and 2160 keV contain an appreciable admixture of the
four-quasiparticle state 3* {n[642]4, #[523]%, pl411],
pl523]4}. The decay energy is @"('%Tm) =3030=+5 keV.

187 Ta, T,,,=(2.9+1.5) min. This was discovered by
the method of successive separation of the daughter
activities from an Hf preparation.™

87Hf, Ty/,=(1.9£0.2) min. This was discovered by
the radiochemical method.™ A fragment of the decay
scheme has been proposed: 'S’Hf from a ground state
of type 5/27[523) by allowed unhindered B decay goes
over into an excited state of '*'Lu with energy 316 keV
of type 7/27[523].

"Ly, T,,,=55 min. The results of investigations of
the decay of **'Lu are summarized in Ref. 78. The
proposed decay scheme includes 21 excited levels of
187 yh. Of these, 19 are identified as members of ro-
tational bands of the states 5/27523], 5/2*[642],
7/2*(633)], 3/27[521], 1/2°[521], 5/27512], 7/27[514].
The '*"Lu~'®" Yb mass difference is Q4('"Lu)=3.1+0.1
MeV.

187¥h, T,,,=18 min. The most complete investiga-
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tion of the radiation accompanying the decay of ®¥7vhb
was made in Ref. 79. Of the 25 established excited
levels of 18" Tm, 20 were identified as members of ro-
tational bands of the states 1/2°[411], 1/27[541],
7/2*[404], 7/27[523], 3/2°[411], 5/2*[413] and 5/27(532].
The state at energy 1216.5 keV is associated with an
octupole vibration based on the state 7/27[404] with a
certain admixture of the configuration 7/27[523]. The
decay energy is Q4('*"Yb)=1970+ 30 keV.

¥ Tm, T,,,=9.6 days. The relatively simple de-
cay scheme of this isotope was analyzed in Refs. 80—
82.

8 Ta, T),,=2.5+1.2 min. This was first identified
in Ref. 76 by the radiochemical method.

1814, T;,,="7.1 min. The first detailed investigation
of the decay of the seven-minute ®Lu was Ref. 83.
When this nucleus decays, 16 levels of % Yb are ex-
cited. Identifications have been made of the levels of
a rotational band of the ground state up to I " =6* and of
a y-vibrational state up to J"=5". It is assumed that a
four-quasiparticle state makes an important contribu-
tion to the wave functions of the excited levels at 2205
and 2405 keV. The identification of the structure of
this state is determined by the structure of the two-
quasiparticle ground state of !%®Lu, which is unknown.
The decay energy is @(*®*Lu)=4.8+0.4 MeV.

18 Tm, T,,,=85 days. Some refinements to the de-
tailed decay scheme of *® Tm were published in Ref.
84.

Y9 7a, T,,,=5.0£0.5 min. This was discovered in
an analysis of the y spectra of Hf preparations sepa-
rated successively from the Ta fraction of the reaction
products of deep spallation.™

% Hf, Ty,;=3.2+0.1 min. Identified by Arl’t ef al.™
When ®® Hf decays, y transitions are observed with en-
ergies (intensities in parentheses) at 123(7), 369(13),
and 493 keV (100). A fragment of the decay scheme
has been proposed: When % Hf(5/27[523]) decays by an
au—8 transition, the level at 493 keV (7/27[523]) is
mainly populated, and this level decays to the ground
state (7/2*[404]) and its rotational level with I =9/2*,
These results were recently confirmed in Ref. 77.

1807 Ty,2=36 h. Several of our studies, the last of

which were Refs. 85 and 86, were devoted to the decay .

scheme of '*®*Lu. We established the excitation of 41
energy levels of ** Yb. We identified levels of rota-
tional bands of the following states 7/2(633); 7/2[642];
3/2*[651]+7/2[633] Q,,; 1/27[521]; 5/27[512];
5/27[523]; 3/27[521]+1/27[521]Q,,; 7/27[514];
9/2*(624]; 7/2*(633]Q,,; 7/27[503] and 7/27[514]. The
value Q4('%*Lu) =2820+ 50 keV was determined.

1073, T,/,=7.0+0.5 min. This was identified in
Ref. 76. When ! Ta decays, there are y transitions
with energies 101, 221, and 986 keV. The first two
transitions take place between 4*, 2*, and 0* rotational
levels and the " Hf ground state. These results were
confirmed in Ref. 87.

101, Ty/,=48.2+0.5 h. A detailed analysis of the

400 Sov. J. Part. Nucl,, Vol. 6, No. 4

results of investigations into the decay of '™Lu, and
other nuclei with A =170, can be found in the book (Ref.
88) of Dzhelepov and Shestopalova. On decay of "L,
which has I "=0" in the ground state, more than 40 lev-
els of "°Yb with low spins I"=0%, 1*, 2*, 0", and 1" are
excited. Finally, @4('""Lu)=3467+ 20 keV.

MTa, T,,,=25+2 min. This was first identified by
the radiochemical method. ™

ML, T,,,=8.23 days. In our latest investigations,
Refs. 89-92, of the decay of '™ Lu the data on the emis-
sion accompanying this decay were made much more
precise. It was shown that when ™ Lu decays 26 levels
of '™ Yb are excited, and these are interpreted as mem-
bers of rotational bands of the states 1/27[521];
5/27[512]; 7/2*[633]; 7/27[514]; 7/2[523]; 9/2'[624];
5/2*[642]; 3/27[521]+1/27[512]Q,,; 3/27(521], and
3/27(521]+7/27[514]Q,,. We estimated the "Lu-!™
mass difference: Q;('"'Lu)=1.7+0.2 MeV. ‘

"W, T,,,=6+2 min. This was obtained in the re-
action Re(p, xp, yn) W by the irradiation of the oxide of
Re by protons in the Dubna synchrocyclotron.® The
identification was by the radiochemical method.

121 u, T,,,=6.7 days. The results obtained in the
first stage in the investigations of the complicated de-
cay scheme of Lu were presented in Refs. 94 and 95.
Very complete information about the decay of "Lu and
the structure of the '™ Yb levels was then published in
the paper Ref. 96 of the American physicists Sen and
Zganjar. In our papers published in 1971-1975 we ob-
tained more accurate and additional information about
the spectrum of internal conversion electrons®r %"=
and the y spectrum!® associated with the decay of ™Lu.

18 Ta, T, /,=38.7 h. Investigation of the decay '™ Ta
-~ 1" Hf led to the identification of levels of rotational
bands of the states 1/27[521], 5/27[512], and 7/2*(633],
and some highly energetic states. We measured the
lifetimes of the levels at 107.2 keV (5/2 5/2°[512]: 180
nsec, and 197.3 keV (7/2 7/2'(633]): 170 nsec (Ref.
101).

"W, T,/,=31+2 min. Discovered by Demeter et
al. at the Laboratory of Nuclear Problems at Dubna. %

'™ Re, Ty/3=5+1 min. Discovered by Dubna.'®

1 Ta, T,,,=10.5 h. Investigations of the decay of
"5 Ta in Ref. 104 led to the introduction of 23 new lev-
els of '™ Hf. Identifications were made of levels of the
rotational bands of the one-quasiparticle states
5/27[512], 1/27[521], 7/2*[633], 7/27[514], 9/2'[624],
and 5/2*[642] and the -vibrational states 7/2*(633] Qg
5/27(512] Qa9 7/27[514] Q50 and 9/2*[624] Q.

1%0s, Ty,,=3.0+0.7 min. Discovered by Arl’t ef
al, %

%6Re, Ty,;3=5+1 min. The discovery of this isotope
was communicated in Ref. 103.

1" Ta, Ty,,=8.0 h. A decay scheme of this nucleus
was proposed in Ref. 106. Information was obtained
about levels of the rotational bands of quadrupole (K7
=0* and 2*) and octupole (K"=0", 17, and 27) vibrational
states and some two-quasiparticle states. The low val-
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ue of g ft for the B decay to the levels at 2911, 2920,
and 2943 keV suggests that the wave functions of these
6 Hf levels contain an appreciable admixture of a four-
quasiparticle state of the type {p7/2'(404], p9/27[514],
n5/27[512], n7/27[514]}.

"0s, T,/5=3.5+0.8 min. Discovered in Ref. 105.
Information was obtained about the ¥’s accompanying
the B decay of this isotope.

"Ir, T,/;=0.54£0.3 min. Discovered in Ref. 107.
It was established that the decay of '™ Ir is accompanied
by the excitation of levels of the rotational band of the
ground state of "®0s up to I"=6".

1™Re, T;/,=20 min. Results of investigations of the
1"Re decay were communicated in Refs. 105 and 108.
A decay scheme was constructed. It was established
that the ground state of '™ W is of type 5/2*(402]. One-
quasiparticle states were identified: 7/27[514],
1/27[521], 9/2*[624], 5/27[512], 7/2*[633], and
1/2°[510]. The levels with energy (I) 720.5 (3/2*) and
1680.1 keV (7/2') are members of a three-quasiparticle
multiplet: {p9/27[514], p5/2*[402], n7/27[514]}.

801y, Ty/3=1.5%0.1 min (Ref. 107). When *°Ir de-
cays, levels with I"=2" and 4* of the rotational band of
the ground state of *°0s are excited.

¥y, Ty/2=5.0+0.3 min (Ref, 107). Twenty-one y
transitions with energy up to 2 MeV have been ascribed
to the decay of this nucleus.

18mQg, T,,,=105 min. The decay of the 105-min

isomeric state of *'0s was studied.!® The ®'0s

~ 181 Re decay energy was measured: Q,(®"0s)=3.04
+0.20 MeV. It was found that the isomeric state of
8105 must be ascribed the configuration 1/27[521].
®1Re, rotational levels of the following states are ex-
cited: 5/2°[402], 9/27[514], 1/27[514], 3/2*[402],
3/27[532], 1/2°[411], 3/2*[411] and 1/27[510]. The low-
est level of the rotational band of the state 1/27[541] has
I"=5/2". The lifetime of this level (E,,, =356.7 keV)
_is 96+ 4 nsec.

%2 1r, Ty,3=15+1 min. Study of the decay of *Ir led
to the identification of rotational levels of the ground
state of Qs with I "=2*, 4*, and 6" and rotational lev-
els of a y-vibrational state with 17=2*, 3*, 4%, and 5
(Ref. 107).

1820s, T,,,=22 h. In Ref. 110 a decay scheme is
proposed for ¥8Qs, containing 11 excited levels of
182Re. The spins and parities of all 11 lines were de-
termined. Measurements were made of the lifetimes
of the levels with energies 235.7 (Ty,,=0.35+0.04
nsec) and 263. 3 keV.(T;,,=5.27+0.16 nsec). The
structure of the excited states of *Re was discussed.

182Re, T,,3=64 h. The decay scheme of '®Re (Ref.
111) was made more precise and augmented. The
quantum numbers of the ground state of **Re were de-
termined: 7' {p5/2*(402]+79/2'(624]}. Four new lev-
els were introduced in the ¥ W nucleus. The following
two-particle states were identified: 2°{p5/ 2“[402]
-n9/27{514]}; 4-{n9/2'[624] -n1/27(510]}; :
5 {n9/2*[624] +n1/27[510]}; 7 {p5/2+[402]+p9/2'[514]}

401 Sov. J. Part. Nucl., Vol. 6, No. 4

- troduced at energy 2377 keV (I"=5" or 6%).

3"{n9/2'[624] - n3/27(512]}; 67{n9/2°[612])+n3/2512]}
and 2" {n9/2*(624] - n5/21512] }.

182m Re, Ty/3=13 h. In Ref. 112 the decay scheme
of the isomeric state of '*Re with T, 12=13 h was made
more precise and augmented. The structure of this
state of ®Re was determined: 2*{p5/2'[402]
-n9/2'(624]}. A new level was introduced: 1538 keV
with I*"K=2'0. The levels at energy 1057 (1*) and 2116
keV (2%) are regarded as rotational levels of a state of
the type 1*{p5/2*[402] - n7/2*(404] }.

183mQs, Ty/3=10 h; 208, T,,,=12 h. In the investi-
gation of the decay of the '**Q0s isomers!!® an estimate
was made of the '¥0s~ '®Re decay energy: Q,('**0s)
<2110 keV. Rotational levels of one-quasiparticle
states were identified: 5/2'(423]; 9/27[514]; 7/2*[404];
1/27[541]; 3/2'(402]; 1/2*[411]; 3/27532] and
3/2*(411]. The level at 2030 keV in !¥Re was identi-
fied as a three-quasiparticle state of the type
11/2*{p9/27[514], n9/2*[624], n7/27[514]}.

#1r, T,/,=3.2 h. The method of delayed yy coinci-
dences was used to determine the lifetime of the 2* lev-
el of the rotational band of the ground state at energy
119.8 keV: T,,,=1.18:0.05 nsec (Ref. 114).

Wi, T a2 16 by 0 P, .= 1,7 H. 'The *0s lev-
els were studied through the decay of the *Ir iso-
mers. 1#=18 The results of investigations of the decay
of ™ [r were used in Ref. 115 to construct a scheme
of Qs levels including ten levels. Their spins and
parities were determined. In Ref. 116 a level was in-
In Ref. 114
the lifetime of the 2* state (137.2 keV) of the rotational
band of the ground state of '**0s was determined: T,,,
=(0.84x 0.05) nsec.

8y, Ty;,=41 h. The lifetime of the rotational level
1550 keV((2*) in '*®0s was found to be T, ,2-(0 7
+ 0.03) nsec (Ref 114)
3.2 D|scussmn of the results of experlmental
investigations of deformed nuclei of rare-earth elements

We now consider some general conclusions that fol-
low from the experimental investigations of the struc-
ture of deformed nuclei of rare-earth elements and, in
particular, from the Yasnapp results. Some of the
questions in this area were discussed in the reviews
Refs. 8, 9, 117-121.

Nonrolational states of odd deformed nuclei (150<A
<190). Let us consider the nonrotational, nearly one-
quasiparticle states of odd deformed nuclei and the in-
fluence of the interaction of the quasiparticles with pho-
nons on their energy and structure; we shall system-
atize the existing experimental data on one-quasiparti-
cle states of odd nuclei and compare them with theo-
retical calculations in the framework of current mod-
els.®"" The experimental data on this question were
considered in Ref. 9 in 1971. In the four years that

.have since elapsed, the amount of experimental infor-

mation has increased considerably.

One-quasiparticle excited states. The simplest rep-
resentation of the structure of odd deformed nuclei is
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given by the model of independent quasiparticles.? In
this model, the interaction between nucleons of the nu-
cleus is divided into two parts: an average nuclear po-
tential (the average field) created by all the nucleons of
the nucleus, and a residual interaction leading to pair-
ing correlations of superconducting type. In the model
of independent quasiparticles, the ground state and a
large number of excited states have a one-quasiparticle
structure; the higher states have a three-quasiparticle
structure, etc. The behavior of the one-quasiparticle
states—their energy and sequence—is determined ba-
sically by the average field of the nucleus.
the average field of deformed nuclei one uses the po-
tentials of Nilsson®'?® or Woods and Saxon. #1112 The
one-quasiparticle states are characterized by the quan-
tum numbers K "[NnzA] of the state of the average field
in which the quasiparticle is situated.

The experimental data on the energies of the one-
quasiparticle states in odd deformed nuclei with 150<A

2000

To describe

<190 are shown in Figs. 4-=7. The nuclei are divided
into groups with the same odd Z (Figs. 4 and 5) and N
(Figs. 6 and 7) numbers. The experimental data are
taken from our studies, the reviews Refs. 9 and 120,
and the large number of investigations published up to
the middle of 1974. For comparison, we use the one-
particle energies of the deformed Woods—Saxon poten-
tial calculated by Gareev et al.'®® for four bands with the
values A =155, 165, 173, and 181. The calculations
were made for hexadecapole deformation parameters
By=0.06, 0.02, —0.02, and - 0.06 for each band, re-
spectively. The energies were taken for the values
Bsp=0.28, 0.26, and 0.24 for the quadrupole deforma-
tion parameter, respectively. The groups of nuclei
with the same odd number of protons Z or neutrons N
were distributed over these zones as follows: A =155:
Z =63, 65, and N=91, 93; A=165: Z=67, 69, and
=95, 97, 99; A=173: Z="71 and N=101, 103, 105;
A=181; Z=173, 75, and N=107, 109, 111, 113, The
average value of the mass number A in each group was

2=69

V2 [530) w
2 (532] ) N
N

Y2 [514]

1500

g
S

2t [402]

Particle states

500 f
Ve fens] 4
~ o lsu]

7/2*[5&/‘, ]
- 32t 1] rv\\ g

500

o

5 '[532] T

Excitation energy, keV

o

1000

e
|

1500

Hole states

2 (651]
V/Z'fmf

i
3 it
w 1/2°[530]
w712 [505]

FIG. 5. Energies of one-quasiparticle
levels in nuclei with odd A (Z=69-75).
The notation is the same as in Fig, 4.

4 o fs1) |
'om 72°[404]
w2 (417 -

ey |
gty
X7

5.‘ K" [hinA]

402 Sov. J. Part. Nucl., Vol. 6, No. 4

K. Ya. Gromov et al. 402



N=g1 N=33 N=95 N=97 H=93 n=101
sl
bo| ~ims, v N
7500 PR e E A 4 - |
3 RO ) i [~y VY
2 ¢ ] X aztsas] s N AN f = Y2 [519]
3 FF TS a il \ ;
@ 1000 |- e il £ 4 : '
s i w921 (624]
B sl W?ﬁ‘ﬂ] LN _ =y "ye[s] 4 FIG., 6, Energies of the one-quasi-
% N m_“,[ﬁf{ | 5] A 5 [512] particle levels in nuclei with odd A (Z
g 0 b £ ‘/F_r{‘ : e -a V2521 | =91-101). The notation is the same as
o e —— S RL6s in Fig. 4
5 R T Abpom, W %Y
2 s 1 Va. a5y R]
g 45 =) w\ AN : e 2003
= o T ;‘ W *})\. =R U268
+ b = U ,) ~[521]
g a0 VeR00] o e
£ e tsy f S . _g/z 505]
o yefom], | VeI sel Lo -4% [ffzz
=} I = u o T -
S mw Y] i~ ,/Z.M,,Ja
g : x
1 T 1 1 1 1 1 (i L Ll I 1
near the A value of the selected band. It is known that As can be seen in Figs. 4-7, the model of indepen-
pairing correlations of superconducting type increase dent quasiparticles gives a satisfactory qualitative de-
the density of one-quasiparticle states.? Therefore, in scription of the excited states in odd deformed nuclei.
Figs. 4-7 we have plotted the one-particle energies The experimentally observed density of states corre-

calculated in Ref. 123 but divided by two.

sponds to the caleculated density when the reduction co-

efficient of 2 mentioned above is introduced. One can

One can object to the use for comparison with experi- clearly see that each chosen proton or neutron state is
mental data of the one-particle energies of the Woods— manifested first as a particle state whose energy de-
Saxon potential on the ground, that, as was already creases with increasing number of protons or neutrons;
known more than ten years ago, 2125 the low-lying non- at a definite odd number of protons or neutrons, this
rotational states of odd nuclei frequently exhibit col- state becomes the ground state, and it then appears as
lective properties, i.e., their wave functions contain a hole state. It is remarkable that, as a rule, the
an appreciable admixture of vibrational states. In Ref. quantum numbers of the ground states are described by
123 it was shown that the interaction of quasiparticles the model. Thus, the 65th proton in the ground state
with phonons changes the properties of the quasiparticle must be in the state 3/2*[411]; it is established experi-
levels and, in particular, reduces their energy. In mentally that the four isotopes of Th (4 =155-161) have
Figs. 4-T7 we show in compact form the experimental these quantum numbers in the ground state. The 67th
data hitherto obtained on the nonrotational levels in odd proton must be in the state 7/2°[523]—and the seven
nuclei. Comparison of these data with the energies of isotopes of Ho (A =157-169) have these quantum num-
the one-particle states in the Woods—Saxon potential bers. The seven isotopes of Tu (4 =163-175) have the

enables one to draw some helpful conclusions.
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quantum numbers 1/2*[411] in the ground state, and so

FIG. 7. Energies of the one-quasi-
particle levels in nuclei with odd AN
=101-113). The notation is the same as
in Fig, 4.
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forth. From the experiments, we now know the struc-
ture of the ground states of the nuclei of 98 odd isotopes
of this region. The model of independent particles cor-
rectly describes 70 of them. This is clearly a great
success of the model. It is not difficult to show that the
majority of the deviations can be explained by a more
detailed examination. Let us give some examples.

All the six odd isotopes of Ta (A =175-183) have the
quantum numbers 7/2*[404] and not 9/2°[514], as predicted
by the model, in the ground state. The state 7/2*[404] in
the Woods—Saxon potential for Z =73 is a hole state with
low excitation energy (~ 100 keV). Thus, even a small
change in the parameters of the chosen potential can
change the sequence of these levels. In Ref. 123 it is
shown that allowance for the interaction of quasipar-
ticles with phonons leads to a correct description of the
ground states of the tantalum isotopes with A =179 and
181 (but not 177).

Exceptions are also found for the isotopes of Th, Ho,
and Tm:

158Thgg has 5/2- [532]; “3Hog has 5/2* [402)
d or 5/27[532];
9T my, has 5/2° [402]; 'Tmy, has 7/2* [404].

The most probable explanation of this is that the de-
formation of the nuclei decreases with decreasing num-
ber of neutron pairs in them. As can be seen from
Fig. 8, the energies of the one-particle states 3/2*|411],
7/27[523], and 1/2*411] in the Woods—Saxon potential
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FIG. 8. Scheme of proton one-particle states, A=181 (Ref, 2).
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change slowly with varying deformation of the nucleus,
while the energies of the states 5/27[532], 5/27(402],
and 7/2°(404] change rapidly. This is also observed
experimentally (see Fig. 4). One can suppose that the
equilibrium deformations for the nuclei %*Th, '**Ho,
15%Tm, and !®'Tm are such that these orbitals intersect
and their sequence changes. Note that, according to a
rough estimate, these intersections occur at deforma-
tion B,y $0.2. This value of B,; is characteristic of
nuclei with unstable deformation. These data are inter-
esting from the point of view of determining the bound-
aries of the region of stable deformation for isotopes
far from the stability band. Ekstrm!?® recently re-
ported that '83Lu,, has the quantum numbers 1/2[411] in
the ground state. This means that stable deformation
disappears in the Lu isotopes even earlier (at N =94)
than in the Tm isotopes.

In the neutron system (see Figs. 6 and 7) an excep-
tion is, for example, the quantum numbers of the
ground states of isotopes with N=95: '%Gd with
3/27[521], ®*'Dy with 5/2*642], *®Er with 5/2°[523],
185yh with 5/27[523], and *"Hf with 5/27[523]. Only in
the case of '®!Dy are the quantum numbers predicted by
the model observed. The position for isotopes with
N =95 can be explained by pointing out that all these
states are very near the Fermi surface and small fluc-
tuations of the average field due, for example, to a
change in the number of proton pairs can alter the se-
quence of levels. It can be seen from Figs. 4-7 that
the neutron system of one-particle states is much more
complicated than the proton system. The number of
neutron one-quasiparticle states of the average field is
large and, as a result, the possibility of fluctuations is
greater than in the proton system.

According to current theoretical ideas, *!!" the prop-
erties of excited states of odd nuclei are largely deter-
mined by the interaction of the odd quasiparticle with
the vibrations (phonons) of the even—even core. This
interaction fragments the wave functions of the one-,
three-, etc., quasiparticle states over a series of nu-
clei with the same K'. The process becomes stronger
with increasing excitation energy, and therefore the
ground and lower noncollective states are nearly one-
quasiparticle, but the higher states have a complicated
structure. States of the type of a quasiparticle plus a
phonon frequently make an appreciable contribution to
the wave functions of high states. The interaction of
quasiparticles with phonons reduces the energy of the
states, and the energies of states with small K de-
creases more rapidly than those of states with large K.
It has also been shown that the interaction of quasi-
particles with phonons appreciably enhances the mixing
of states with AN=+2, which is experimentally ob-
served in many nuclei with an odd number of neutrons
for two pairs of states: 1/2°(400], 1/2*[600], and
3/2*[402], 3/2*[651].

The general tendency for reduction of energies of
states with small values of K (as a result of interaction
between quasiparticles and phonons) can be followed in
Figs. 4-7. For example, the experimental energies
of the states 1/2*[411] in the terbium nuclei (Z =65),
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TABLE 3. Energies and structure of nonrotational states
in the nucleus "Tm,

Energy, keV
K7 i Structure.
::;:{1 theory
1/2+ 0 0| 411497 © %,
7/2- | 292.8| 360 | 523196 o 14104 (32)2 0
9 | = 560 | 514196 w 4024404 (32)2 %

772+ | 179.5] 370 | 404,97 'J’

65h+ 01 (22)2 0%
3/2+ | 4707 870 | 411182 of

4140y (22)11 % 5231404 (32)4 %

5/2r | = 820 [ 402112 o, o T 41343 95 411) -0, (22)

3/2- | — | 900 |54+ 3 %, 5234 L0y (22) 97 ﬂ.,

2= | — | 940 523+ -0, (22) 100 %

3| — 990 | 411110 9%, 411} -0 (22) 89 9

5/2+ | — | 1000 [402174 o5, 414 -0y (22}13 ,,,, 660t 40y (22)4 %
72+ | — | 1140 [ 41314 o4, 41110, (22)98

172+ 1200 4114 01(92)100 nf

179- | 474.7| 950 | 541196 %, 411110y (30) 3 9

5/2- |1527.4| 1510 | 532181 95, 514¢+01 (2")& %, M1 +01(32)5 %
5/2+ 11580.8| 1620 | 413494 o5, 414 --0¢(22) 3

¢,
192 | — | 2110 I S

Note: The theoretical energies and the structure of the
states are taken from Ref. 117; the experimental
energies of the levels, from Ref, 78.

3/2°[411] in the thulium nuclei (Z =69), and 3/2*[402]
and 1/2*[400] in the rhenium nuclei (Z =75) in the proton
system and of the states 1/2°[521] in the nuclei with
N=91-97, 1/27[501] in the nuclei with N=95-103, and
3/27[521] in nuclei with N =99-105 are appreciably
lower than the corresponding energies in the Woods—
Saxon potential. These numbers of protons Z and neu-
trons N are appreciably different from the ones for
which these states are ground states. The energies of
states with small K change little if one has a state which
is the ground state in a nucleus with Z or N differing by
unity. An example are the states 1/2*(411] and 3/2*[411]
in the Ho nuclei (Z=67). This is because the phonon
admixtures to the low-lying states are small. There
are also other experimental indications, apart from the
energies, of an appreciable interaction between the
quasiparticle states and phonons: the probabilities of
E2 and E1 y transitions, the reaction cross sections,
and so forth. The interaction is particularly strong in
nuclei for which the neighboring even—even nucleus has
low vibrational levels'®

Gareev ef al.!'7 calculated the energies of nonrota-
tional states for 57 deformed nuclei with odd A. In the
calculations they used the Woods—Saxon potential and
took into account the interaction between quasiparticles
and phonons. The Coriolis interaction was not taken
into account. The results of the calculations are shown
in Table 3. The experimental energies of the levels in
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FIG. 9. Comparison of the energies of experimentally es-
tablished levels in Ho isotopes (Z=67) with the energies calcu-
lated in the superfluid model.
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FIG. 10. Comparison of the energies of experimentally es-
tablished levels in Tm isotopes (Z=T71) with the energies cal-
culated in the superfluid model.

Table 3 were given in Ref. 78. It can be seen that, in
accordance with the calculations, the contribution of the
one-particle components to the low-lying states is

large (97-94%). The high states have a complicated
structure. The calculation of Ref. 117 is compared
more clearly with the experiments in Figs. 9-12. The
accuracy of the calculations in Ref. 117 is estimated to
be about 300 keV. It can be seen that to within this
accuracy the agreement is fair. It is interesting to note
that the theory also gives a reasonable explanation of
the tendency for the energy of states to change on the
transition from nucleus to nucleus. An exception is the
state 1/27[541] in Lu nuclei: The experiment gives a
large reduction of the energy of this state (AE= 750 keV)
on the transition from "Lu to '**Lu; according to the
calculation, it changes by not more than 200 keV. The
reason for this large discrepancy is not clear. It does
not appear possible to explain it by a change in the de-
formation of the nucleus, which was ignored in the cal-
culations, since the energy of the state 1/27[541] in-
creases with decreasing deformation (see Fig. 8).
Other, smaller discrepancies in the change of the ener-
gy of states on the transition from nucleus to nucleus
can apparently be attributed to changes in the deforma-
tion of the nucleus and, especially in the neutron sys-
tem, fluctuations of the Woods—-Saxon potential and the
Coriolis interaction.

The Coriolis interaction, or the interaction ofan un-
paired nucleon with the rotating even—even core, has
been considered in reviews by Winter ef al.® and
Baznat ef al.'*® The experimental and theoretical in-
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FIG. 11. Comparison of the energies of experimentally es-
tablished levels in the isobars N=97 with the energies calcu-
lated in the superfluid model.
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FIG. 12. Comparison of the energies of experimentally es-
tablished levels in the isobars N=105 with the energies calcu-
lated in the superfluid model.

vestigations showed that the Coriolis interaction is
manifested in the majority of odd nuclei through strong
deviations of the energies of rotational states from a
dependence of the type I(I +1). The Coriolis interaction
can have its strongest influence on states coupled to
i13/2 Spherical subshells in the neutron system and A, ,,
subshells in the proton system. As was shown by
Pyatov et al. (see Ref. 118), the interaction of the ro-
tational bands in these cases can lead to their being so
strongly distorted that it becomes necessary to de-
scribe them as a mixture of many states. ;

Rotational bands of such states have been identified,
for example, in the nuclei of ¥'Er and %°Er in the stud-
ies, Refs. 39 and 48, made in the Yasnapp program and
also in Refs. 127-129. In an investigation of the radio-
active decay of ***Tm and '®Tm in Refs. 39 and 48,
some lower rotational levels of these states were es-
tablished. In Refs. 127-129, in a study of the prompt
¥ spectra in nuclear reactions, levels of a rotational
band with I" from 9/2* to 25/2* were observed. To
analyze rotational bands of this type, Baznat ef al.''®
used a modified description in the framework of the
nonadiabatic model, taking into account the centrifugal
and spin-spin interaction between nucleons. To cal-
culate the wave functions and energies of the rotational
levels they used two free parameters: the moment of
inertia J and the gap parameter. The results obtained
for the nucleus ®'Er when the experimental data are
analyzed in this manner were presented in Ref. 48. In
Table 4, we give the results of such an analysis for the
nucleus '*Er,
between the experimental and calculated energies for
levels with givenI®. At the same time, the contribu-
tion of the different one-quasiparticle states to each
rotational level is determined. As can be seen from
Table 4, one can explain the anomalous sequence of
rotational levels in the band. For the lowest levels of
the band, several one-quasiparticle states contribute to
the wave function.

Concluding our examination of the nonrotational low-
lying states in odd nuclei, we can draw the conclusion
that their properties can, as a whole, be satisfactorily
described on the basis of the Woods—-Saxon potential
with allowance for pairing correlations and interaction
between quasiparticles and phonons. For states
coupled to spherical subshells with large internal
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It is possible to achieve good agreement

angular momentum j it is necessary to take into account
the Goriolis interaction. It would be very interesting
to obtain new experimental data on the one-quasipar-
ticle states in odd nuclei and particularly in nuclei far
from the g-stability band. The accumulation of such
data for nuclei far from the stable nuclei is important
for determination of the parameters of the average
field in these nuclei.

Probabilities of B transitions between one-quasipar-
ticle stales. The experimental data on the probabili-
ties of B transitions between one-quasiparticle states
of deformed nuclei in the region of the rare—earth ele-
ments have been analyzed on several occasions.!2% 130131
It would, however, be interesting to repeat this analy-
sis now in view of the great increase in the volume of
available experimental data. The values of lg f{ known
up to Fall 1974 for allowed and first-forbidden 8 tran-
sitions between one-quasiparticle states of deformed
nuclei in the region of rare-earth elements are pre-
sented in the Appendix. All the available data are
classified in accordance with the spin and parity selec-
tion rules for g8 decay and in accordance with the as-
ymptotic quantum numbers, i.e., au for allowed un-
hindered g transitions, ak for allowed hindered (AN=0
and 2); lu first-forbidden unhindered; 1% first-forbid-
den hindered; 1*} first-forbidden unique hindered tran-
sitions (see Ref. 2). In the Appendix we give the pro-
ton and neutron configurations between which the g
transition takes place, and the experimental values of
lg ft. The data are analyzed in the same way as in Ref.
2. Therefore, we indicate the additional classification
of B transitions in the superfluid model and the pairing
correlation correction factors R =Ry *R; calculated in
Ref. 2. The statistical factor 7 is taken into account.

In the last column, we give the values of 1g ft,Rn, in
which the influence of superfluid corrections and the
statistical factor has been eliminated. The analysis
was made without allowance for the experimental errors
in the determination of lg ff. For the majority of au—8
transitions they are less than 0.1, while for g transi-
tions of other types they are as a rule less than 0.3. It
can be seen that these errors cannot significantly affect
the conclusions which can be drawn. It should be noted

TABLE 4. Energies and amplitudes of wave functions
for states of a strongly perturbed band of positive parity
based on the 5/2* level at the energy 271, 3 keV in gy,
The calculations, which include six configurations, were
made using the parameters 8y,=0.32, B;;=0.04, A=1,06
MeV, and k%/2I=15.6 keV.’

Amplitude of wave functions E(1), keV
179+ 172+ 3/2+ 3/2+ 5/2+ 740+ experi-
[400] [660] 14’(32] res1] | [e421 | reasy | theory ik

ment

5/2+ 0.470 [ 0.516 (—0.093| 0.663 | 0.507 — 85 88.7
7/2+ 0.073 [ 0,213 (—0.093| 0.658 | 0.697 | 0.148 | 124 120.2
9/2* 0,192 [ 0.559 [—0.094( 0.634 [ 0.477 [ 0.123 o* | 0%
11/2+ 0.078 | 0.220 |—0.094%| 0.641 | 0.685 | 0.235 | 176 —
1372+ 0,204 | 0.584 |—0.094| 0.645 [ 0.456 | 0.150 il 43
15/2* 0,079 | 0.222 |—0.094| 0.628 | 0.677 | 0.282 | 288 -~
17/2+ 0,241 | 0.598 (—0.093| 0.605 | 0.443 | 0.165 | 225 252
19/2+ 0,080 | 0.222 |—0.093| 0.617 | 0.672 | 0.315 | 664 —
292+ 0.216 | 0,606 {—0,092| 0.598 | 0.434; 0.175 | 527 602
23/2+ 0.080 | 0.220 1—0.093} 0.607 | 0.667 | 0.340 | 1095 -
25/2+ 0.219 | 0.642 |—0.092| 0.592 | 0.428 | 0.183 | 953 1068

*Normalized value
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that the values of the superfluid corrections Ry and R,
were calculated for the sequence of states in Nilsson’s
scheme with 8=0.28 for 150<A <180 and with §=0.23
for 18<A<190. The experimentally established se-
quence for one-quasiparticle levels does not always
coincide with the one adopted in the calculations of Ry
and Rz. The resulting errors may be particularly large
for states near the Fermi surface. The values of R in
which inaccuracies of this kind (a factor 2-5) are pos-
sible are indicated by an asterisk. It is clear from the
Appendix that the corrections for pairing correlations
are important for g transitions of group II of the super-
fluid model.

It is of interest to determine the limits of the lg /¢
values in the adopted classification of g transitions. To
this end, in Figs. 13 and 14 we have represented the
distributions of the lg f#, and 1g f{, Rn values for allowed
and first-forbidden g transitions. All the lg f# values
are shown in the figures by equally large squares, i.e,,
each lg ff was taken into account with the same weight.
In Table 5 we give the resulting intervals of lg f#, and
lg ftRn values for variously forbidden g transitions. The
resulting intervals are compared with the results of
analysis in Refs. 125 and 130,

Examining the experimental values of 1gf#, for the
transitions, we pose the following problems:

1) explanation of the hindrance of the g decay of the
nuclei as compared with the g decay of the free neutron;

2) establishment of the limits of the lgf%, values for
variously forbidden g transitions and study of the fac-
tors that increase the intervals of 1gff,. This problem
is very important for analysis of new experimental data
(decay schemes).

The first problem for au—g transitions between one-
particle states in deformed nuclei was considered in
Refs. 132 and 2. It was shown that the probabilities of
au—p transitions between the states 7/27523]=5/27523]
and 9/27514] = 7/27[514] (g ft, =4.4-4. 9) are hindered
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FIG. 13. Histogram of values of lg f# for allowed B transitions
between one-quasiparticle states of rare-earth nuclei.
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FIG. 14, Histogram of values of lg ft for first-forbidden g
transitions between one-quasiparticle states of rare-earth
nuclei.

relative to the values calculated with the wave functions
in Nilsson’s potential (lg f%,= 3.4-3. 6) by about a factor
of 10. The discrepancy is partly removed if one takes
into account the superfluid corrections R=R, * R, con-
sidered above and the statistical factor.? QOn the aver-
age, lgft,Rn-1gff, =0.8, As is shown Ref. 132, the
remaining discrepancy can be removed by taking into
account the spin polarization of the nucleus by the odd
particle.

With regard to the second problem, we can make the
following remarks. Although more experimental lg f%,
values were used (and their accuracy was higher) than
in Refs. 125 and 130, the limits of the 1g fZ, values are
almost unchanged. Introduction of the corrections Rp
does not reduce the intervals. At the same time, one
can clearly follow the dependence of the probability of
the g transition on its class: au, akh(AN=0), ah(AN
=2), etc. This systematization shows the importance
of the selection rules with respect to the asymptotic
quantum numbers. For example, the N-forbidden
ah—p transitions are on the average hindered by a fac-

TABLE 5. Limits of values of 1g ft,.

Type of B transition | Mottelson (Ref. 130),| Gromov (Ref. 125), | Present work,
1959 1065 1
aw 4.5—5.0 4.6—4.8 é.gfé.g
ah (AN =0) .3—1.6
ah (AN =2) 630 prigitd 6.0—8.5
1u 5.5—7.5 6.2—7.9 6.0—8.0
1h 7.5—8.5 — 6.0—9.0
1*h — — 7.0—-9.0
Limits of values of lg ft.R7.
Gromov (Ref. 125), Present work,

Type of § transition 1965 1974
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FIG. 15. Intervals of observed values of lg f¥ of allowed and
" first-forbidden B transitions between one-quasiparticle states
of nuclei of rare-earth elements.

tor 10 compared with ah—g transitions with AN=0. An
examination of the experimental data reveals that the
probabilities of the g transitions also depend on the ad-
ditional classification in accordance with the superfluid
model. For example, ak—g transitions of type II (see
Ref. 2) are on the average 20 times faster than transi-
tions of the type I-II and II-I.

In principle, the considerable volume of experi-
mental data on the probabilities of g transitions en-
ables one to attack the problem in more detail. Beta
transitions between individual pairs of one-quasipar-
ticle states were considered. For some pairs, up to
ten lg f, values are known (see the Appendix). One can
expect a narrowing of the interval between the extreme
values of 1g f%, for each chosen pair of states. Appar-
ently, this really is observed. However, the interval
remains fairly large (Algff, up to 1). One can also
expect the lg ff, values to depend on the purity of the
one-particle states under consideration. In this case,
one would observe a difference in the values of 1g /%,
for g transitions to ground and excited states. Analy-
sis of the data (see the Appendix) does not reveal such
a situation, At the same time, one observes an ap-
preciable spread in the 1g f{, values, even for g transi-
tions between ground states of nuclei in each chosen
pair of one-quasiparticle states.

Thus, at the present time it is hard to explain the
large spread in the probabilities (of about two orders
of magnitude) for allowed, hindered, and first-for-
bidden g transitions. To analyze the decay schemes of
radioactive nuclei, one can recommend the use of the
limits of the lg f¢, values for variously forbidden g
transitions given in Fig, 15. It can be seen thatp
transitions of au type can be reliably established from
the value of 1g f#, (less than 5.0). Note that in the re-
gion of nuclei under consideration this unambiguously
indicates g transitions between the states p7/27523]
= 75/27533] and p9/27[514]=n7/27[514]. Unfortunate-
ly, there is no such certainty for g transitions of other
types. In these cases, it is helpful to consider the val-
ues of 1g f{, for g transitions between definite pairs of
one-quasiparticle states. However, in this case too it
is impossible to draw a reliable conclusion about the
nature of the one-quasiparticle states between which
the g transition takes place.

Properties of even—even deformed nuclei of rare-
earth elements. The considerable successes of the
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modern theory of the nucleus are associated above all
with the description of the properties of even—even de-
formed nuclei. Let us consider here some conclusions
that can be drawn from our investigations of even—even
nuclei and comparison of the results with the predic-
tions of models. In radioactive decay, states of daugh-
ter nuclei with small angular momentum are excited.
We know only a few isomers with fairly high spin (for
example, !%™2Ho, I"=9*) whose g decay results in the
excitation of rotational bands and individual two-quasi-
particle states up to I"=10*. Therefore, the very in-
teresting back bending effect remains outside the scope
of this review. The properties of even—even deformed
nuclei (energies, electric quadrupole moments, mo-
ments of inertia, gyromagnetic ratios for rotational
bands of the ground, g-, and y-vibrational states) have
been systematically analyzed in the lectures of Dzhele-
pov.'¥® The properties of even—even deformed nuclei
of rare-earth elements are reviewed in the book Ref. 8
by Grigor’ev and Solov’ev. We shall therefore dwell
here only on some special questions.

The existing experimental data on the lowest states
of even—even nuclei indicate that they are fairly pure
states. Figure 16 illustrates the determination of the
mixing parameters of some rotational bands of 151y,
The mixing parameter of rotational bands with AK =2
in Mikhailov’s expression (Ref. 134) B(E2, I2-I'0)
=(MYXI2; 2-21 1'0*{1 +a[I'(I’ +1) = I(I + 1)]} is deter-
mined from the ratios of the reduced probabilities of ¥
transitions from levels from one band to the levels of
another band. In the coordinates of Fig. 16, the ex-
perimental points must lie on a straight line if the ideas
about mixing of the wave functions of bands are correct.

These are confirmed by the fulfillment of Alaga’s
rules for g transitions to the rotational band of a num-
ber of nuclei. Thus, the experimental ratios of the re-
duced probabilities of g transitions of **Ho (I" =5*) to
the levels 4*, 5%, 6* of the band 4%, n[523] ¥ +n[521] 4
(100:18+2:1.3+0.5) agree with the calculated values
100:20.4:1,95. This indicates that the admixture
components in the internal wave function of the levels
of the band do not, if they exist, have a pronounced in-
fluence on the strength of the g transitions.
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rel. units

| K=4—=K=2
| 7940(4*)
| a=0.0310.006

-

SN e b
T
)

4
Fla=b=k=z x
1895(4") @=0.03020,005
2r a=0.025+0.007 Z
1t 7
i i '
K=Z-=K=0 | 4
J—T'baﬂd ‘ i "y—-—-?
i a=0.02620.005 | 2t a=0.020 0,002
- i 1 S T T J 7 1 1T G G
30 <20 -0 0 10 2 -39 <20 10 ¢ 1 20 I[I+)-II+)

a b

FIG. 16, Determination of the mizing parameter of some ro-
tational bands in *®Dy (a) and %Dy (b).
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TABLE 6. Comparison of experimentally established
properties of collective states of 581Dy and 1816y
with caleulations in the superfluid model.

Quantum numbers 158Dy 160Dy 184Er 1661
K®=2+
E, MeV:
experiment 0.946 0,966 0,858 0.786
theory 0.97 0.94 0.80 0.78
B (E2, 010 — 2+2):
P 6.3 4.2 7.4 5.7
theory 4.7 4.9 4.1 3.3
K™=0+
E, MeV:
experiment 0.990 1,280 1.25 1,46
theory 0.99 1.26 1.25 1.46
B (E2):
experiment 0.3 — >0.05 —
theory 0.60 1.35 0.98 0.66
(EQ):
experiment 0.08 = = 0.01 s
theory 0.08 0.13 0.14 0.9
X == B (E0)/B (E2):
experiment 0.08 0.26 0.15 0.07
theory 0.08 0.09 0.11 0.09
g (p, t)/0g
experiment 0.09 0.16 0.45 0.06
S (p, t)/sp E
theory 0.13 0.15 0.07 0.01
=0~
E, MeV:
experiment 1.283 — 1.386 1.663
theory 1.20 1.24 1.37 1.64
B (£3, 00— 3-0):
experiment 1.5 11 8.1 6.1
ihisity 7.7 6.8 6.4 Tt
K¥=1-
E, MeV;
experiment - 1.286 — 1.824
theory 1.50 1.57 1.85 1.50
B (E3, 0t0— 3-1):
experiment — — 3.6 3.0
theory 5.2 2.9 1.6 (2.1
=2~
E, MeV;
experiment — 1.265 — 1.460
theory 1.25 i 1.48 1.47
B (E3, 040 — 3-2):
experiment e - 1.1 2.2
theory 6.5 6.6 3.3 2.4

Note. The values of B(E2) and B(E3) are given in “sin-
gle particle” units (s.p.u.). For the nucleus
18lEr in Ref. 59 it was established that there exist
four excited 0 states with energies 1.25, 1.70,
1.77, and 2.17 MeV and Rasmussen parameters
X=0,15, 0.39, 0.78, 1.76, respectively. The
theory predicts states with energies 1.25, 1.64,
2.0, and 2,11 MeV and X=0,11, 0,22, 0.23,
and 0. 37.

In almost all even—even nuclei collective g~ and
y-vibrational states have been identified, and in some
nuclei octupole vibrational states. The existing models
of nuclei (and above all the microscopic approach)
successfully describe the properties of these states.

In the phenomenological description of the properties
of nuclei one introduces collective coordinates, and the
excitations of a nucleus are associated with the rota-
tion of the nucleus as a whole and with vibrations of the
nuclear surface, In the semimicroscopic approaches
the nucleus is regarded as a system of quasiparticles
moving in a self-consistent field and interacting with
one another through residual interactions. One of the
main semimicroscopic models is the superfluid model.
In it, one takes into account residual interactions lead-
ing to pairing correlations of superconducting type, and
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multipole~multipole interactions, which enable one to
describe collective states of nuclei.

The calculations made in the framework of the super-
fluid model using the one-particle energies and wave
functions of the Woods—Saxon potential made it possible
to explain the structure of a number of deformed nuclei
of rare-earth elements,®® The experimental and cal-
culated energies of collective states and the reduced
probabilities of transitions to these states in some of
the investigated nuclei are compared in Table 6. Note
the fair agreement between theory and experiment. The
0* states present the greatest difficulty for theoretical
description since, theoretically, there exist several
different types of nucleon—nucleon residual interactions
that could generate 0* levels. For example, collective
0* states with energy in the region 1, 5~2 MeV (E 2 2¢)
could be pairing vibrations, The 0* states can be gener-
ated by spin—-quadrupole forces and two-particle spin—
orbit forces. In addition, two-phonon 0* levels can
sink.

The available experimental data on 0* states (the
parameter X, the value of p, the B(E2) values in
Coulomb excitation and in the dd' reaction, and the
cross sections to two-nucleon transfer reactions) sug-
gest that the low-lying 0* states are not pure. The
model with spin—quadrupole interaction!®® only quali-
tatively explains the experimental data.

The energies and structures of two-quasiparticle
states of even—even nuclei calculated in the superfluid
model give the experimenters an approach to explain-
ing the nature of the experimentally observed nuclear
levels. To illustrate the possibilities of the model de-
scription of even—even nuclei, we compare in Table 7
the experimentally known energies of two-quasipar-
ticle and one-phonon states of Dy with the calculated
energies, 1378

Analysis of the probabilities of g8 decay of '5®Ho,
19040, and '%*Tm to levels of ***py, '*py, and ***Er,
respectively, enables one to draw conclusions about
the fragmentation of a definite wave function over a
number of energy states. Histograms representing
the dependence on the excitation energy of the strength
of g decay, Z(Jt), to the levels of '®Dy with I"=1",
27, and 37 in 100-keV intervals are shown in Fig, 17,

o X

/i _A_LFLA !
il ©. - F

7%

20 24

FIG. 17. Strength function of the 8 decay of 190Ho as a func-
tion of the excitation energy of 1°, 27, and 3 levels in '*'Dy.

K. Ya. Gromov et al. 409



TABLE 7. Two-quasiparticle and one-phonon states of 1Dy,

Two-quasiparticle proton states Two-quasiparticle neutron states One-phonon states.
Energy, MeV Energy, MeV Energy, f(gh&.
Configuration : - Configuration MeV . D. ‘ ——
-] ] -] | aulsE e |aS !
B o5 = B 8 E = EE|BS|, B2 8
% | 52 | 38 Ro| 25| 38 |%|sEi[cEsElEE
fr s |E¢ T 19 r Pt tme | — | 16 [2+fo.00elo.s] 5.7f6.0{nns2r 521, 20.8 ppates sa1y 15.9 antizy 6004 12.9
g lipaline 5 .9 |52t 842t | 4 nn523; 521y 8.8 ppii3; 411, 8.4 nnb633t 6511 5.9
i3, 523t | 1-¢ e I e B 1.604 | 1.7 [2-1.26511,4/11 [5.2] pp523t 4141 65.8 nn6331 524+ 13.8 nnB42t 530t 2,9
F Fl2 | 2+ ¢ ot 9.5 | 521t 5234 : nn512t 400t 2.2 nn651t 521 1.2 nn660t 521t 1.1
M1t 414y 1+ N e 5 e - 1.8 |1-[1.28511,2| 5.8(3.0| nn642t 521t 76.1 nn323} 651, 4.8 pp532t 411t 2.1
ok +1 i+ 1 2.6 642t 523} O-c 0+[1.263/1.4] — [1.3| nn642¢ 642t 64.7 nn521¢ 521¢ 11.7 nn505¢ 505¢ 4.4
532+ 523} 6+ W e =i [0 220 nn523) 523, 4.4 nnd02) 402, 3.4 pp532t 532t 1.4
o i = 9.7 | 651t 842t | 4 0- 1.5 — [2.1| nnB42t 523, 65,4 nn651t 521+ 14.1 nnB15t 505¢ 1.6
43) 41 1+ 3 F—1 F 3- — 2.2 pp550t 400t 1.5 nr400t 540t 1,3 ppH41t 4024 1.3
F—{ Fy13 | 2+¢ = 2.8 | 651t 521t [ O-¢ 0+|1.95311,9] — [0.2| nn5211 5211 66,9 nn523; 523} 26.0 nr505t 505¢ 3.2
“3, 4ty | 3+ o) [T (el e — | 22 |- 2.0 — 0.6 nn523; 651+ B4.7 nnb42t 521+ 5.5 pp53a2t 411+ 1.2
F41 F42 | & g 3.0 | 651t 5234 i-c 0 2.1 — [0.5|nn651t 5211 73.4 nnb42+ 5231 21.1
5ot i | 3 O lrP—2Fryy | 3 — | 25 |z 2.3 — [0.7| nn633t 5214 48.8 pp522t 411+ 30.9 nn66Ot 5211 4.7
F_2Fyaz | 3 | s |05t es2t | 8- nnB42+ 530+ 2.9 naG42t 5213 2.0 nnb523, 660t 1.8
5324 411 2~ Gl et e b — | 25 |a+ 2.4 — [0.2| ppéddt 411} 62,8 nn5211 5215 17.2 nnB42¢ 660t 14.7
y 9 402, 642t | 1+ nn523; 521 2.5
F—2 Fy2 | 8+ 2,555| 2.6
505t 523

Note. F is the Fermi level; ¢ means that there are no two-qﬁasiparticle states with the given K" values. The energieE
in the table are, respectively, the first, second, etc., poles of the corresponding secular equation of the theory.

from which it can be seen that: a) 17 levels are popu-
lated with greatest intensity; b) the strength function
has a clear maximum in the region of 2.6-2.8 MeV;
c¢) for 27 and 3~ levels the maximum is shifted to high-
er energies; d) if the strength of all the g transitions
in the region of the peak at 2.6-2.8 MeV to 1" levels
is attributed to a transition to one level, then lg f¢

of this g transition is 5.6, i.e., it would be an (au) g
transition.

To explain these facts, we make the assumption that
the isomer ‘**"Ho, 27, p[523] ¢ — n[651]4 undergoes an
au—B transition p[523]4 ~n[523] + to the level '*°py, 1-,
n[523] + —»[651]4. In accordance with the calculations
in the superfluid model, its energy is 2.0-2.2 MeV,
although a level with this structure is not observed. It
is concluded that the corresponding wave function enters
as a component into the wave functions of a number of
1° states in the region of 2.6-2.8 MeV, i.e., the wave
function is fragmented with a distribution width of
about 200 keV. Each of the 1” states has 2" and 3" ro-
tational levels, which are also populated by fast g
transitions. The center of gravity of the peak of the
strength function will be shifted to higher energies, as
is observed qualitatively. A similar analysis of the
p decay of ***Ho, 5*, reveals fragmentation of the wave
function of the state 4*, n[523] ¥ +2[521] 4. In the *®py
nucleus, this 4* state is fragmented over a number of
levels in the region 1.9-2.5 MeV. With regard to the
state 17, n[523] ¥ —»[651] 4, which is expected in the
superfluid model at energy 2.4 MeV, it is apparently
fragmented over a very wide energy range 2.0-2.7
MeV. From the g* decay of '§$Tm 2*, p[411] ¢ —n[642] 4,
one observes the fragmentation of the wave function of
the four-quasiparticle state '°Er 3*{p[411]¥, n[642]4,
p[523]4, n[523]+} (Fig. 18).

Thus, we see that in even—even deformed nuclei of
rare-earth elements the wave functions of states with
spins I < 4* are fragmented over a number of energy
states already in the region 2—3 MeV. Such a phe-
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nomenon was expected on the basis of the superfluid
model.

In contrast to the results of Hansen and Karnaukhov,
who studied delayed proton emitters and discovered the
phenomenon of fragmentation of highly excited (5-6
MeV) nuclear states, it follows from our experiments
that the observed fragmented states in the region 2—3
MeV still retain a certain individuality and are mani-
fested as a series of concrete energy levels,

The g decay of *®Ho, I7=5", to the level 4} of "Dy
is characterized by lg f{=8.65. The value of Igft is
too low for a strongly K-forbidden g transition (AK =5,
v=4). In addition, there are K-forbidden y transitions
(AK=4, v=AK - L =2) from I"K =4*4 levels to the rota-
tional band of the ground state. These facts indicate
that there is a weakening of the K selection rules in the
case of *py,

Properties of odd—odd deformed nuclei. The lowest
states of odd—odd nuclei are multiplets of two-quasi-
particle states whose spins and parities are determined
by the Gallagher—Moshkowski rules. As an example,
in Fig. 19 we give the scheme of two-quasiparticle
states of '$sHog,. For the majority of these two-quasi-

particle levels it is known that there are developed ro-

g ]
E,MeV

FIG. 18. Strength function of the g decay of 168 7m as a function
of the excitation energy of 3* levels in !%Er,
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FIG. 19. Energies of levels of the two-quasiparticle multiplets
of !%Ho,

tational bands. The nucleus '*Ho is interesting in that
the Gallagher-Moshkowski rules are broken in it: The
level 7", p[523]t +n[633]t is above (by 5 keV) the ground
state 07, p[533]+ —n[633]4. A Gallagher—Moshkowski
rule is broken when one of the states of the doublet has
K"=0". The energy of splitting of the doublet is usual-
ly small.

In a number of odd—odd nuclei of Ho (A =156, 162)
and Tm (A =162, 164, 166) a two-quasiparticle 1* level
of type p[52314 - n[523]+ is revealed by allowed unhin-
dered B decay; its excitation is associated with the
transformation p[523]¢ —n[523]+.

156Fr (0*) — 156Ho (1*), 1g ft <4.8;
182Y] (0%) — 192Tm (1), 1g ft-<4.9;
163Tm (1*) —18Er (0, lg ft = 4.5;
6Y D (0%) — 1Tm (1%), lg ft = 4.5 &= 0.1;
18200 (1) — 192Dy (07), 1g jt =4.7.

However, in the nuclei between '*®Ho and ®Ho, i.e.,
158,160, levels of the type 1*, p[523]4 — n[523]+ have
not yet been identified. True, in the case of *°Ho it is
assumed that the level lies near the state 2, p[523]4
-n[651]t. At the same time, AE;,.,-<1.5 keV, which
leads to very great experimental difficulties in dis-
covering the 1* level. In some odd—odd nuclei of
Ho (A =156, 158) one observes “unusual” levels with
I"=1". The 1" level excited at 117 keV in the B decay of
56Er (Fig. 20) into '*®Ho cannot be associated with the
configuration 1%, p[411]¢ —=n[521]#, known in the neigh-
boring odd-odd nuclei. For this configuration, the ob-
served transition at 35 keV would be associated with a
change in the states of two nucleons, whereas a one-
particle transition at 65 keV, 1°—2*, is not observed.
The 1° state at 139 keV in '*®Ho is another of these
anomalous levels.

One can assume that configuration mixing due to the
residual and Coriolis interactions is responsible for
the weakening of the § and F selection rules. The F se-
lection rule (pn# p'n') is more fundamental than the Q
selection rule (a change of the © projection in the tran-
sition). The known hindrance factors (according to
Weisskopf) for several F-forbidden y transitions are

192T'm [p523 4 —n523 }] - [p4ll | — n521 4] : E, =163 keV;
Fuy (E1) <8-105; :
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rtenfelt 081 8t g |

19T m [p523 $ —n523 |] — [p411 | —nb424] : E, =82 keV,

Fy (M1) << 380;
2Tm [p523 }+ —nb12 1= [p4l1 | +nd21 }1: E; =203 keV,
Fw(El)<10%
2L [p411 |} + n512 ] — [ph04 | —n633 ] : E, = 67 keV,
Py (E1) = 109

182Re [ p514 § —n514 §] — [PAO2 § - n624 4] : E, = 510 keV,
Py (M1) < 3-102,

Comparison with Lobner’s systematization'®® for
El (AK=0, 1) and M1 (AK=1) transitions in A-odd nu-
clei shows that only the E1 transition with energy 67 keV
in '™Lu exhibits a very appreciable hindrance. It fol-
lows from the systematization of the Q-forbidden tran-
sitions in odd-odd nuclei that the 2 selection rule re-
mains in force only in the case of **Re for the level at
236 keV.

In the B decay of the ground states of odd—odd nuclei
of Re (A=174, 176, 178) and !™Ta, I =3*, there are 8
transitions to the levels 2* and 4* of the ground-state
rotational band of the daughter nuclei, and lg ft=6-"7.
Such low values of lg ft force one to suggest'® that with
spin I =3 of the parent nuclei the quantum number X is
not three but unity (or zero). As a result of the Coriolis
interaction of the levels with K=1 (or 0) the I=3 rota-
tional state may sink below the states with spins 2 and 1.

In recent years in reactions induced by’ heavy ions it
has become possible to excite developed rotational
bands in odd—odd nuclei. For example, in '®°Ho it has
been possible to excite the band of the 5* ground state
(up to spin 9) and the band of the 6~ state (up to spin 15).
The same bands are known in '®*Ho. While the energy
positions of a band with positive parity are satisfactorily
described by the Bohr—Mottelson formula, this formula
is quite unsuitable for describing bands with negative
parity. The best agreement with experiment (Table 8)
is observed in the phenomenological approach to the
description of rotational and quasirotational bands that
uses the method of projecting the angular momentum
and fits the parameters to the energies of the lowest
states. 40

The moments of inertia of the odd—odd nuclei can be
described qualitatively in a representation according to

7 79,5 min
s“ 1

%,
.\Q\‘\
MeV

L/
S
mi =8 &
1

ph2g-nf2afi $h0 By 1t fpo o
pb23]-nBz1 41 ik
; 2

f‘“ﬂa

FIG, 20. Scheme of levels in '**Ho excited by the decay of
156
Er.
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TABLE 8, Comparison of energies of rotational bands
with K*=5" and 6" in !%Ho established experimentally and
calculated by the Bohr—Mottelson method and by the
model in Ref. 140.

KT =5+ KT — -
Egale, keV
Eexps Ecales E, =
I * I oxp! ith one- | with two- | with mod-
Ryt e¥ keV :’rkm term el of Ref.
formula |formula |140
5 0 6 169.2 [ =169.2 | =169.2 | 168.8
6 107 = 107.0 7 241.8 [=241.8 |=241.8 | 241.6
7 232 231.8 8 335.0 324,.8 | =335.0 | 334.9
8 374 374.8 9 450.0 418.1 452.9 | 450.0
9 533 535.0 10 584.5 490,7 600.0 | 587.4
— — — 11 T44.0 635.9 781.6 | 747.1
—_ - — 12 921.7 760.4 | 1003,3 | 928.7
= = —_ 13 1124.7 — — 1131.2
— = —_ 14 1349.3 — — 1353.9
— — — 15 1590.9 — — 1595.4

*Calculations with the one-term Bohr—Mottelson formula.

which
Joo :-‘ru 3 ﬁjp_}_ﬁ]m

where J,, is the moment of inertia of the even—even
core; 8J, is the correction introduced by the unpaired
proton; and &.J, is the correction introduced by the un-
paired neutron. These corrections are determined from
the moments of inertia of the neighboring isotopes and
isotones. The equation gives the moment of inertia of
odd—odd nuclei fairly accurately. For example, in the
rotational band in '*®*Ho of the level 17, p411¥ —n5214,
the 27 state has energy 43.5 keV, while the equation
predicts 46.4 keV.

The electric quadrupole moments of odd—odd nuclei
deduced from measurements of the lifetime of the first
rotational state of the ground-state band do not differ
greatly from those of the neighboring even-even nuclei.
For example, the nucleus '**Tm has @,=6.020.5 b and
a deformation parameter §,=0.27+ 0.02, whereas ®*Er
has @,=7.02+0.18 b and 3,=0. 304+ 0.07.

The B decay of the weakly deformed nucleus **Er(0*)
to the state 1", p523% — 1523+, of the strongly deformed
nucleus *®Ho occurs at the same rate as between states
of strongly deformed nuclei. Thus, the additional se-
lection rule on the probability of g and y transitions due
to the change in the shape of the nucleus is in all prob-
ability not observed (see the review Ref. 133).

There are anomalously fast first-forbidden g transi-
tions to “unusual” 1° states:in *%'**Ho:

185y (0%) — %60 (17, 117 keV), lg /1 L5.0

$53r (0%) — 195Ho (1°, 139keV), Ig ft =5.4.

Mass diffevences of muclei. The mass of a nucleus is
one of its most important characteristics. Knowledge
of the masses of nuclei is sufficient to determine the
mode and energy of the decay of unknown isotopes, to
estimate their half lives, and so forth. There are a
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number of experimental methods that enable one to ob-
tain information about the masses of nuclei: mass
spectrometric determinations of the masses, measure-
ments of the energy liberated or absorbed in a nuclear
reaction or of the energy liberated in different forms of
radioactive decay.

In the investigation of the g decay of deformed nuclei
of the rare-earth elements in the Yasnapp program we
measured the decay energy @, for 33 nuclei (Table 9).
The energy liberated in the 8 decay was determined by
measuring the end-point energies of the positron spec-
tra by means of magnetic beta spectrometers, and also
by measuring the ratios of the intensities of K and L
electron capture, of electron capture and positron de-
cay, and in other ways. In all cases, we obtained in-
formation about the decay schemes of the nuclei, which
made it possible to determine reliably the energy of
the level to which the g decays occurs, and thus obtain
precise data on the mass differences of the nuclei.

In Table 9, the mass differences are compared with
the data of different semiempirical mass tables. In the
first column we give the nuclide for which the energy of
B decay is measured. In the second, the measured en-
ergies of B decay: the energy differences between the
ground states of the nucleus in the first column and the
daughter nucleus in the 8 decay. In the third column we
give the values of @; obtained by interpolation and ex-
trapolation of the experimental data on the decay ener-
gies Eg and E_, and the two-neutron and two-proton
stripping energies E,, and E,, in the tables of Viola
et al. ™! With the errors, we give in this column the in-

TABLE 9, Comparison of experimental mass differences of
nuclei in the region 150<A <190 obtained in the Yasnapp pro-
gram and values of the tables of nuclear masses (Refs. 141—
148).

Viola eron man | Myers | ger Wing | vey Zeldes
(Ref. 141) | (Ref. | (Ref. |(Ref. | (Ref. | (Ref. | (Ref. | (Ref.
142) 143) | 144) 145) 146) | 147) | 148)

Nuclide | Qp, keV

152Th 385015 | 3820-+30 | 3278 | 4544 | 3854 | 3618 | 3566 | 3730 | 3738
153Th 1600420 1667 0 1353 | 1420 | 1488

155Dy 2099410 | 209946 1732 | 2020 | 1877
156 0 47001000 5235 4332 | 5040 | 5170
158 o 422030 | 39775
159Ho 182710 2063
160Ho 328615 | 2920430
181 85520 | 820440
126 < 1700 1274
157Er 3470480 3159
18 Er 2060--100| 1276
15%9Er 2930;!:{38 2649
160Er 240--70 762
B1Er 2050440 | 205040
165 31 +6 37144
159Tm 34003000 4559
160Tm 49005001 565
161Tm 35204-100| :
162Tm 47004100
163Tm 2417420
181Tm 20
166T'm

167Tm

162y 1864

3Yh | 3370100 3426
o7Yh | 1970330 | 195620
70y | 3100%100{ 3070=70
8Ly [ 480032400] 4360380
0Ly | 2820250 | 227030
oLy | 3470320 | 3440320
Wiy [1700=200( 1361
18105 3040200 2796
183(0)s < 2116 1359
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o0 Cameron

= = &—-—a Hillman
(ol I s T (NSRRI e ) i) R |

s——e Experiment (® present work)
x—~—x Myers'

o-- —o Seager

-1 +——a Wing

0p =0 weizsicker» MeV

/L

I— [
»——a Experiment (= present work)
v—-—v Garvey
1k v- - - Zeldes

1 1 i ! 1 1 1 1 1 L 1 1 1
160 162 6% 166 168 170 172
Mass number

FIG. 21, Comparison of experimentally established values of
Qg of Tm nuclides (Z=69) with values of @4 calculated by dif-
ferent expressions for the masses of nuclei.

put experimental data according to Wapstra et al. '*%;

without errors, the results of extrapolation (Ref. 141).
The mass differences from the tables of Refs. 142—-148
calculated in accordance with different expressions for

the masses of nuclei are shown in the fourth to the tenth
columns.

The known experimental mass differences @, for the
nuclides Tm, Z=69, and Er, Z=68, are compared in
Figs. 21 and 22. As the ordinates in these figures we
have plotted the differences @z — @y.p, Where @ is the
experimental or calculated energy and @, p, is the de-
cay energy calculated for the liquid-drop model by
Weizsicker’s formula with parameters taken from Ref.
150.

It can be seen from Table 9 and Figs. 21-22 that ina
number of cases the experimental values differ from
the tabulated values of Refs. 141-149 by more than 500
keV. At the same time, it is hard to choose tables with
which the agreement is best. Some preference can be
given to the tables of Wapstra and Gove, '**'*! Garvey
et al. ,"" and Zeldes et al.**® It can also be seen from
Figs. 21 and 22 that the discrepancies between the ex-
perimental and tabulated values are especially large for
nuclei far from the B-stability band. The reasons for
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this are obvious: All the calculations and extrapolations
are based mainly on the mass differences of nuclei near
the stability band. Thus, it is important to accumulate
information about the masses of nuclei far from the
stability band.

CONCLUSION

In this review, in the first part (Ref. 1) and the sec-
ond part, we have considered the main results of inves-
tigations of nuclides far from the B-stability band in the
Yasnapp program at the Joint Institute for Nuclear Re-
search at Dubna during 1967-1974.

During these investigations, 52 new short-lived iso-
topes were discovered; 48 of them are listed in Table 1
in the first part of the review; communications about .
the four other new isotopes were published in 1974
1975 (see Refs. 23, 28, 37, and 42). The decay of
more than 150 radioactive nuclei has been investigated.
For a large number of isotopes decay schemes have
been proposed for the first time and in the remaining
cases the decay schemes have been significantly aug-
mented. A large amount of new information has been
obtained about the properties of the ground and excited
states of the nuclei. :

s——a Experiment (® present work)
= | o0 Cameron
2—-—a Hillman

»——as Experiment (w present work)
x-——x Myers

o—- —o Seager

«— Wing

Qg - Qweizsackers MeV

»——s Experiment (= present work)
-1+ v -—= Garvey
v—--—v Zeldes

1 1 1

) s f
162 6% 166 168 170
Mass number

L L L
156 158 60

FIG. 22. Comparison of experimentally established values of
Qg for Er nuclides (Z=68) with values of @ calculated by dif-
ferent expressions for the masses of the nuclei,
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The results obtained in the Yasnapp program demon-
strate the great efficiency of using proton accelerators
with E, =600~700 MeV to obtain and investigate proper-
ties of neutron-deficient nuclei far from the f-stability
band. For example, in this way we obtain Yb nuclides
with neutron deficit up to 15 units and T1 nuclides with a
neutron deficit of 16 units., We should here also empha-
size the importance of developing fast methods of sepa-
rating the radioactive nuclei from the irradiated targets:
radiochemistry and electromagnetic separation of iso-
topes. An important element in experiments of this
type is the modern methods of obtaining and evaluating
spectrometric information,

Nuclei far from the g-stability band have been investi-
gated in recent years in several scientific centers (see
Ref. 151). These investigations have been carried on
most intensively on the CERN synchrocyclotron at Gene-
va in the ISOLDE program and at Dubna in the Yasnapp
program. On account of the particular features of the
experimental methods, a certain division of labor be-
tween these two programs has been established. Where-
as in the ISOLDE program the main attention is devoted
to studying nuclei as far as possible from the B-stability
band, with half lives of a few seconds or tenths of a
second, the investigations in the Yasnapp program have
been concerned with nuclei with T,,~1 min and longer.
It is undoubtedly very important to investigate exotic
nuclei as far as possible from the stability band. Here
there is the possibility of studying new phenomena such
as the emission of delayed protons, proton decay, and
so forth. However, it is equally clear that a deep un-
derstanding of the phenomena that take place near the
edge of nuclear stability will be possible only after a
study of the properties of nuclei in the whole range from
the B-stability band to the boundary of nuclear stability.

New possibilities for investigating nuclei far from the
B-stability band are now available in connection with the
creation of high-intensity accelerators of protons with
energy up to 1 GeV (meson factories). At the start of
1975, such investigations were begun in the program
ISOLDE-2 on the reconstructed synchrocyclotron at
Geneva with a current of a few microamperes of the ex-
tracted proton beam. Preparation for experiments to
study the properties of nuclei far from the B-stability
band using a high-intensity proton beam (E, =700 MeV,
I,=15 pA) are proceeding at the Laboratory of Nuclear
Problems at Dubna. These investigations in the pro-
gram Yasnapp-2 will be made after the reconstruction
of the synchrocyclotron at Dubna.

We are very grateful to V. P. Dzhelepov, the direc-
tor of the Laboratory of Nuclear Problems at Dubna,
for considerable support in the Yasnapp program. We
thank B. 8. Dzhelepov for valuable discussions and ad-
vice at different stages in these investigations, and
Professor V. G. Solov’ev for helpful discussions on the
program and the results of investigations. The review
was based on original work done in the Yasnapp pro-
gram during 1967-1974, We also thank the large in-
ternational teams that carried out and published this
work.
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APPENDIX

Probabilities of § transitions in deformed nuclei with odd
A = 150-190

a. Allowed unhindered {8 transitions (au)

B iti Additional 1z #t E left. Rn:
eta transition ST R g ity 't g fty Rn
7/2- [523) == 5/2 [523]
161Th < BG4 I I 0.29 4.9 418 4.4
157Ho — 157Dy I I 0.54 4.8 341 4.4
159k — 159Dy I 1 0.47 4.6 310 4.1
161y — 161Dy I 1 0,42 4.8 26 4.3
168Ho « 183Ep I 1 0.40 4.8 0 4.4
165 < 165ET I 1 0.41 4.6 0 4.2
167Hp - 187Er I 1 0.46 4.4 668 3.9
169Ho —- 169Er I 1 0,50 4.9 853 4.5
65T < 165y 11 055 48 | 161 45
187Tm < 87Yh I 1 0.55 4.5 293 4.2
167,y < 167H{ I 1 0.60 4.7 315 4.5
169L,1 < 163H{ I I 0.60 4.4 493 4.2
9/2- [514] == 7/2- [514]
173Tm < 178Er I I 0.65 4.7 | 1213 4.5
175y « 175D I 1 0.59 4.8 | 396 4.8
179Ta « 179W I I 0.39 4.6 31 4.2
181Re « 181Q0g I I 0.48 4.4 262.9 41
b. Allowed hindered § transitions (ahAN = 0)
5/2-[532) == 3/2- [521]
153Pm —- 1635m I 11 0.22 5.4 37 4.6
155Ey < 1558m 1I I 0.26 5.6 105 5.0
157Eu < 167Sm I 1 0.21 6.0 198 5.3
157Th « 157Dy T T 0.46 5.5 326 5.2
159Th < 158Gd II 1 0.12 6.3 363 5.4
159Th < 166Dy 1 1 0.50 6.7 |+363 6.4
159Ho « 169Er I I 0.50 | >5.6 624 >35.3
161Ho < 181Er 1 1 0.54 5.4 827 5.1
5/2~ [532] == 3/2- [532)
183Pm — 1838m 1 I 0.42 5.6 127 5.0
3/2¢ [411] == 1/2+ [400)
155Th — 155Gd I 5 ¢ 0.10 7.4 | 368 6.1
3/2+ [411] = 3/2+ [402]
\ 0.13 | 7.6 | 287 | 8.7

155T] — 153Gd | 1
i 7/2- [523] == 5/2- [512]

157Ho — 157Dy 1 1 0.63 5.2 897 4.9
189Ho — 189Dy 1 I 0.60 4.9 | 1016 4.6
167Ho — 167Er I I 0.15 5.8 347 4.9
165Ho —- 169Er 1™ 1] 0.24 6.0 92 5.3
11Tm < 1#Er 1I I 0.24 6,3 425 5.6

1/2- [544] = 3/2- [521)

fsiHo < 181Er I I 0.05 7.3 424

an
w0

5/2- [532] == 5/2- [523]

163Ho « 163Er I i 0.67 5.9 | 1527 5.7

167Tm < 161YD 11 0.64 6.4 | 1114 5.9
712~ [523] ==7/2- [514]

157Ho — 157Dy g 0.64 5.4 | 1211 5.2

173Tm < 173Er 11 T 0.26 5.7 318 5.1
1/2- [544] == 1/2- [521]

ABLy < 173Hf . I 047 | >7.3| 128 | >6.5

179Tq «+ 170myy I | 0.07 G4 750 5,2
3/2- [532] == 5/2- [512]

177Ta «— 1TTW 11 L 0,08* 1.4 690 6.1
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Continuation
: Additional g ft E le ft

Beta transition B ifiation R g fty ' £ ftgRn
1/2- [530] ==1/2- [510]

18R « 181mQg 1 L S 0,02 7.4 | 1180 5.4
1/2- [541] ==1/2- [510)

153Re « 183mQg 5 | 0.04 >8.6| 665 | »7.2

181Re < 181mQg | o | 0.03 >6.8| 432 | >5.3
3/2- [532] ==1/2- [510]

183 <« 183mQg IT] 0.02 8.4 | 1108 6.4

181Re < 18ImQs [ 0.02 > 7.5 867 | > 5.8
1/2- [541] == 3/2- [512]

189]r 189Dt 1 T 0.18 9.2 540 8.2

c. Allowed hindered  transitions (ahAN = 2)
3/2+ [411] == 3/2+ [651]

151Pm < 11N T =g 0.47 6.9 256 6.6

1835y« 1338 T 0.40 6.7 103 6.3

183Fy < 153Gd 1 Kl 0.40 6.5 103 6.1

181T]y — t6iDy R 0.62 6.0 551 5.8
5/2+ [413] == 5/2+ [642]

TRy — 157Gd 1 0.32 7.8 €4 5.8

139Eu — 159Gd I 1 0.42 ~ 7.0 68 | ~ 6.6
32+ [422] == 32+ |651]

183Ey - 1535m 1 0.04 7.5 637 6.1
5/2+ [413] == 3/2* [651]

138Ky < 1538m T I 0.32 7.3 0 6.8

183Ey < 133Gd T 0.32 7.8 0 7.3

157k — 157Gd o1 0.51 7.0 i 477 6.5
3/2+ [411] == 5/2+ [042]

161Th — 61Dy L | 0.49 Tl 0 7.4
52+ [413] == 7/2* [633]

1Ry — 159Gd ) 0 4 0.13* 7.0 733 6.1

16510 < 165Dy 1§ (O 0.12 5.7| 995 4.8
7/2+ [402] == 7/2+ [633]

163111y +— 163Dy T W1 .61 7.8| 75 7.6

160y < 169Yh | g 0.16 8.6 | 316 7.8

13Ty — 1BH g 1 0.2 | >8.3| 198 | >7.7

135Ta — 175f T 0,12 giz ] 207 5.8

177Ta — 17THf R 0,08 84| 746 7.0
1/2+ [411] == 1/2+ [651]

13T — 175Yh 1 I 0.03 6.3 | 1469 4.8
7/2* [404] == 5/2+ [642]

WLy — 167Y] R 0.49 | >6.3| 30 | >5.5

169Ly — 169Yh e T 0.11 9.2| 591 8.0
7/2+ [404] == 9,2+ [624]

Ly — 17117} 1 I 0.63 8.0 935 7.8

MLy — 17Hf Il 0.22 6.3| 321 5.6

7y« 177Y], 1 I 0,39 6.5 0 6.0

180y — 10Hf 1 I 0.37 7.0 0 6.6

17Ty IHf 1 1 0.41 8.4 382 8.0

19Ty — P9 1 I 0.30 6.0 0 5.5

11Ty« 1819 1 I 0.49 8.7 0 6.3

183Re < 18305 1 I 0.59 7.5 851 7.2
5/2+ [402] == 7/2+ [633]

18Re  — 170W I I 0.05 6.3 411 4.9
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d. First-forbidden unhindered B transitions (1u)

K. Ya. Gromov et al.

Beta transition 3::‘:;2:"3“" ’ R g t, E; | 1gtn
3/2- [541] == 3/2+ [651]
$51Pm . 151Ng ) S 0,16 7,0 | 540 6.2
© 3/2* [411] == 3/2- [521]
155Ey < 1558m O | 0.39 6.7 6 5
157Eu - 1575m I . il 62 | 304 4
1Th < 5Dy T 0.37 8.0 0 7.6
18Th  — 157Gd 1 1 0,28 8.0 0 7.4
85T - 1550d 1 f 0.29 7.1 0 6.6
159T «—f’Dy 1 1 0.40 i 0 6.8
159Th « 159Gd 1 0.24 6.6 0 6.0
161Th ——“:;Dy 1 1. |o0.5 6.8 75 6.5
163T] - 183Dy T Sy 0.57 6.3 422 6.1
1610 « 161Er 1 %1 0.49 7.4 299 6.8
5/2+ [443] == 5/2- [512]
1®Eu — 159Gd { O 5 ¢ 0.07 7,0 733 5.8
5/2+ [413] == 3/2- [512]
198y > 19Gd AT 0.02 6.8 | 1520 4.9
1/2+ [411] = 3/2- [521)
159Ho < 189Er 1% o1 047* | >6.0| 206 | >5.0
161 <« 161Ky 1 I 0.47 ~6.7] 211 | ~5.7
63Ty —» 163 I H 0.27 6.4 | 104 5.7
165Tm —- 165Er 14 L 0.27 6.9 243 6.1
1/2+ [411] = 1/2- [521]
165Ho < 165mDy R | 6.5 | 429 6.3
163Tm —s 163 I I* |o055 6.8 | 346 6,5
165Tm . 165Ep . 0.58 6.7 | 207 6.5
167Tm — 167 LE 2l 0.50 ~6.14| 208 | ~5.8
16T < 169Fr L 0.37 6.4 0 6.0
Ty — 1711Y} Tl 0.35 6.2 0 5.7
3T — 137D T adeil 0.45 6.4 | 399 6.1
15Ty — 173Yh Ly 0.48 6.2 920 5.9
138y < 8Hf (i i 0.48 6.7| 425 6.4
179Tg  — 19mW T -SF 0.79 | ~6.8| 52 | ~6.7
3/2+ [444] == 1/2- [521]
55T} — 155Gd I 1 0.48 8.7 560 8.1
181Th 161Dy 10 Ay 0.12 8.5 368 72
165Hg <« 165mDy LR ¢ 022 | >64] 2062 [ >5.4
8Ly« 18Hf Tiat T 0.62 8.0| 975 7.8
5/2- [532] = 7/2+ [633]
165Ho « 165Dy 11 1 0.09 7.0 | 1056 5.8
7/2- [523] == 7/2+ [633]
1650 < 163Dy I 1 0.44 6.2 0 5.8
167Hg — 167Fr I I 0.30 6.9 0 6.0
18T < 168Y] Taaeuis] 0.41 7.2| 3m 6.8
Ly« 1MH] (i 0.45 7.2| 662 6.8
1/2+ [441] = 3/2- [512)]
15T 135} I I 0.04 7.0 811 5.6
187Re « 18TW 5§ el 0.10 7.6 | 625 6.3
5/2+ [443] == 5/2- [523]
1576y —» 157G [ - II 0.21 7.2| 437 6.5
159Ky — 159G 1= ST 0.30 % 6.7| 146 6.2
163Ho « 16Er 1 I 0.62 7.0 876 6.8
16T < 167Yh Tt 0.66 6.2 | 1581 6.0
1/2+ [441) == 1/2- [510]
181Re < 181mQg T L ) 0.09 6.6 | 827 5.6
165Tm s 165Ep it S 0.68 7.4 921 6.9
1%5Tm — 18Yh I 0.06 ~B.4 515 [ ~5.2
181Ta < 181H[ (T8 0.19 7.2| 615 6.5
183Rp < 183mQs L gl 0.18 6.2 | 1102 5.5
185Re < 18503 | 0.44 7.3| 880 6.9
7/2% [404] == 7/2- [514]
46TLy oy t67YT s e 1T 89| a1 | o7
sy . to0yD 7 1 0.64 7.2| 960 7.0
17y 5 471Y] 1 ' § 0,60 7‘0 835 l:.S
5Ly <« 15Yh T S 0.46 6.3 0 5.9
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Continuation

Continuation

Beta transition ‘3:;‘12‘;:;: = R Igft, Ey lg 1t Rn
3/2+ [413] = 3/2- [521]

185Eu  — 155Gd i 1 0.27 8.8 0 8.2

B1Ey > 157Gd Jri=uy 0.37 8.3 0 7.7

:::}‘Ib «md 11 1 0‘26 2.3 ﬁaég g.s

0 < 159Er I 1 0,49 >5.8 .5

16iHo  181Er - i 0.52 7.9 | 760 >7.ﬁ
7/2- [528] == 5/2+ [642]

16iHo — 161Dy 1 I 0,28 < 6.7 0 | <6.0
7/2+ [404] == 5/2- [523]

164Tm — 161Er I 1 0.51 6.6 172 6.2

167Ly  « 167H{ 1 1 0.36 > 5.2 0 | >4.8

1690y < 169H{ 1 1 0.36 > 5.5 0 [ >5.1

168Lu — 169Yh 1 0 0.19 8.5 570 7.6
7/2+ [404] == 5/2- [512]

16T — 164Er 1 1 0.65 6.9 843 6.5

1Tm  17Ey T R 0.48 9.2 636 8.9

167Ly  — 67D 1 1 0,62 7.4] 213 6,7

0Ly — 169 i 1 0.57 84| 19 7.7

13Ty — 173H{ 1 1 0.39 7.0 107 6.4

19Ty — 177H{ 1 1 0.16 9.7| 508 8.7

Ta  « MW 1 1 0.48 ~ 6.8 0 | ~6.5
3/2* [411] == 5/2- [523]

165Tm < 165Yh I 0.34 7.0 49 6.6

67T < 167Y] T e 0.65 7.8 | 47 T4
1/2+ [411] = 1/2- [530]

165Tm — 65y I I 0,02* 8.2| 99 6.5
5/2+ [402] == 5/2- [523]

$50Tm — 19Er 1 1 0.51 5.7 221 5.4

165Tm < 165YD I I 0,07 >7.4| 316 | >5.9
5/2+ [402] == 7/2- [514]

15%9Tm — 159Er 1 1 0.59 6.0 566 5.8

181Re - 181W I I 0.19* 7.5 | 409 6.7
9/2- [514] == 7/2+ [633]

1Ly < 1MHE i 1 0.14 7.2 470 6.5
3/2+ [402) == 1/2- [510]

181Re < 181mQg I 0.02 7.4 | 788 5.4

183Re -ﬂ—:i"ms 11 I 0.03 7.6 | 1035 6.1

:55lr "150’ I 1 0,70 ~ 6.5 0 | ~6.0

8r 18003 T i 0.40 >9.0 36 | >8.3
172+ [400] = 3/2- [512]

187Re - 187W 1 I 0.65 10 512 9.5

By I8Py 11 1 0.04* = 7.9 94 >a.2

f. First-forbidden (unique) hindered B transitions (1*h)

Beta transition | Adiions) R zit, | E; | lgtRn
1Ly 1TTH] T ebna] 0.31 6.6 0 6.4
0Ly 19§ \E )1 0.41 75| 214 7.4
15Ty 13HE 1] W 0.44 6.4 348 6.0
17Ta o 477 T 1 0.35 6.7 0 6.2
9/2- [514] == 9/2+ [624]
1Ly« 177} 55 0.50 6.8 150 6.5
BITy < 181 I 0.38 6.9 6 6.5
183 < 18305 I & 0.54 6.5| 496 6.2
7/2+ [404] = 9/2- (505)
125Ta - $05H{ ¢ M 0.53 6.4 | 1227 6.1
7/2+ [404] ==7/2- [503]
filLy  171Yh T W 0.67 8.3 | 1377 8.1
175Ta . 15HE L1 0.30 6.2 | 1046 5.9
1Ty 177Hf L= 0.50 €.5| 1058 6.2
183, . 183V 1 i 0.36 * 6.7| 453 6.3
85Ty s 185W T4~ H 0.47 % 6.3 | 244 6.0
5/2+ [402] == 5/2- [512]
175Ly < 175Hf 101 0.14 6,7| 343 5.9
177Tg  «17W I sl 0.3 | >6.9 M | >6.5
1739Re  — 179W I 0.14 6.8 430 5.9
181Re — 181W I I 0.07* 6.7 366 5.6
5/2+ [402] == 3/2- [512]
189Tq < 183H} Ll 0,38 6.8 459 6.4
181Re —» 181W T 0.43 7.0| 1726 6.5
183Re — 183W i T 0.42 7.3 | 209 6.7
185Re < 185 i T 0.23 7.5 0 6.9
187Re < 187V i = 0.23 7.9 0 7.6
189Re  — 18905 T ¢ 0.37 732 0 6.6
3/2+ [411] == 5/2- [512)
71Ty < 177 1 5l 0.67 | ~7.7| 85 | ~7.3
3/2+ [444] == 1/2- [510]
183Re < 183mQs n 3 0.19 7.5 | 1354 6.8
1/2* [400] == 1/2~ [510]
185Re  « 18503 i i 0.03* 7.2| 646 5.7
3/2+ [402] == 3/2- [512]
185]r  —» 18505 ) e 0.7 | ~7.8| 128 | ~7.6
B9[p . 1890s e 0.56 7.5 0 7.2
189]r < 180P¢ T W 0.11 6.9 0 5.9
3/2+ [402) == 5/2~ [503]
B, 18705 ] 0.80 6.7 711 6.6
5/2+ [402] == 7/2- [503]
181Re . 181 T 0.42 7.5| 662 7.4
183Re > 18IW i 0.33 7.3 | 453 6.8
183Re > 18903 Thades ! 0.68 % 7.5 | 27 7.3
e. First-forbidden hindered f transitions (1h)
5/2- [532] == 3/2+ [651]
151Py < 151N 1L o 040 | >7.3| M7 | >6.9
1536y« 453G ii, o 0.27 8.6 98 8.0
188Eu < 1683Gd 14 1 0.26 6.6 98 6.0
5/2+ [443] = 7/2- [514]
150Eu > 150Gd I I 0.05 7.0 | 1163 5.7
3/2+ [411] = 3/2- [532]
15T} 155Gd A 0.10 8.3 287 7.3
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164Tm

165Tm
167
17T
173Tm
11T

167Lu

— 181Ey

. 165Ep
— 1675y
< 1MEy
— 133Y}
— W

— 167Y}
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7/2+ [404] == 3/2- [532]

et a0 7.3 720 6.0
1/2+ [441] == 5/2- [512]

1 i 0.63 8.7| 418 8.0

T AT 0.60 9.4| a7 9.1

I =l 0.38 8.6 0 7

1wl 0.36 8.5 0 8.1

T wil 0.80 | >6.4| 488 [ >5.7
7/2+ [404] == 3/2- [521]

G5 0.6 | <7.5| 180 | <6.4
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Continuation

Beta transition g:;g:;::;lon R 1g ft, Ey ig ftaRn
5/2+ [402] == 1/2- [521]

18y < 183Hf 11 1 0.16 8.6 357 7.8

19T - 179mWy 1I I 0,48 7.4 239 74

19Re — 179W I II 0.07 >5.9 222 | >4.3
5/2* [402] ==1/2" [510]

181Ta < 1814f 1 I 0.39 8.3 482 7.9

19Re - 170W 1 I 0.42 7.2 705 6.4

183Re — 18905 1 I 0.50 8.4 36 7.6
5/2+ [402]) == 9/2- (505]

189Re — 1800s I 11 0.25 7.8 i 7.2
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