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Low-lying two-quasiparticle and single-phonon states of even-even nuclei are described in a wide range

of the actinides (228 < A < 260) on the basis of the semimicroscopic approach. A study is made of role of
anharmonic effects and it is shown that in a number of cases the two-phonon components make a large
contribution to the structure of the first and second vibrational states. The experimental data are analyzed

and compared with the results of theoretical calculations.
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INTRODUCTION

The present stage in the development of nuclear
physics consists of the accumulation of experimental
data, their analysis, and comparison with the results
of calculations made by different semimicroscopic
methods. The determination of the quantum numbers of
the ground state and ever higher excited states of nuclei
continues to occupy a central position in nuclear physics.
There have now been accumulated many experimental
data associated with the study of the low-lying states of
a large number of nuclei, «, g8, and y transitions, and
the cross sections of direct nuclear reactions, The
experimental data in the region of deformed nuclei are
especially extensive, The existing experimental mater-
ial has been collected in Refs, 1—3 and for a number of
nuclei, for example, for A =182 (Ref. 4) and others in
the region 150 <A <190 (Ref. 5) it has been painstaking-
ly analyzed.

The recently developed semimicroscopic methods of
theoretical nuclear physics provide the basis for calcu-
lating the quantum numbers of the low-lying states of
nuclei (see, for example, Refs. 6—8). The calculated
energies and the structure of low-lying nonrotational
states of even—even nuclei in the region 150 <A <190
and comparison of them with experimental data are
given in Refs. 5 and 9 and in other publications.

Two-quasiparticle and single-phonon states of even—
even deformed nuclei in the region of the actinides were
calculated in Ref. 10 with the single-particle energies
and wave functions of the Nilsson potential and in Ref,
11 with the Woods—Saxon single-particle potential. A
fairly good description of the nonrotational states of
odd deformed nuclei was obtained. However, only a
small fraction of the results of calculations of the
states of nuclei in the actinide region has been
published, 12,13

The present paper is devoted to the important task of
giving the theoretical energies and wave functions of the
nonrotational states of even—even nuclei in the actinide
region and comparing them with experimental data.

1. TREATMENT OF TWO-QUASIPARTICLE
AND SINGLE-PHONON STATES

We give here the main equations used to describe the
two-quasiparticle and single-phonon states in even—
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even deformed nuclei. The model nuclear Hamiltonian
is written in the form

H=Hoyt Hyatie' 3] 500,007, 1
TN

where H,, is the average field of the proton and neutron

systems described by the Woods—Saxon potential;

H,,, is the interaction leading to pairing correlations of
superconducting type; the last term in (1) describes the

multipole —multipole interaction.

To describe two-quasiparticle states, one uses only
part of the Hamiltonian (1), namely

Ho= Hay+ Hypaip=Hy (n) + H, (), 2)
where for the neutron system

Ho (r) = X {E (8)— Ay} alstag— Gy 2 et SO T (3)

Here, E(s) are the single-particle energies; A, is the
operator of annihilation of a nucleon; G, is the constant
of the pairing interaction; 1, is the chemical potential
of the neutron system. In the proton system, we denote
the constant of the pairing interaction and the chemical
potential by G, and ),. We denote the quantum numbers
characterizing the single-particle state of the neutron
system by (so) and of the neutron and proton system by
(go), where c==x1,

We perform a Bogolyubov canonical transformation:
s = Usllsg + OVs0LEs, (4)
where a, is the operator of absorption of a
quasiparticle;
TR (5)

We determine the wave function of the ground state of the
system by the condition
de Ty (6)

We find the expectation value of H,(n) with respect to
the state ¥, using a variational principle and as a re-
sult (see Ref. 8) we obtain the following system of
equations for the correlation function C, and the chemi-
cal potential a,:

S, s bt
=3Iy (7)

G El)—he »}

s A o T ®)
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where N is the number of neutrons.

The energy and wave function of the ground state of
the system have the form

Eo==2) 2E () v5—C} /Gy; ®)

Wy= H (s + vsagaai) Yoo (10)
where

25 Pyi =05~ £ (s) =V Tk FIEs) — Ml w

uf = {14 1E (&) —Aalle (42 ve={1—IE6)=Mlely2  (12)

In the model of independent quasiparticles, the excited
states of even—even nuclei are two-quasiparticle states.
At higher energies, the excitations are four-quasiparti-
cle states, etc.

The wave function of a two-quasiparticle state with
K" #0* has the form

Wy (s, 8) = @horhimy [ 7 s a's2) ovii(sy; 82) adiai} Yoo (13)
548y, 82

The correlation function C,(s,, s,) and the chemical
potential are determined from the equations

1

G.
1=-X :
2 25 V Ch (51, s3)={E (s) — hy (51, 52) )2 (14)
(5781, 82)
N=2 s — E (s) —dn (515 39)
oA { ' V CE sy, s2) 1 {E (5) — R (51, s))2 } (15)

(a5 51, 82),
The values of C,(s;, 82), X,(S1, Sa), #,(Sy, S5), (84, S5)
depend on the levels s, and s, at which the quasiparticles
are. The energies of the two-quasiparticle states are
determined by the difference

&o (81, 52) — & (18)
where

o (51, 82) =E (s) - E (s2) -2 Z E (s) s (843 82) — Ch (84, 82) G:v-(ll?)

&4 51y 82

To describe the vibrational states, one introduces the
phonon operators

Oe=3 3t (0, 9)— @l (. ), (18)
g

where g=\uj; Alg, @) =T,0Q 4 o/ V2 (OF =T, 00 4o/
VZ). The corresponding part of the Hamiltonian (1) can
be written as

Hy= 3 () Blg, ) — 522 3 32 (ag') ™ oot
q Cohy W0 - g0" @y i

4 Uggtay (Wit ) (Vs - Viiag) Uil (19)
Here g=Muj; g’ =apji’; (g, ¢') is the matrix element
of the operator of the multipole moment At} # o =uV,
+ Vg Vgg =Ugltg — Vol B(q, ql’) =Eu a:ua:“.’ (OI‘
:Ecaa:-uad'u)'

The wave function of the ground state of an even—even
nucleus is defined as the no-phonon wave function, i.e.,
Qf‘J!():O. The excited states are treated as single-
phonon states and are described by the wave functions
QY.
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The energies w, and the wave functions of the single-
phonon states can be found by means of a variational
principle (see Ref. 8). For all single-phonon states
(except 0* states) the secular equation has the form

3 (P00, ) g P e (@) 42 (0]
- )\ qq X
L ’% E@ Te@F g (20)

Using the condition of normalization of the wave func-
tions, we can readily find

s i PP q) gy .
Vo =737, core @ —us (21)
AL ’
g 1 1 (g, q) Uggr | 29
Yoo = ey, t@ e @) og (22)
Mg g 2 e (q) € (g’
Py 2 1™ (g, §') wgg P g [e (@) -2 (4)] (23)

{le (@) -+ & (@) ]2 — (wg)® )3

The secular equation and the wave function of the
single -phonon 0* state are given in Ref. 8.

2. ANHARMONICITY OF THE VIBRATIONAL
STATES

Anharmonic effects in even—even deformed nuclei
were studied in Refs. 8 and 14—17 with a wave function
that includes two-phonon terms as well as the single-
phonon term, It is shown that in strongly deformed
nuclei the first vibrational states are essentially single-
phonon and therefore the results of calculations in the
harmonic approximation give the correct structure of
these states. For K" =0* states and for the second
and higher states with given K the anharmonic effects
are more important. They increase as the nuclei
approach the transition regions.

We give the main equations for describing the vibra-
tional states with allowance for anharmonicity. The
Hamiltonian (1) with allowance for the fulfilment of the
secular equation (20) and the corresponding equation
for the A =2, p =0 states has the form

H=H,+Hy :2 w050,

']
— 13 (. ) B gy ¢) Q3+ Q) + e |

a9’
+ 7 2} Vagllarg 14700, @) B, @) +he. ], (24)
a9
where
¥ "
lwg (Q. q'),: ** (g, 9 2 (25)

LRy,
WY

We write the wave function of the vibrational state in the
form

v B1d:

8182

it by 1 + )

W (K7) = { E 0.0+ V3 > Aj _'ng(’-ﬁz} Wy, (26)
where i is the number of the excited state with the given
K", The normalization condition is

3002+ X (Al =1. 27)

g B182

We find the expectation value of H,+H, with respect to
the state (26) and from the variational principle we ob-
tain a secular equation in the form of a determinant in

the (jj') space:
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TABLE 1. Lowest vibrational states of ***Th,

Energy, MeV

K§ m Structure, %
ment_1 lation,

2t |0.977| 1.0 [(221)95 (301, 32032

2t |1:454| 1.6 | (311, 311)98, i

0p (0.328] 0.4 |(301)97, (201, 301)1+

0z - 1.7 |(201,.301)99 .

17 '10.740| 0.7 |(311)97 (201, 311)2

1= I 1.8 |(312)90 (201, 311)9

2 11.423]:4.2 | (321)90 (221, 301)40

2; | — | 1.8-|221, 301) 90 (321) 40

o |0,830| 0.9 |(301, 301)83 (201)13 (202)3

07 [0.888] 1.2 [(201)75 (301, 301)15 (314, :311) 5 - (201, 203) & (221,221)2

det || (erg — ;) g — K (2, &) || =0, (28)
where g=\uj; g =Aij';
x 1 URBUREE
K (g, 8’)=32§1W' (29)
Uﬁm E-— (OJ!H anE!OE:)- (30)

From the solution of Eq. (28), we find the state ener-
gies n;; the values of (6})* determine the contribution of
the single-phonon components and (A )2 the values of
the two-phonon components.

The results of the calculations are given in Tables 1
and 2, which include the experimental and calculated
energies and the structure of the first and second vi-
brational states,'®:'” The phonons are denoted by (\uj);
for example, (201, 301) denotes the two-phonon compo-
nent from the first roots of phonons with Ap =20 and
A'u’ =30, As an example, we consider the nucleus
?28Th, for which in Table I we give the states with Kj
equal to 07 ,,2] 5,07 5,175, and 2] ,. This nucleus is near
the transition region, and one could expect anharmoni-
city to have the greatest effect in this case. It can, how-
ever, be seen that all the first vibrational states with
the given K" (except the 0* states) are single-phonon
states, but the structure of the second vibrational
states is such that the two-phonon component dominates.
The large role of the two-phonon components in this
nucleus is due to the very low energy of the (301)
phonon and the comparatively low energy of the (311)
phonon,

At the same time, the first 2* state of, for example,
the nucleus #°Pu is characterized by a large contribu-
tion of the two-phonon components (~17%).

Let us consider separately the structure of the 0*
states. The interest in states with K*=0" is very great,
and they have been studied in different approaches, ***°
In this paper, we analyze the structure of the 0* states
with allowance for the effect of anharmonicity.

The results of the calculations of Ref. 16 are given in
Table 2. The structure of the first 0* states for differ-
ent nuclei may be very different. For example, in the
case of 230:282Th  234,236(]  238,240py the main contribu-
tion to the wave function is made by the single-phonon
component (201), whereas ®**Th is characterized by 0}
being a two-phonon state. But the influence of the two-
phonon components on the lowest 0* state is large and in

177 Sov. J. Part. Nucl., Vol. 7, No. 2, Apr.—Jun. 1976

TABLE 2, Energy and structure of 0] and 0} states.

Energy, MeV|
Nucleus T Structure, %
Experi- Calcu-
ment laticnl
228T] | 0.830{ 0.9 | (301, 301)83 (201) 13 (202)3
0.88811.2 [(204) 75 (301, 301) 15 (311, 311)5 {201, 203)3 (221, 224) 2~
230Th | 0,634 0.6 | (201) 76 (201, 201) 21
1,590} 1.5 | (301, 301) 91 (203) 6
232Th (0.731/0.7 |(201) 75 (204, 201) 19 (221, 221)2 (301 301) 2
1.5 |(202) 50 (301, 301) 44 (221, 221)2 (303)2 (204, 201)1
2 10,691 1.1 | (201) 84 (202)2 {201, 200)8 (301, 301]3 (224, 221)2
1,5 | (301, 301)BO (208)9 "(202)7 (201) 4
2340 10,811 0.9 |(201) 86 (201, 202),8 (204, 203)3 (201, 201)! {221, 221).4
©'11.048) 1.2 [(202)84 (301, 301)9 (221, 221)2 (20}
236(7 - |0.920[1.0 |(201)85 (321, 321)6 (314, 311) % :(234; 221) 1.
1.3 1(202) 74 (301 301) 14 (311, 3105 (2[)3}3 (324, 3210 2 (20)1
2380 |0,925) 0.8 | (201) 84 (201, 201) 12
0,993[1.4 |(202)88 (203)5 (301, 301)4 (201 202)'3°
238py- 10,9450 1,1 |(201) 94 (301, 308) 2 (221, 221)1
1.134{1.2 | (301, 301)62 (202) 35 (201)3
40Py | 0.860[0.9 |(201)85 (221, 221)5 (301, 304)4 (201, 201)3 (321,321)2
1.411)1.2 | (301, 301) 84, (203) 12 (2Q1)3

the first case their contribution fluctuates between 5
and 20%.

The second 0* states have a more complicated struc-
ture and they evidently depend on the choice of the in-
teraction constants (see Table 2).

3. RESULTS OF CALCULATIONS

We give the schemes of the single-particle levels of the
Woods—Saxon potential and the parameters, which were
fixed during the calculations in the actinide region,
and we discuss the presentation of the results of the
calculations.

The calculations of the energies and wave functions

- of the two-quasiparticle and single-phonon states are

based on the single-particle energies and wave func-
tions of the Woods—=Saxon potential. The eigenvalues
of the energies and the eigenfunctions for the axisym-
metric Woods—Saxon potential were calculated by the
approximate method proposed in Ref. 20. The single-
particle energies and wave functions are partly given
in Ref. 13. Since the energies and wave functions of
the single-particle levels, which are solutions of the
Schrédinger equation with the Woods—Saxon potential,
depend on the mass number A, the deformed nuclei are
divided into zones. The nuclei we consider are divided
into four zones, i.e., the energies and wave functions
are calculated for A =229, 239, 247, and 255. Within
each zone, there are no changes in the energies and
wave functions.

In order to obtain the correct order of the single-
particle levels in the proton and neutron systems,

TABLE 3. Parameters of Woods—Saxon potential for nuclei
in the actinide region.

Neutron sys'tcms Proton systems
- i -

Azone |y Mev| 1y, F | o F? [ w,F? |V, MeV| 7, F | o F' | u,F?
229 47.0 | 1.26 1,40 : | 0.470 60.5 1.24 1.55 | *0.375
239. | 46,7 1.26 1.457 | 0,430 61.0 |-1,24 1,55 0,375
247 40,0 1.26 1,36 0,430 62.0 1.24 1,00 0,470
255 46.0 1.26 1.30 0,470 62.5 1,24 1.58 0,360

lvanova et al. 177



Neutrons
E, MeV Asied
ol el e I ——
2hyy ST yevceany
HypeLen)
e 7604
gd-?/z
e -3} ye'tee)

45

Fdsss Y2 [734]

1% -5 #2*L624]
/e %

’J '15/2 g2t522)
.

e 142 N

g
200, -7F —
" 7 v

pAL)
-8 7z
el
Y2-(77
-9l N
13/210506]
5057
ifm -1k hadlld
Dsse P2 L5H)
$2 [513]
; -12F 7z vetanl
1"’?/2 1 1 1
o o 620 024 Sy,
RIG: T

some parameters of the potential were changed some-
what from zone to zone. The parameters of the axisym-
metric Woods—Saxon potential are given in Table 3.

It should be noted that the parameters given in Table 3
do not differ strongly from the parameters of the
Woods—Saxon potential for nuclei in the region 150 <A

<190, which are given in Ref. 21,
The shape of the nucleus is described by

R (8) = Ry (14 Bo+BaoY 20 (8) + BioY 40 (9)),

where R,=7,A'/? ig the radius of an equally large
spherical nucleus; B, is the constant introduced to
satisfy the condition that the volume of the nucleus re-
main the same; B,, is the quadrupole deformation pa-

rameter; f,, is the hexadecapole deformation
parameter,
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In Figs. 1—8, we give the fragments of the schemes
of the single-particle levels calculated in Refs, 12 and
13 for the zones A =229, 239, 247, 255 for near-equi-
librium B,, values and in the range of Bso values in which
the corresponding equilibrium values occur. In these
figures, each level is characterized by the quantum
numbers K*|Nn,A3], where K is the projection of the
total angular momentum of the nucleon onto the sym-
metry axis of the nucleus; 7 is the parity; [Nn,Ay] are the
asymptotic Nilsson quantum numbers, The indices used
above: s (for neutrons), » (for protons), and ¢ (for neu-
trons and protons) denote these quantum numbers. The
single-particle energies are measured from the binding
energies of the neutron, B, and the proton, B,.

In all our calculations, we took into account the neu-
tron levels, E(s), and proton levels, E(v), of the single-
particle basis lying in the following intervals: E(s(N
=4))< E(s)<5 MeV, E(r(N=3))< E(r)<5 MeV. The
number of allowed-for levels increases with increasing
A (see Table 6).

The results of the calculations of the equilibrium
values of 8,, and 8,,, @,, and @, (Ref. 22) and the
corresponding experimental data®®?* are given in
Table 4. The calculations were made by the method
proposed in Ref, 25,

Let us now compare the theoretical and experimental
multipole moments since the values of the parameters
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of the equilibrium deformations vary strongly depending
on the experiment in which they were obtained and how
the experiment was evaluated. For example, for 2*U
the B33! values are as follows?*: 0,283 0, 008;
0.27+0.01; 0.22+0,01. For B,, the values found are
0.059£0,029, 0.017:2-%5 and 0.06+0.01. The experi-
mental data were obtained from study of the Coulomb
excitation and the (p,p’) and (a, a’) reactions, respec-
tively. Because of this, we regard it as more consistent
to compare the values of @,, and Q,,. The experimental
data are taken from Ref, 23.

The calculated values of the correlation functions and
the chemical potentials for the ground states of the
neutron and proton systems are given in Table 5. These
quantities may be helpful when one is estimating differ-
ent nuclear characteristics.

All the parameters used to calculate the energies and
wave functions of the two-quasiparticle and single-
phonon states of even—even nuclei in the region 224
<A <260 are given in Tables 3 and 6. An increase in
the number of zones for the nuclei of thig region im-
proves the description of the low-lying levels of the
nuclei near the edges of these zones. For the groups
of nuclei we adopted averaged values of 2, and 0
on the basis of the experimental and calculated values
given in Table 4., With allowance for anharmonicity,
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the spread of the values of the constants is appreciably
reduced. In Table 6 we give the nuclei for which the cal-
culations were made with allowance for the parameters
given in Table 6.

The above parameters were used in Refs, 12 and 13
to calculate nonrotational states of nuclei with an odd
number of neutrons or with an odd number of protons.
A satisfactory description was obtained for the energies
and structure of the low-lying nonrotational states of
odd deformed nuclei in the region 224 <A <260.

Let us now describe tables of the type Table T 1
which we give the results of calculations of the energies
and structure of the two-quasiparticle states, the first
single -phonon states with K =2*,0",1- and 27, and the
corresponding experimental data.

In the upper part of the table, we give the two-quasi-
particle proton and neutron states and the configurations
of the two-quasiparticle states (q,, g,), F denoting the
level of the Fermi surface (the last filled level for the
ground state in the model of independent particles),
F+1, F+2, F+3 denoting the first, second, third,
etc., particle levels and F -1, F - 2, F-3, denoting
the first, second, third, etc., hole levels. The values
of K* in the first row correspond to a state with pro-
jection Z =0 of the total spin, which, in accordance with
Gallagher’s rule, has the least energy; those in the
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TABLE 4. Neutrons

A=255 e*s0z]
v
! cheor Hr) Qﬂ\eor exp e Meﬂg ﬁwﬁﬂ.ﬂ.ﬁ 72*[504] ”;’z
Nuclous | gfhecr | gtheor A S e 4% o
10724 ¢m? | 107** cm 10%* ¢cm* | 10™** cm
-7 -
228Th 045 | 0.07 7.0 2.5
280T] 0.16 | 0.07 7.6 9.0+:0.06| 2.6 - | 2.58+0,35 -2
282Th 0.47. | 0,08 8.3 | 9.62£0.05| 2.7 | 2.87+0.33
2321 0.47 | 0.08 8.5 = Fg e o
2341 0.18 | 0.08 9.4 |10.47+0.05) 2'9. [3.30+0.45 -3
2361 049 | 0.08 9.8 |10.80+£0.07| 3.0+ | 3.070.48
238 0.20 | 0.08 10.4 - [14.42%0.07| '3.2 | 1.96%0.55 ue
238py 0.21 | 0.08 10.7  |11.2720.08| 3.3 | 3.26=-0.62
240py 0.22 | 0.08 1.3 [11,580.08|  3.4° | 2.70:0.58
130 0.2 | 0.07 124 [12.1+0.09) 38 [.0.07818 -8f
21 ) 5510 6 . +1.18 i
6Cm 0.24 | 0.065 12,9 [12.25:40,00| 3.2 9-057% e P ;ﬁ__gg’;}
wsCm | 0.25 | 0.05 3.6 [122800.09) 33 | o.0thd Yatins
280§ 0.25 | 0.05 13.9 3.4 = &l 525221 3/2°(501]
250CE 0.25 0,04 13.8 — 2.7 — 13/2°[§06)
252Cf 0.25 | 0.03 13.7 12,9404 2.7 xl ke Ve eI 763]
254F'm 0.26 | 0.035 14.6 — 2.9 - 4 2058
256F'm 0.26 | 0.025 14.3 P 24 - .
ol Y2 [531]
52 [752]
; (761
-10} /2 (615] /2 [G4z]
~(776]
~[510]
second row correspond to the state with £ =1. In the “Hy o
2 2* (651,
cases when K=0 for one of the states of the doublet, gzl L. L ! -

Gallagher’s rule may be broken, according to Ref. 286, LB L ot
so that a state with K#0 may have a lower energy and FIG. 7.
the energy of the spin splitting is small. In the table we
give the experimental and calculated energies of the (16) and (17) in the model of independent quasiparticles
two-quasiparticle states. The energies of the two-quasi-  with allowance for the blocking effect and they are
particle states are calculated in accordance with Eqs. given with an error of 100 keV, The spin splitting of the
doublets was not considered.
N;“;‘é%"; In the tables, for all nuclei, we give all two-quasi-
Poo=0.06 particle states with energy up to 1.7 MeV and in some
e T e oy T 32 8se) S 7i2] cases all the states up to 2,5 MeV, In some tables, we
irzp0 5t T e 15/ 47 127 L871] 5 3 P . :
e - give separate two-quasiparticle states with higher
4r / = ;/:,“Z;’;;] excitation energy if they are of particular interest. The
2hyp 31 -—j! “lugjecel two-quasiparticle states are given in order of ascending
. B ]
2l == i %%5 calculated energy separately for the proton and neutron
Yige _____4,;—, szl god) 3y 732 systems.
i — %ﬂ.ﬁﬂ ye732]
Mo of q~, %_-ﬁ:g].r/zmm It should be borne in mind that some states with ener-
oz . S I s gy greater than 2 MeV are not two-quasiparticle but con-
N O T A -
Ehygye ""-—,z‘_"""—"-"— .f%z‘r[ w
-2} B 13 P
== — -I.,t}'/ : ﬁ Ef‘;} 7 Protons
sige F — == ,,]/z a0%] A=255
204 - T L615, E,MeV| Syg=0.055 i
-44- 11/2725] | azfsoy 13/2*(505)
s [l s s/2rs0s
iy, -5y B=— _—— _—— wneten] 2
; oy 7/2* (624 2 v o0
Yisre -6} - N ! )
e : 7 N\ SR
-7k Y2 L743] 12 631] "‘feﬁ g ley:
2032 ~ “L67573/2°(751] -at- L3100
gl Ta 12*(651]
| 16067 , ~5/2[517)
o v ' e
0 #
-10+ §40] %z_fgg -5 1e-(521,
£ Y2 L5031 1/2 L5107
2fs 7 y2r[s51] : Y2t [400)
Wy Yert625] E mw ;”z:['}ﬂy
-12}- v 5] 2182
77"13,12 - . /2°[512] = 3 % 1/2°[595]
sl T et vz e sz el sy e
2y 4k s Y2
14} 524 (642] .;'/Z Pﬁg
Thye =g/2-(521] 5/27(523] = e ]
£y 281] Tife 8057 = ~~ iy
12 (56 !
A ' 7aI5E)]
~16t 1/2°L550) 1/2*(400] -0+ 8/2°[514]
:f?'[ﬁﬁ ' 2t far1]
-7} N = 12 [541]
-16 : 72 1523
A B ~fzL L et L
0.0 a.20 230 fyy o e Ty
FIG. 6. FIG. 8.
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TABLE 5. Correlation functions and chemical potentials for
ground states of neutron (N) and proton (Z) systems.

Paramefers of
Neutron system Proton system equilibrium
A zone deformations
N C“ J‘n Z cp a'p H'.?D ﬁgo
138 0.711 |—7.01 90 0.91 |—5.16
229 140 0.70 [—6.67 92 0.82 | —4.68  0.19 | 0.10
142 0.69 |—6.30
142 0.63 |—7.11 92 0.77 |—5.88 :
239 144 0.65 |—6.74 94 0 —5.411 0.22 | 0.08
146 0,65 | —6.42
148 0.51 | —6.06 96 0.51 | —5,93
247 150 0.51 [—5.65 98 0.56 |—5.40 | 0.23 | 0.06
152 0.57 |—5.28
152 0.63 |—6.08 98 0.79 |—6.41
255 154 0.70 [—5,72 ] 100 0,74 | —5.92| 0.26 | 0,035
156 0,75 |—5.42 | 102 0,78 | —5.43
104 0.81 | —5.00

tain a mixture of two or more two-quasiparticle compo-
nents. This is a manifestation of the incipient process
of fragmentation of the two-quasiparticle state over
several nuclear levels, However, in this case we as-
cribe the level to the two-quasiparticle component
which must be the greatest., The study of this phenome-
non is of independent interest, and it is particularly
important to take it into account when one is investigat-
ing highly excited states of nuclei.

The states with K*=0%,2* 07,17, and 2" are indicated
by the letter ¢. This means that these levels in tables
of the type of Table 7 cannot be taken into account in
the analysis of the experimental data because, as the
result of the presence of the quadrupole and octupole
residual interactions in the even—even nuclei, there
are no pure two-quasiparticle states with these K*
values. The energies of 2*¢, 0°¢, 1°¢, and 27¢ states
given in the tables are only the first, second, etc.,
poles of the secular equation (20). The experimental
levels with the given K™ correspond to the quadrupole

TABLE 7. Two-quasiparticle and single-phonon states of

ZZSTh_
Two-quasiparticle proton states Two-quasiparticle neutron states
E s MeV ; Energy, MeV
Configuration K® E%;?Tﬂa? Configuration F ool Eﬁ
¢ ment | lation ment | lation
F F41 1~¢ — 1.7 F F41 ¢ | — | 1.0
6511 530t 27 , 7921 6314 4
F—q F41 2+ - 1.9 F F+2 5 — 1.2
5324 5304 i+ 752t 6334 0-c .
F41 Fio l2e | —lad| P4t Fi2 | % - 1"1.4
530+ 642¢ e » 631t 6334+ &
F Fr2 Q4+ | — |22 F—t  Ffy | a%| — | 17
651+ 6424 4 N 764 ¢ 631+ ¢ ;
F—2 P41 |1 | — [ 22| F—a F ] — | 7
400t 530t O¢ . 7614 752} 4+
F— F: . ] — | 2.2 F—1 F42 | 4 — 1 %8
532 6511 O-e () 6334 1=¢
F—1 F4-2 4- — | 2.3 F - F43 i* — | 1.9
532¢ 642¢ 1-¢ 852¢ 743t 6+ !
F-—-3 F1 2—c — 2.4 F-2 Fi-1 2 ¢ — 2,0
402, - 530t 1-¢ 5044 6311+ 1=¢
Single-phonon states
o
oy [ P . Structure, %
=] a|s L
g2|28/25 28
LEE(CldE C=
0-10.32810.3| — 128.0 | nn633; 752t 49| nn631t 781t 6| pp400t 530+ 5
. nnb34} 770t 5| pp651t 521t 4{nnb42, T61t 2
1= — 0.7 — [27.6 | nn752¢ 6311 28 "'un'uaf 633y 8|nnb633, 761t 5
nn752t 6420 5| pp65it 530t &|nn633; 52, 3
2¢(09770,9| — | 4.5 | nn752t 770t 13| nn631+ 6314 11| ,n633, 631y 14
nn743+ 764t 10| pp5324 530t 6| nn5034 5014 5
2711423041 — 12,0 | nn743t 6311 14 ppb42t 530t 9| nn752¢ G40t 8
i nnT43t 6424 7| nn633) 770t 5|ppb51t 530t 5
3] — [1.8| — | 0.005| nnB31t 764 100 - = —_ -

and octupole vibrational states found from the solution

of Eq. (20).

In the lower part of tables of the type of Table 7, we
give the first quadrupole states with K*=2* and the

TABLE 6. Parameters used to calculate the energies and wave functions of two-quasiparticle

and single-phonon states.

Datcisaton Number of single- | Pairing constants Constants of quadrupole and octupole interactions
L parameters particle levels
A zone {2}, keV/[F* w3} . 10% keV/F*® Nuclei
Bl B | ™ "z [Gn, MeV|Gz, MeV| K7 — 04| KT= 2 +] K = 0| K% = 1~| K™= 2| k7 = 3~
. ; ¥ 228Th230Th
229 | 0.19 | 0,10 91 65 | 0,084 | 0.126 | 0.80 0.9 1.34 1.55 1.34 sagiang
( i 234172961
239 | 0.22 | 0.08 %6 68 | 0,082 0.146 ) 0.73 | 0.8 1.24 1.36 1,20 2(apy
200Py
; ; s 5 20280
247 | 0,23 | 0.06 101 70 | 0.080| 0.143 | 0.73 | 0.83 1.08 1.14 | 1.10 -.-isc,l:luscf
£ y 8 .98 | 0.94 | 250Cfe52Cf
255 | 0.26 0,035 105 75 0.076 | 0.108 | 0.71 0,79 0.94 0 234 m 236’ m
2544 ()2260K
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Sov. J. Part. Nucl., Vol. 7, No. 2, Apr.—Jun. 1976

181



TABLE 8. Two-quasiparticle and single-phonon states of
20nh,

Two-quasiparticle proton states Two-quasiparticle neutron states
’ Energy, MeV : ! Energy, MeV
Confi; t: fi 1] - Seanhr S
B e K Experi-| Calcu- tonlienration KT Experi-| Calcu-
ment | lation ment_| lation
F FiA 1-¢ — 1.7 F F41 4 — 1.0
6514 5304 2 6311 G334 i
F—1 F41 | 2% — 1.9 F—1 F41 o5 — 1.2
532 5301 B 7521 633, 0-c
F1 F42 | 27 — 24 F—1 I 1%¢ — 1.4
530t 642 3¢ 752t G314+ 4=
r Fi-2 | 4% — 2.2 F F4-2 27¢ — 1.6
6511 642+ 4+ 631 743+ 5
F—2 F1i | 1e | — | 2.2 Fi4  F42 6= — | 1.7
4004 530+ O-e : 633} 743t g
F—1 3 3¢ — 2.2 F—1 F+-2 1% — 1.7
5324 6511 U-e 752¢ 743t 6+
F—1 F+2 | 4 - 2.3 F F+3 2% — 1.7
532 6424 1-¢ 631t 631, 1t
F—3 F41 | 2-¢ — 2.4 F+1 F4-3 ] — 1.8
402y 5301t 1-c 633} 6314 3*
Single-phonon states
Energy,
Mev  |P®Mspu
T Ta ) T Structure, %
u = =
“|HEICE|SE|SE

nn633} 752t 54
pp6S1t 521 4
nn633; 631} 26
pp532) 530t §

ppé00+ 530t 5
anb3it 761t 3
rn6311 6314 20
nnT52t 170t 4

nnB31} 770t 4
nn624} 743+ 2
nn743t 7611 8
nn7344 752¢ 3

17 10,9541 1.0 23:£3(16,0 | nn743t 633} 29 |. na752¢ 631 25 | pp651+ 5301 4

nn633} 7611 é nnbi2) 631 1 nn7524 642 1
2701911 — MAT | pn743t 6311 29| ppb42t 530t 8 | nn743t 642, 6
nnT34t 633, 5| pp651t 530t 4| nn752t 631} 3
ST — |19 — | 008 nn631y 752t 98| pp642t 530+ 1 = =

first octupole states with K*=0",1", and 2-. In the tables
we give the experimental and calculated state energies,
which are arranged in ascending order of the calculated
energies. The values of B(E)) were calculated with the
effective-charge values e$2)=0, ¢%}=0.2. In the tables,
we give the values of B(Ex, 00, -~ I"K) in single-particle
units (B(E2), ,=0.34%/%¢*F*, B(E3), ,=0,424%E’F,),
where I=2, K=0, 2 for transitions to quadrupole

states and I=3, K=0, 1, 2, 3 for transitions to
octupole states.

In the tables, for each single-phonon state, we have
given the six largest two-quasiparticle components,
each of which exceeds 1%. The components are
arranged in the order in which their values decrease.
We use nn and pp for the neutron and proton two-quasi-
particle components and underline the values of the
components for which the sign of ¥ ig negative [see
(18) and (23)].

References to the work from which the experimental
data in tables of the type of Table 7 have been taken
are given in the text in the discussion of the level
schemes., The values of the energy and B(E)) for the
states whose interpretation is not sufficiently unambigu-
ous are given in brackets.
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4. ISOTOPES OF THORIUM

The experimentally best studied isotopes of thorium
are ?*Th, ?3°Th, ?®Th, Experimental information on
levels up to energies ~2 MeV of 2°Th is obtained from
B~ decay of **3Ac and also from electron capture in
*26Pg, which have decay energies greater than 2 MeV.
Electron capture in **Pa gives the excitation spectrum
of 2*°Th up to ~1 MeV. It is not possible to obtain in-
formation about the levels of **°Th and 2*2Th from g~
decay since the isotope ?*’Ac has a lifetime shorter than
1 min, and the isotope ?*Ac has not been discovered
experimentally. The energy of electron capture in **?Pa
is less than 0.5 MeV, and this prevents its use for
obtaining information about excited states of 232Th,
Excited states of ***Th, #**Th, and 2**Th are observed
in the a decay of the long-lived uranium isotopes 232U,
34y, and **°U, Experimental information on the excita-
tion spectra of ***Th, 2*°Th, and ***Th obtained from
these processes is given in Ref. 27 and systematized in
Refs, 1-3, 28,

In recent years, investigations have been made of the
excitation spectra of thorium isotopes by means of
inelastic scattering and Coulomb excitation,?**® transfer
reactions, - and also (n,y) reactions,*

The results of calculations of the nonrotational states
of ***Th, **°Th, and ***Th and the corresponding ade-
quately identified experimental data are given in Tables
T—9.

TABLE 9. Two-quasiparticle and single-phonon states of
B2Th,

Two-quasiparticle proton states Two-quasiparticle neutron states
i Energy, MeV " Energy, MeV
Sentigiraten L Experi-| Calcu- Configuration K* | Experit Calou-
ment ! lation ment | lation
F F1 1-¢ e 1.7 r P41 V)6 — 1.2
6514 5304 27 633} 7431 2 b :
F—1 F4-1 | 2t — 1.9 £ F42 2% — 1.3
532} 530+ i 633} 631} 3*
F41 F42 | 2 — 2.1 F—1  F41 2-c — 1.5
5301 6421 3-c 631t 7431 5=
F F+2 | 1+ — 2.2 F—1  F42 2+ — 1.5
6511 6424 4+ 631t 6314 1+
F—2 41 1-¢ — 2.2 F—-2 FH 1* — 1.6
4004 530+ 0-¢c 7521 743t 6*
F—1 F 3-¢ — 2.2 F-2 F42 3- — 1.7
5324 651t 0-¢ 752¢ 631 27
F—1 F42 | 4 — 2,3 Fi1 F42 .| 4 — 1.7
5324 642¢ 1-¢ T43t 6314 3
F—3 F4+1 | 27¢ — 2.4 F—4 F 4 — 1.7
402 5301 1-¢ 6314 633} 1+

Single-phonon states

Structure, %

nnB33, 631} 39
pp532) 530t 4

nnb3lt 631}
nn734t 752t

nnT43t 761t
ppil2) 660t

T

1olan

nrb33}) 7524 37
pp6d1t 521+ 5

ppBB0L 530+

nnt22t 752t

nn624) 743+ 1
nn6idty 501}

e
L~

nn743t 631t 32
nnTidt 642, 4

nn734t 633, 1
ppbidit 5301

ppbB42+ 530+
nnis2t 631}

1wo
[RICER ]

pp6511 530t 3

nn743t 633} 61
3 nn734t 624 1

i nn732t 631t 4
2.3 nn743+ 622+ 1

pp5231 4024

3| — |1.7| — | 0.04] nn743+ 6314 % - SN2 s e
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TABLE 10. Two~quasiparticle and single-phonon states of
239
u.

Two-quasiparticle proton states Twe-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K% | Expert Calou- Configuration K Experi-| Calcu-
ment _| lation ment _L_lation
F F+4+1 2-¢ — 1.6 F F+1 4 —_ 1.0
530t G42¢ 3¢ 6314 633} i
F F4-2 3+ — 2.0 F—1 F41 5= - 1.2
5304 5234 | 2+ 752¢ 633} 0-c
F—1 F+1 ;53 — 2.0 F—1 F 1-¢ — 1.4
6511 642t | 4t 752t 6314 4
F—-2 F41 4= — 2.2 F F42 2-¢ - 1.6
532} 64214 1~a 6314 T43¢ 5
F41 F42 5 — 2.3 F41 F--2 6~ —_ 1.7
642+ 523, 0-c 633} 743t i-¢c
F—  F+2 |4 | — |24 | Pt P2 |1+ | — |4
6511 523} i-¢ 752t 743t [
F F+3°| 1+ — 2.5 F F43 2%¢ — 1.7
5304 521t 2% 631t 6314 1+
Single-phonon states
Energy,
Mev . |BEMspu.
. = F Structure, %
A R
SEISEHSE 53
0- 10,564/ 0.5 — |16.0| nn6334 752t 56 | pp651t 521t 6 nn63iy 501} !_g
] nn6311 764+ 3| nn624} 743t 2 | ppB6Ot 5304 2
2¢ (0.867/0.90 — | 3.0( nn6334 6314 30| nn631t 631} 28 | nn743y 7611 8
nrn752¢ 501} 4| nn734} 752t 3 | pp532; 530t 2
2= [1.01911.0] — [14.4| nn743% 6311 28| ppB42t 530t 13 | nn743t 42} 6
nn734t 6334 5| nn752t 6314 3 | nn6314 761t 2
1= — [1.4] — |13.4| nn743t 633} 30| nn752t 631t 27 | pp642+ 521t 3
nn633} 761t § ppB51t 530t 2 nn752t 642} 1
3| — |1.8] — | 0.3] ppB4i2t 530t 97| nnb31} 752t 2 _ - =

In ***Th and ?*Th the first K" =0" state has a very
low energy. This leads to the appearance of appreciable
two-phonon admixtures to the basic single-phonon com-
ponents, as can be seen in Table 1. Therefore, the
first 0* state in ***Th has a predominant two-phonon
component, and in **°Th and **Th there are large ad-
mixtures of two-phonon components, It can be seen
from Table 2 that the calculated energies of the first
0* states agree well with the experiment. The calculated
B(E2,0,—~ IFK=2*0) values for ?**Th and %*Th, which
are equal to 4 and 2.6, do not differ strongly from the
experimental values 1,10+0.14 and 2.9+ 0.2,

It can be seen from Tables 7—9 that the calculated
energies and B(E)\) for the first quadrupole K*=2* and
octupole states agree reasonably with the experimental
data taken from Ref. 30.

An example of an octupole state with K" =1" in the
thorium isotopes is the well established level 954 keV
in **Th (Refs. 1-3, 28, 30); its energy and B(E3, 0,
—~I=3, K=1),,, are reproduced in the calculation (see
Table 8). The experimental information about octupole
states with K" =07,1" in **Th are somewhat contradic-
tory. For example, in Refs. 2—3, 28, 34 the quantum
numbers K" =0" are ascribed to the level 1045 keV but
in Ref. 29, in the (d, d’) reaction, Else and Huizenga
established states 713 keV with K*=0" and 1107 keV
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with I"=3". In Ref. 30, in the (@, @) reaction, McGowan
el al. observed levels 774 keV with K*=0",I=3 and
1106 keV with K*=1-, =3,

Combined analysis of these papers suggests that the
vibrational octupole state K*=0" has energy 713 keV,
and a state with K"=1" lies in the range 1000—1100
keV. The corresponding states in the calculation made
for ?**Th agree perfectly satisfactorily as regards the

energy and the values of B(E3,0,~I=3,K=0, 1)

(see Table 9).

exp

Octupole states with K*=0" in the radium isotopes
and the light isotopes of thorium in the range 200—300
keV have long been known. * More recently, these
states, and also the first states with K*=0" in the iso-
topes of uranium, plutonium, and the heavier actinides
were investigated in many experimental and theoretical
studies, 1%11:2%:30:36=3% The very strong lowering of the
energies of the first 0” states in the light isotopes of
thorium and uranium was explained and then studied in
more detail in Ref. 10. In Ref. 39, these states were
calculated with allowance for the interaction of the
quasiparticles with the phonons and a satisfactory de-
scription was obtained for the energies of the first 0"
states. Calculations of the single-phonon states for
#28Th, 2%Th, *32Th, 2*U (see Tables 7—10) were taken
from Ref. 11, As can be seen from the tables, in the
single-phonon approximation one can correctly describe

the known energies and the B(E3, 0,—~I=3, K=0)

exp

TABLE 11. Two-quasiparticle and single-phonon states of

ZMU.
Two-quasiparticle proton states Two-quasiparticle neutron states
- Energy, MeV . Energy, MeV
Configuration m Configuration K™ m
ment_| lation ment | lation
F F41 2=c — 1.4 F F1 6- 1,421 1.3
5301 6421 3 1.723 6334 743t 1-c
F F4+2 1.3 — 1.7 F F42 2%c 1.3
5301 523} 2te : 633} 631 3+ 11,496
F—1 , F4H1 Gl 1.8 F P43 5+ ]1,552| 1.4
651 642t | 4+ [1.724 633} 6221 Ot
F41 F42 | 5= — 1.9 F—1 - Fi44 1+ — 1.5
642¢ 523} 0-¢ 752¢ 7431 6+
F—1 F42 | 4 — 2.0 F— F4-2 F — 1.6
6514 5234 1= 752t 6314 2-c
F—2 P42 |3 | — |24 | F~1 F43 |5 | — | 1.7
4004 523} 2% 7524 6221 O-c
F—3 FH4 | 4 — 2,2 F—2 F+1 27 — 1.8
532} 6421t 1-c 6311+ 7431 5= |1.694
F—1 F 1-¢ — 2,2 F—3 F41 4 11,884] 2.0
6514 530t 2-¢ 501y 743+ 3+ (1,956 —
Single-phonon states
Energy, MeV B(EL), pu
T i . Structure, %
de |C=|3e|8=
0= [ 0.786 | 0.7 |26+:3|20.3 2n622t 752¢ 21| nn633; 752t 16| pp521+ 651+ 9
pp523) 6424 § nnb24} 743t 4 p'p53[}t 400t 4
2% 1 0.927 (0.9 2.9 4.5 nn633) 6314 43| nn631t 6314 19 nn?&ﬂ: 01t 6
0,3 pPBA2t 660t 3| nn73at 752t 3| nn503y 5014 2
2- [ 0.989 |0.9/9.5 6.9| pp642t 5301.68 | nn743t 6314 14| nn7i2t 631, 3
231, nn734t 6331 1| nn631y 761t 1| pp530t 651t 1
1= [(1.436) |1.0| — | 8.9] nr743t 633; 73| nn743t 622t 5| ppb42t 521+ 2
ppb51t 530t 2| pp523) 4024 1| nn752t 631+ 1
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'zI:;ABLE 12. Two-quasiparticle and single-phonon states of
B,

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K Configuration KT
Experi-{ Calcu- Experi-| Calcu-
ment | lation ment | lation
F Fd4 | 2¢ — 1.4 F F4-1 4 11.054| 1.0
5304 6421 3¢ 743t 631, 3¢
F F42 | 3 — 1.7 4 F42 1—¢ 1.2
53014 5234 2t 7431 6221 6= | 1.472
rF—1 rF4-1 11+ —_ 1.8 F—1 F41 2% — 1.6
61t 6421+ 4+ 6334 6314 3
F-1 F4-2 | 5~ — 19| F—1 F 6- - 1.6
G421 523} O-¢ 6334 T43t —¢
F—1 F4+2 | 4 — 20| F—1 Fi-2 5+ — 1.6
6514 523} i-¢ 633} 622t Ot
F—-2 F42 |3 — 2.1 F F4-3 (i — 1.7
4001 5234 2%¢ 7434 624, O-¢
F.-3 F1 | 4 — 2.2) Fs-t F4-3 3* — 1.8
532} 642+ 1~ 631, 624} 4+
Single-phonon states
E;
Mev | BENgpu,
K* Structure, %

Experi-|
ment

Experi-
ment

0- |0.685|0.5| 23+3 [25.0] nn 62217521 19 | nn 624} 743119 | pp 5211 65119
pp 523} 642t 4 | pp 5301 400t 4| nn 633} 752t 3

I

1- 10.97010,9 — 3.6 nn 743t 6221 90 | nn 743t 633, 2| pp 6421 52111
pp 6511 530t 1

= — |09 — 6.7| pp 6421 530t 77 | nn 7431 6311 5| rn 7341 6221 3
nn 7341 633} 1 |nn 7521 631, 1[nn 613t 50141

3 |1.492]1.0 — 0.3 nn 743t 631, 96 | pp 530t 642t 1| — — —

2+ 10,959 1.1 4.2:£0.4) 3.5 nn 633 631, 44 | nn 631t 6314 14 | nn 6221 6314 5

nn 7431 761t 4 | pp 6421 66U+ 4| nn T34t 752t 4

values in these nuclei. As was already noted in Ref. 11,
the appearance of low 0] states in isotopes with N=136,
138, 140 can be explained by the strong influence of the
‘two lowest poles nn633 ¥ 752¥ and #1631+ 7614, These
poles are situated at nearly equal energies and the cor-
responding matrix elements of the operator of the multi-
pole moment with Ay =30 have large values.

In #28Th, one can take as well established the octupole
state 1123 keV with K" =2",1~%2%28 In the electron-cap-
ture reaction in **°Pa (Refs. 1—3,28) one observes a
2" level at 1080 keV in 23°Th which does not occur in
the rotational band based on the octupole state with
K'=1". As can be seen from Tables 7 and 8, the ener-
gies of these levels are reproduced well in the calcu-
lations. There is no experimental information about
states with K" =3" in the thorium isotopes.

5. ISOTOPES OF URANIUM

We here discuss the nonrotational states of ***U,
284y 2867, 23Y, The uranium isotopes have been studied
comparatively well in experiments. The B~ decay of
23%2Pa was studied in Refs, 40 and 41 and electron cap-
ture in **2Np in Refs. 40, 42, and 43. Experimental
information on the excitation spectrum of 2**U up to
1 MeV obtained from these processes and also from the
a decay of 2**Pu (Refs. 44 and 45) is systematized in
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Refs. 1-3 and 28. In Ref. 31, the excited states of
327 obtained from the (p, ) reaction are given. In g
decay having energy 1.4 MeV the bases and some levels
of rotational bands based on states with K*=0%*, 2%, 0", 2"
have been established. Data from electron capture in
32Np, the a decay of ***Pu, and the (p, ) reaction con-
firm the energies of these states.

The results of calculations and the experimental data
for 237U are given in Tables 2 (0* states) and 10. The
theoretical energies of the first quadrupole and octupole
states agree well with the experimentally known ener-
gies. As we have already noted in Sec. 4, the energy
and structure of the first 0- state of *2U is determined,
as in the case of the thorium isotopes, by the influence
of the first pole nn633 ¥ 7524,

The excitation spectrum of ?3*U has been obtained by
studying the 8~ decay of the metastable state T, ,,=1.17
min of #**Pa (Refs, 46—49), the 8 decay of the ground
state of ***Pa (Refs. 38, 50, 51), electron capture in
*Np (Refs. 47 and 52), and also the @ decay of **Pu
(Refs, 53—56). The experimental data obtained in these
processes and also in the (d,p) and (d, {) reactions®”
were systematized in Refs. 1—3 and 28. In recent
years, 2*'U has been investigated in Coulomb excita-
tion, * and in the (p,t) (Ref. 31) and (d,d’) (Ref. 58)
reactions,

Analysis of the experimental data on 2**U has estab-

;Is'JB'&BLE 13. Two-quasiparticle and single-phonon states of
U.

‘Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Encigy, MeV
Configuration KT J Configuration K #ml =
Experi- Calcu- Experi- Calcu-
ment | lation ment | Jation
F F+1 | 2¢ — 1.4 F F1 3 [(1.06) 1.1
5304 6424 3 631} 622¢ 2o |
F F-4-2 3* — 45T F—1 F+1 i-¢ — 1.1
530t 523} 2%e 743t 6221 6-
F—1 F41 | 1+ — 1.8 F--1 F 4 — 1.2
6514 6424 4 . 743t 631} 3¢
F--1 F4+2 | 5 — 1.9 F P12 3+ — 1.4
6424 523, O-¢ 6314 624} 4
F—1 F+2 | 4 — 20| F—1 F-2 1= — 1.4
651t 523, 1-¢c 7431 624 ¢
F—2 F4-2 | 3+ —- 24| F+1 F2 6+ — 1.4
4001 523} 2% 622¢ 624} 1+
rF—3 Fi+1 | 4 — P R F-+3 L 1.8
532 6424 17 6314 341 4
Single-phonon states
Energy :
MeV B "F‘Ms.p.u.
b £l by i s Structure, %
R 4 e e 2
2E |Bg 28 |Bs
SE |85 48 |8E

0= 10.680(0.7| 27-£2.5 |22.2| nn 624} 7431 35 | pp 5211 6511 9| nn 622+ 752¢ 8
pp 523, 642¢ 5| pp 530t 400t 4| pp 530t G604 2

2- — |0.8 —_ 10.0] pp 642t 530t 61 | nn 734t 6224 16| nn 7431 6311 2
nn 734t 633F 2| nn 6134501t 1| pp 5301 6511 1
1= 10.931 (1.0 — 10.1| nn 7431 622t 74 | nn 7341 624 2| pp G424 521t 2
nn 7431 6331 2| pp 523] 4024 1| pp 521t 400¢ 1

2+ [1,0611.1]2.92:0.23 5.0} nn 633} 6314 20| nn 6224 6344 13| nn 6224.6201 10

an 6311 631, 8| pp 6421 660t 5| nn 734t 7524 5

3" — |14 — 0.3] nn 7431 631} 90 | pp 530+ 642¢ 9 — ==
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TABLE 14, Two-quasiparticle and single-phonon states of
E38pu_

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K& T Configuration Ll G
Experi- Calcu- | Experi! Calcu-
ment | lation ment | lation
F F-4-1 | 5- — |-14 F F41 4= |(1.082) 1.0.
(424 5234 | D¢ T43t 631} 3¢ y
r—1 F-i-1 | 3+ — 1.8 F F4-2 |1 - 1.2
530 523} 2te 743t 622¢ 6= §
F B2 A = 1B et ) ke | =5 1
842+ 521t | 4 633} 6314 3+
B Bl s, e g oA (I T S
5301 642t | 3¢ 6334 . T43t 1-e .
Fq F4-2 | 4+ - 2.0 r—1 F+2 |5t | —.| 1.8
3234 521t | 1+ 6334 622t | O
F—1 F4-2 11+ — 2.0 F F+3 | 7- — 1.7
230t 521t | 4+ T43¢1 624} Oc !
F FL3 | 1r — 24 FLq F4-3 3 - 1.8
642t 633+ | 6+ 6314 624y |4+
Single-phonon states
Energy,
MeV ‘B(E;“)s.p.u.
K| 3 D Structure, %
EBa |agE . -]
&5 [828| &8 £
EEREE R ﬁ&
0~ |0.605]0.5|30+5 | 34,8 | nn 624} 743+ 1I6 nn 622t 7524 16 | pp 523} 642¢ 12
pp 5211 651t 10| nn 6334 752¢ 3| pp 5121 6421 3
1= {0.96310.9] — 3.5 | nn 743t 6221 89| pp 6421 521+ 4| nn 7434 633, 2
3 — 1.0} — 0.3 | nn 743t 631} %
2+ [1.028{1.4] — 3.2 | nn 633 6314 46| nn 6311 6314 14| 1 6224 631, 6
nn 743t 7641 4| nn 734t 7521 4 pp_ﬁ'33_f 651t g
27 |1.310(1.2] — | 11.8 | nn 7431 6314 23| pp 6421 5301 19 | 'nn 734} 6224 13
. 2 nn 7524 631} 5| n734t633) 4| nn613t501¢ 2

lished vibrational states with K*=0*,2*,0",1",2" and also
some two-quasiparticle states. In Table 11, we give the
results of calculations of the nonrotational states of

234U and the corresponding experimental data. The calcu-
lations reproduce well the quantum numbers of vibra-
tional states. The first two 0* states whose structure is
given in Table 2 are mainly single-phonon states. For
the first 0* state, the calculated value B(E2)=3.4
agrees with the experimental value 2,3:0,3. In 2*U,
study of the (d, p) and (d,t) reactions® and the 8- decay
of **'Pa (Ref. 38) has led to the experimental discovery-
of eight two-quasiparticle states whose energies are
correctly predicted by theory. *°

The excitation spectrum of **U was studied in the 8-
decay of ***Pa (Refs. 59 and 60), in electron capture in
the metastable state with T,,,=22.5 h of **Np (Ref. 61),
and in the @ decay of 2*°Pu (Refs. 53 and 62). The re-
sulting experimental data were systematized in Refs.
1—3 and 28. The nucleus **°U was also studied in the
(t,p) (Ref. 33) and (p,#) (Ref. 31) reactions, in Coulomb
(@, a’) excitation (Ref. 30), and in the (z,y) (Refs. 63
and 64) and (d, d’) (Ref. 65) reactions. The determined
energies of the first quadrupole and octupole states and
the B(E)) values are well reproduced in the calculations
(Table 12). The structure of the 0* states is given in
Table 12; the two-phonon components constitute 15—25%.
In Ref. 66, in a study of the (d, ) reaction, two-quasi-
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particle states whose energies and structure corre-
spond to the results of the calculations were found
(see Table 12),

The excitation spectrum of *®*U was obtained in the
£ decay of **Pa (Refs. 59 and 61), which has an energy
of 4 MeV. One cannot use electron capture in 23*Np
to obtain information about the excited states of 238U
since the energy of this process is 140 keV. In Refs.
54 and 67, a study was made of the a decay of 2Py,
These data, and also the results obtained from Coulomb
excitation (Refs. 68 and 69) and the (1, #’) (Refs. 70
and 71) and (4, d') (Ref. 72) reactions are systematized
in Refs. 1—3 and 28. Excited states of 2*®U were also
studied in the (@, @) (Ref. 30), (¢,p) (Ref. 33), (d,d")
(Ref. 29), and (r,n') (Ref. 34) reactions.

The results of the calculations and the experimental
data for 2%°U are given in Tables 13 and 2, There are
well established levels with K*=0*,2*, 0, 1" whose en-
ergies and existing B(EX) values are reproduced per-
fectly satisfactorily in the calculations. The two-phonon
components for these states do not exceed 10%. In
Coulomb excitation one observes two levels with K™ =0*
with nearly equal energies: 925 and 993 keV (Refs. 1—3
68, and 69), for which the B(E2) values are 0.4+0.1
and 1.4+ 0.2 (Ref. 30).

’

In Table 2, we give the results of calculations of the
two lowest 0* states in 23U, It can be seen from Table 2

TABLE 15, Two-quasiparticle and single-phonon states of
240Pu-

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration Ko | Configuration KT T
Experi- Calcu- Experi- Calcu-
ment | lation ment | lation
F F41 | 5= 1.308] 1.2 F F+1 | 3+ 1.031) 1.1
6421 523, | O¢ 631 622t | 2%
F—1{ F1 | 3+ — 1.8| F—1 F41 |4 — 1.4
5301 523} | 2% T43¢t 6224 G-
F F42 [ 1-e — 1.8 F—1 F 4= — 1.2
6421 521t | 4 743t 631 3¢
F—1 F 27¢ — 2.0 F F4-3 | 3+ — 1.4
5301 642t | 3¢ 6314 6244 4+
Fi1q F42 | 4+ — 2,0 F—1 F42 |5 — 1.4
5234 521t | 1+ 743t 624} 0-c
F—1 F-12 | 1+ — 2.0 F4+1 F+2 | 6+ — 1.4
5304 521t | 4t 6221 6244 1+

Single-phonon states

Energy,
MeVg BYENg p.u.
b iell oy 3 5 : Structure, %
b 3 5 (B
_Id8 IS8 g8 |[O=
0= [0,597]0.7] 1742.5(20,5| nn 6241 7431 33 | pp 523} 6421 12 pp 521t 651t 9

nn 622t 752t 8| pp 5124 6421 2

2% 10.938(0.9(1.84£0.4( 0.2 nn6221 6313 98] — — i

nn 613+ 7434 2

-1 — |1.0 — 9.5) nn 7431 6221 72| pp 6421 521% 8 | nn T34% 6244 2
nn 743t 6334 2| pp 523 402 1 | pp 5214 4004 1
2= 10.959]1.0 — 13.8 nn 7341 6221 42 pp G421 5304 13 | nn 7431 6314 5
nn 734t 6334 4| nn 6131501+ 2 | pp 6331 521+ 2
3 — |14 — 0.3f nn 743+ 631, 99| — ca s = e
2% 1(1.559)( 1.4 — 3.2 nn633; 631} 35| nn 6221 6204 10 | nn G311 6314 9

nn 734t 752t 61 pp633t 6511 3 | pp 5214 5301 3
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TABLE 16. Two=quasiparticle and single-phonon states of

244Cm
Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration KT ! Configuration B |
Experi: Calcu- Experi- Caleu-
ment | Jation imem lation
|
F F41 | 4+ — 1.3 F F41 6+ 1.042] 1.0
5234 521¢ i+ 622¢ 624} 1+
r F+2 | 6- —_ 1.4 F—1 41 i — 1.1
523} 633t 1-¢ T43t 624} O-¢
F—1 F4+1 | 1¢ —_ 1.6 F—2 F+1 a* L 1.2
6421 5214 4= 6314 624} 4t
F—1 F42 | 1+ — 1.6 F F42 | 2¢ — 1.3
6421 633t | b+ 622 7341 =
F41 F4+2 | 27¢ — 1.9 F—1 F4-2 1+ — 1.4
521t 6331 5 T43t T34t 8+
F—1 F 5= — 2,0 r—2 F42 | 5 — 1.4
6421 5234 | O¢ 6314 T34t 4=
r—2 F41 |1+ — 21| F1 F+2 |1-¢ — 1.5
5301t 5211t 2te 6241 T34t 8-
F-2 F+4-2 | 3¢ — 24| F—1 r 1-¢c — 1.6
530t 6334 | 4 7431 622+ 6-
Single-phonon states
Energy,
M’:‘;SY B (EMg by
Kt = |8 L= Structure, %
251858 |88 |83
ZEl8E |58 [S=
2- | — 096 — | 5.4 nn7341622:77| pp63345211 4| nn7341633) 4
nn 7251 624, 2| pp 5144 6514 1 nn 6244 501+ 1
0| —1]1.0 — 1 13.5 nn 624) 7431 51| pp402) 521t 5| pp 6421523} 3
nn 600t 501} 2| pp 642t 512t 2| nn 6024 761t 2
2¢ | —[1.20| — | 3.0 nn622:620t 34| nn624) 6224 17| nn 7341 752t 6
pp 5211530t 4| nn 633, 631, 4| pp6331402) 4
1- | —|[1.20] — 241 pp 633t 523, T4 | nn 7341 624} 8| nn 74310622t 7
s e Y e i e
1- | --|1.30| — 2.6 nn 7431622+ 29 pp 633t 5234 25| nn 7341 6244 23
pp 642t 5211 16 | *pp 5215 4001 1 | nn 74316334 1
3| —|1.7 — 0.9 nn 743t 631} 77| pp 633t 5301 15 | nn 7251 622¢ 2
rn 7341 6313 1| nn G154 5014 1| ~n 7254 6334 1

that they both have a complicated structure, although
the main contribution to the 0] state is given by a B-

vibrational phonon and that to the 0} state by the two-
phonon component (301, 301),

Note that two close 0* levels were also observed in
(p, t) reactions in ***Pu (Ref, 73) and in **°Pu (Ref. 31).
In Ref. 32, investigations were made of 0* states in
232Th, 2%8Th, and ***U in the (¢,p) reaction and it was
established that the levels 730 keV in 2**Th and 993 keV

in #**U (see Table 2) are not excited in the (£, p) reaction

and that the level 920 keV in 2*®U is excited very weakly.

The results of the experimental and theoretical in-
vestigations of the 0* states in these nuclei indicate that
these states have a complicated nature. At the present
time, there-is no satisfactory unambiguous description
of all the 0* states observed in the experiments.

Table 14, we give the results of calculations of the
lowest quadrupole and octupole states of ***Pu and the
available experimental data. It is now well established
that there is a y vibrational state with energy 1028 keV
and an octupole state with K" =0~ and energy 605 keV,
These states are well reproduced in the calculations.
The admixtures to the single-phonon components do not
exceed 10%. A state with K =0* has been observed in
many investigations, ¥:"="® and in Ref. 73 it was estab-
lished that there are two close 0* states at 945 and

1134 keV. The results of calculations with allowance for
anharmonicity given in Table 2 show that the first 0*
state is essentially a single-phonon state and that the
second 0* state has a complicated structure with a large
two-phonon component (301, 301). The energies of these
states are reproduced satisfactorily.

Excited states of **°Pu were investigated in the g~
decay of the metastable state T, ,,="17.4 min of **°Np
(Ref. 79), in the B~ decay of the ground state of **°Np
(Refs. 48 and 79), in electron capture in 2°Am (Ref.
80), and in the a decay of >**Cm (Refs. 76 and 77). In
Ref, 31, the levels of >*°Pu were investigated by means
of the (p,#) reaction and in Ref. 30 by means of Coulomb
excitation in the (&, a’) process. In B~ decay of the state
T,;,="7.4 min of **°Np, nonrotational states with K
=0-,2", 0" were established. In Ref. 30, the B(Ex) values
were determined for transitions to levels with K*
=2* (938 keV) and K" I=0"3 (661 keV).

TABLE 17. Two-quasiparticle and single-phonon states of
U0y,

6. ISOTOPES OF PLUTONIUM

We now discuss the nonrotational states of ***Pu and
249py, Experimental data on **®Pu levels have been
obtained from the 8~ decay of 2**Np (Ref, 74), electron
capture in **Am (Ref. 75), and a decay of ***Cm (Refs.
37, 16—-"78), and these data have been systematized in
Refs. 1—3 and 28, Excited states of ?**Pu have also
been investigated by means of the (p, ) reaction’ and
Coulomb excitation in the (&, @’) process (Ref. 31), In
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Two-quasiparticle proton states Twao-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K7 : Configuration K |——
Experi- Calcu- Experi- Calcu-
ment | lation ment | lation
F F41 | 4 — 1.3 F F+1 | 8 — 0.8
523; 5241 | 1+ 6244 7344 1-¢
F F42 | 6 - 1.4 F r+2 |7+ — 1.3
5234 633t | 1-¢ 624} 643t 0*c
F—1 F+1 [ 1-e — 1.6 F—1 F41 | 27 — 1.5
6424 521t | 4 622 7344 =~
By P42 |1+ = 1.6 | F+1 F+42 | 1-c — 1.5
642t 633t | 6+ 7341 613t 8-
F41 F4+2 | 27 — 1.9 F-—-2 F41 |1+ — 1.5
5214 633t | 5 7434 7344 8+
F—1 F 5= — 20| F—3 F41 | 5 —_ 1.6
6421 5234 | O¢ 6314 734+ 4
F—-2 F+1 |1+ — 21| F—1 F 6+ - 1.6
530t 521t | 2+c 6224 624} 1+
F—2 F+42 | 3¢ - 2.1 F F4-2 | 4+ — 1.7
530+ 633t | 4— 624} 6204 3+
Single-phonon states
ﬁ;;sv- B(ENg 1.
¢ e T -
E o g &x 35 Structure, %
SE|SE S22 |9E
_I1d8=5(c= & E |18
2- |0.843|0.9 — 3.0| nn 7341622t 44 pp633t 521t 16 | nn 7254 624, 10
nn 725t 613+ 3| nn 734t 633} 2| nn 61315014 2
0- |1.25 [1.0 —  [16.2) nn 624, 743t27| pp521t 651t 6| pp523; 642t 5
pp521t 4020 4| nn 6004 501} 4| nn 615} 734+ 3
1= 11.079(1.0 e 1.4 nn 7341624} 81| nn 734t 6131 5| pp6421 511t 4
nn 7431 622¢ 1| pph21t660t 1| —  — —
26 114261 1. 11(4,9:1.0)0 2.90 nn 624 622, 34| nn 622 620t 24| nn 7341 7524 5
nn 7254 7434 3| pp 5214 5304 3| pp523} 521} 2
0+ |1,17611.2 — 0.3 nn624} 624} 44| nn 734t 1341 38 | nn 613106244 7
nn 613+ 613+ 1| nn 631, 631, 1| pp6421 642+ 1

lvanova et al.
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TABLE 18. Two-quasiparticle and single-phonon states of

248Cm.
Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration R | |y Configuration K |—— o
Experi- Calcu- Experi- Calcu-
ment | lation ment | lation
F F41 | 4% — 1.3 r F41 . — 1.2
5234 5211 | 1* T34t 613t 8
r F4-2 | 6~ 1.4 F—1 F+41 T+ - 1.2
523} 633+ i-¢ 624} 613+ O%e
F—1 F41 | 17¢ — 1.6 F F42 4= — 1.4
642¢ 521t | 4 T34t 6201 5
F—1 F4+2 | 1* — 1.6 F—1 F+4-2 4+ —_ 1.4
6421 633t | 6+ 6244 620t 3+
F+41 F+42 | 27¢ — 1.9 r F4-3 i+ - 1.6
5214 633+ | 5 7341 725¢ 10+
F—1 F 5 — 2.0 F—1 F &= — 1.6
642t 523} (1] 624} 734t 1-¢
F—-2 F+4+1 | 1+ — 24| F-—A F+3 | 9 — 1.6
5304 5211 | 2% 624} 725¢ | 27¢
F F+4 | 6 — 1.6
734t 6224 3c
Single-phonon states
lial';c\rrgy, BA(EMg, p.u.
b /el b = 5 Structure, %
T-|25|E=| 88
g£E(53| 88| 58
ZE|SE| 58|33
2t — | 0.90] — 2.6 nn 6244 6224 39 | nn 622} 620 19 | nnr 622t 620415
pp 63314024 2| nn 613t 6114 2| nn 624} 641+ 2
o+ | — [1.000 — 0.2 | nn734t 734125 | pp5214 521t 15| pp 5234 5234 11
nn 6154 615, 9| pp642t 642t 9| pp 6331 6331 B
2= — [1.00 — | 10.4| pp6331521129 | nn 725t 624} 21 | nn 7341 622t 14
nn 7254 613t 7|nn 7341633} 2| pp514) 651t 2
0- | — [1.10] — | 14.2 | nn615, 7341 32| pp402) 621t 8| pp 6421523} 6
nn 624} 7431 4| nn 400t 501, 3| pp 6424 512+ 3
1- — |1.10 5.1 nn 734+ 624} 38 | nn 7341 G131 38| pp 6421 5211 12
pp6331 523, 1| pp521t 400t n|nn 7254 6154 1
| —[1.54 — 0,5 | nnr7341 622, 93| pp 633t 530t 1|nrn725t622¢ 1

7. ISOTOPES OF CURIUM AND TRANSCURIUM
ELEMENTS

We now analyze the experimental data and calcula-
tions for nonrotational states of even—even isotopes of
curium, californium, fermium, the element with
Z =102, and kurchatovium. So far, these nuclei have
not been studied experimentally so much as the lighter
actinides. The experimentally data obtained from
and 8 decay and electron capture have been systematized
in Refs. 1—3 and 28.

The nucleus **Cm was studied by means of the 8~
decay of ***Am and electron capture in ***Bk, which have
a decay energy of about 1.5 and 2.3 MeV, respectively,
and also in the a decay of **Cf, Besides the rotational
band of the ground state, there is good identification for
only the level 1042 keV with K" =6, to which 100% of
the B decay from the ground state of ***Am, which has
the structure p523 ¥ n624+¥, takes place. In our calcu-
lations (Table 16) it corresponds to the two quasi-parti-
cle state 1.0 MeV, nn622 4 624+, which agrees well with
the experiment.

The nucleus 2**Cm has also been studied in Ref. 30
by means of Coulomb excitation in the (@, a’) reaction,
although data on the positions of the bases of the rota-
tional bands have not been obtained.

The 2**Cm nucleus is the best studied isotope of
curium. The excitation spectrum of ***Cm was obtained

TABLE 19, Two-quasiparticle and single-phonon states of

The energies of the octupole states with K*=0,2" of
240py are well reproduced in the calculation (Table 15).
It can be seen that the first K* =2* state is a two-quasi-
particle state and the second is a collective state. The
small value of x® can cause the first state to become
collective, and the second a two-quasiparticle state.

It has been established experimentally that the 8-
decay of the ?*°Np ground state and electron capture in
240Am proceed entirely to the 5° and 3* two-quasiparticle
states at 1308 keV and 1031 keV, respectively, which
are well described theoretically (see Table 15).

In the (p,#) reaction,® two close 0* levels have been
observed in 2*°Pu at 862 and 1091 keV, and it has been
concluded from the analysis of the excitation cross
sections that these levels differ from pure B vibrations
and from simple pairing vibrations. In Ref. 81,
Schmorak ef al. analyze data on the 8~ decay of *°"Np
and show that the level 1410 keV with K" =0* is a two-
phonon octupole state.

The results of the calculations of the 0* states given
in Table 2 show that the first two 0* states have a com-
plicated structure: In the first of them, the main con-
tribution is made by a quadrupole phonon, and in the
second, by the two-phonon component (301,301), which
corresponds to the conclusion drawn in Ref. 81 about
the structure of the 0* state at 1410 keV.
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ZWCL

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K® |———| Configuration g |——p——
Experi- Calcu- Experi- Calcu-
ment | lation ment | lation
F F4+1 | 2-e — 0.9 F F41 | 8 - 0.8
5214 633t | 5 624, 7341 1-e
r F42 | 5* — 1.7 F F42 | 7+ - 1.3
521t 514} | 2*c 624, 613+ O*e
F—1 F4-1 | 6- — 1.8] F—1 F41 | 27¢ — 1.5
523} 633t | 17¢ 622t 734t 7
F4-1 F+2 | 7- — 18| F41 F4-2 |1 — 1.5
633 5144 | U¢ 7344 613+ 8-
F—1 F 4+ — 1.8 F—2 F4-1 | 1F — 1.5
523} s521t | 1+ T43¢ 7341 8+
F—2 F+1 | 1+ — 20| F-3 F41 | 5 - 1.6
6424 633t | 6+ 631} 7341 4
F—2 F 17c - 2,0| F—1 F 6+ — 1.6
642t 521t | 4 6221 624, 1¥
Single-phonon states
Energy, =
Mev | BMspu
KA ':‘:‘; szt |as Structure, %
SE|22|8E |22
HEISS[HE |64
1- | —10.7| — | 0,07 | nn 734t 6244 100 - —_ = . - -
2- 10593/0.7] — | 7.3 | pp6331 521+ 65| nn 734t 6221 16| nn 7254 6244 6
nn 7341 633y 2| pp5l4) 6511 1| nn 631y 752 1
0F | — [1.00] — | 0.4 | nn624) 624, 52| nn 734t 734t 36| nn 6131624 5
pp 514y 5144 __E pp 633t 6334 1 nn 615} 6154 1
0" | — |1.40) — [12.4 | nn 0624} 743t 38 pp 6331514} 12| nn 615 734t 5
nn 40045014 3| pp402y 521t 3| pp 642% 512+ 3
2+ | — [1.20] — | 1.8 | nn624) 622, 47| nn622t 6204 24| pp5211 521, 5
nn 6224 620t 3| nn 734t 752t 2| nn725t 743t 2
2- |1477(1.351 — | 0,6 | nn7341622t 62| pp 63315211 30| nn 7254 6244 4
nn 7344633, 1| — [ S s s
3| — 1.8 — 1.0 nn 734t 622, 701 pp 6241 521+ 16| nn 725t 622+ 4
nn 7164 624,2 pp 633t 5301 1| na 6154 501+ 1
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Z’Iﬁ'BABLE 20. Two-quasiparticle and single-phonon states of
cf.

Two-quasiparticle proton states Two-quasiparticle neutron states
. Energy, MeV Energy, MeV
Configuration KT Experi- Caleu-| ~ Configuration K* ExpETCaTCE
ment | lation ment | lation
F F+1 | 2=¢ - 1.0 F F--1 156 — 1.2
6334 521t 5- 734t 6131 '
F F--2 = — 1.8 F—1 F-1 T — i.2
633+ 514} 0-¢ 6241 6131 (]
Fi-1 F--2 o5 = 1,9 . F-42 4= — 1.4
524t 514y 2%¢ 7341 620t 5
F—1 F-+1 1-¢c - 24 F—1 F42 4* == 1.4
6421 5214 & 6244 6201 3+
F—2 F-1 ¢ | — 24 F F4-3 i — 1.6
4001+ 521t 2-c 7341 725t 10+
F—3 F41 4+ - 2.1 F—1 F 8- — 1.6
523} 521+ 1+ 624} 734+ Ase
F—1 F i — 22 F—1 F43 8= - 1.6
642t 633+ 6+ s 6244 725¢ 2%
F—2 ¥ 3+ — 2.2 F F-+4 - - 1.6
400t 633+ 4% T34t 6224 3-e
Single-phonon states
irggy. B(EM)g ..
K7 ;E I I - Structure, %
e5|38|28 |98
= E 8 2|HE Q=
0| — [0.9| — | 5.3 nn734t 734t 24 | naG13} 6241 19 [ nn613t 613113
nrI25t 725t 4 | pp5l4} 5144 4 | nnb15} 615 4
2+ 11,032(0.9 | — | 5.2 nn624} 622} 38 | nn622t 6201 16 nn(22} GZUtl_{i
ppo2it 5214 4 | nn613t 611% 2 | pp523} 521, 2
2- 10.871|1.0 | — | 6,8| pp633+ 5211 38 | na725t 6244 20 nn725t 613t 10
nn734t 622t 5| ppdl4) 651t 2 | nn613t 761+ 2
1= [1.476[1.0 | — [11.9| nn734t 624} 28 | nn734t 613+ 24 pp642t 521t 6
nn620t 770t 2 | pp521t 660t 2 | nn752t 622, 2
0- | — 1.1 | — [13.4| ppb33+ 514} § anbdly 501, 5 | nn602; 501t 5
nnB00t 770t 4 | nnbl5, 7344 4 nnb0Gt 716t {l

in the f” decay of two isomers of **Am: T, ,,=25 and

39 min, which have decay energy 2.3 MeV, and also in
electron capture processes in **Bk and the o decay of
*%0Cf, In Ref. 31 [(p, ) reaction] data are given on a lev-
el at 1176 keV with K" =0*, The energies of the first
quadrupole and octupole states with K*=0",1-,2" are
reproduced well in the calculations (Table 17). In the
(@, @’) reaction,®™ a level was observed at 1124 keV
with K" =2, which confirms the previously known energy
of this state; the B(E2,0,—I=2,K=2)__ value agrees
with the results of the calculation,

In the B~ decay of the isomer *®Am, T,,,=239 min,
one can see clearly an 8" level that does not belong
to rotational bands based on octupole states, According
to the calculations, the two-quasiparticle state
#nn624 + 7344 K" =8 has energy 0.8 MeV and can be
populated by a g transition from the state p523 ¢ +n7344,
When there is 8 decay from the states p523 v + 7344 one
should observe several of the two-quasiparticle states
given in Table 17.

In the excitation spectrum of ***Cm only the rotational
band of the ground state has been established, 3 Some
excited levels of positive and negative parity were estab-
lished in Ref. 30, but the positions of the bases of the
rotational bands were not determined. There is an o
transition from ***Cf to a collective state with energy
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0.68 MeV, but the quantum numbers of this level were
not established. Calculations of the nonrotational states
of 2*Cm are given in Table 18,

In Ref. 82, two excited states of 2**Cf with energies
593 and 1477 keV and with K" =2~ were observed. In our
calculations for ***Cf (Table 19) the first two states with
K" =27 have energies 0.7 and 1.4 MeV.

In *%°Cf, B" decay of **°Bk established the first quad-
rupole state with K" =2*, E=1032 keV, to which 89%
of the decay takes place. In Refs. 37 and 83 in 20er,
octupole states with K"=1", E=1175.5 keV and with
K'=2", E=8T1.4 keV were observed. As can be seen
from Table 20, the energies of these states are well
reproduced by the calculations.

It is impossible to investigate the excited states of
#2Cf by means of 8~ decay since the nucleus 252Bk is not
observed experimentally, The excitation spectrum of
*2Cf was investigated in Ref. 84, in which levels with
Kr=2%, E=805 keV and with K" =2", E =831 keV were
established, and also a two-quasiparticle state with
K™ =3* nn613 46204, It can be seen from Table 21 that
these states can be described perfectly satisfactorily.

The experimental data on levels of 2*Fm have been
obtained solely from 8" decay of the isomer 2%Es
(T, ,2=89.6 h). Besides levels of the rotational band of
the ground state one can clearly see (77% of the decay)
the first two levels of the band based on the quadrupole

TABLE 21. Two-quasiparticle and single-phonon states of
252Cf-

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K7 Experi! Calcu- Configuration KT m
ment_|lation ment | lation
F F4+1 2c — 1.0 F F41 3 1097 14
633+ 5211 5 613t 6204 4*
F P42 = — 1.8 F F--2 2-c — 1.3
6331 514 O-¢ 643t 725¢ 9
F-1q F4-2 5* — 1.9 F F+43 at - 1.3
521¢ 514} 2te 613t 622¢ 2%
F—1 F+ i — 24 F41 P42 5= — 1.4
6424 521t 4 620t 725¢ i
F—-2 F41 | 1 — | 24 F+1 F4-3 25— 1.5
4004 521t 2c G201 6224 1%
F—3 Fd 4 - 2.4 F+1 4~ - 1.6
5234 5214 1+ 620¢ 5
F—1 F iy — 2.2 F 1-e - 1.6
642+ 6331 i 6134 &
=3 P 35 — | 2.2 F+3 7= - 1.7
4001 6331 4* 6224 4
Single-phonon states
| Enerzy, g,
MeV (EX)s pou.
KT .g_g 5 z .‘I:’_‘E -::'J,g Structure, %
S2 [53[42[3=
2+ 10.805] 0.7 3.7 nn622p 620+ 43 | nn624) 622; 22 nn622¢ 620+ 8
nnfil3t 611t 4 | pp524+ 5214 3 | pps23s 524, 1
2= 10.83100.9 [ — | 8.8] nn725t 6131 33 | pp331 5211 31 | na725+ 624; 13
ppola}l 651t 1 | nn6iit 7704 1 | an734r 622+ 1
0| — |1.0 - |15.8] nn6114 5014 5 [an620% 761¢ 5 pp63dt 514 5
arB02L 501t 5 | nabO0 TO0t 4 |anbl5) T34 4
{= - |1.0 18.2] nn734t (131 15 | pp642+ 521% 8 |nn734t 6244 5
nni25t 615 4 | pp521t 6601 3 |nnb20+ 764, 3
0] — |14 - | 6.1] nnB13t 624} 16 | 2n620t 620¢ 14 | anb15;, 615) 10
nnfil3t 613t 8 | nnT34t 734t 8 | pp5l4} 514y 6
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TABLE 22. Two-quasiparticle and single-phonon states of
254
U,

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration KT |Experi Calou- Configuration K% |Experi- Calcu-
ment | lation ment | lation
F F41 5+ - 1.3 F F4-1 a3+ — 14
521t 514 2t 613t 620t 4+ -
F—1 F4-1 7= — 1.3 F F4-2 27e — 1.3
633t 5144 O-e 613t 725¢ 9=
F F42 | 3¢ — 1.7 F FL3 5* — 1.8
5214 624+ 8- 613+ 622} 2+e
F—1 F42 34 — 1.8 F41 Fi2 5= — 1.4
6331 624t 8+ 620t 725¢ 6=
F F4-3 | 2% — 1.9 Fi1  F43 2tc — 1.5
5211 5211t (b 620t 622} i+
F—1 F43 | & — | 2.0 F—1 FH1 4 —_ 1.6
633t 5214 3e 7344 6204 5
F—1 F 2-¢ — | 2.0 F—1 F i-¢ — 1.6
633+ 524y 5 7341 613t 8-
Fd4-1 F+2 | 8 — | 24 F+2 F4-3 15 — 1,7
5144 624+ 1= 725¢ 622+ 4=
Single-phonon states
Meve [ EWspu,
KT e H. | tructure, %
&E§§&§ %5 Structure,
SE|CE|HE|SE
2% 10693)10.8 [ — | 4.6 nn622) 620t 45 |nn624) 622} 22 | nn622t 620t 7
ppb214 5214 6 |nn613t 611t 4 | ppd323; 521} 1
27 | — [1.0 [ — [ 4.9| nn725t 613t 45 | nnT25t 6244 17 | pp633t 521t 12
ppdl4, 651t 1 |nn6lit 770t 1 | nn734t 622t 1
0= | — |1.1 | — [12.7| pp633+ 5144 11 |nnbi1} 5014 5 [nnG20% 7614 5
nnb02} 501+ 4 |nn615, 734t 4 | nn600t 770t 4
0 | — 1.4 | — | 3.1 pp5l4} 5144 25 | pp6d3t 633112 | pp521t 521t 11
nn613t 624} 9 |nn620t 6204 8 | nn6i5y 6154 §
1= | — |1.2 | — [15.0| nn734t 613t 20 |nn734t 624} 6 | pp633t 512¢ 5
nni25¢ 615, 4 |2n620t 761y 3 |nn622) 761, 3

state with K*=2*, E=693 keV. In calculations of the
nonrotational states for **Fm (Table 22), the energy
of this state is reproduced satisfactorily,

At present, there are no experimental data on excited
states of the heavier even—even fermium isotopes or
the even—even isotopes of nuclei with Z=102, An ele-
ment with Z =104 has been discovered by Flerov’s
group® and called kurchatovium. In Tables 23—25, we
give the results of calculations of single-phonon and
two-quasiparticles states of ***Fm, 254102, and ?%°Ku,

The insufficient experimental data on states in the
even—even isotopes of the heavy actinides (curium and
transcurium elements) do not allow us to make a more
detailed comparison of the results of our calculations
with experiments, and also restricts the possibility of
an unambiguous choice of the parameters of the model,
We hope that the present paper will be helpful for the
further comprehensive study of the nuclei of heavy
actinides.

CONCLUSIONS

As a result of our investigations, we can conclude
that the superfluid model of the nucleus gives a good
description of the properties of the low-lying nonrota-
tional states of even—even nuclei in the region of the
actinides.
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The structure of the lowest excited states is com-
paratively simple: In the majority of cases, they are
two-quasiparticle or single-phonon excitations, Many
of the predictions of the earlier theory of two-quasi-
particle states were subsequently confirmed experimen-
tally. The further discovery of such states will make
it possible to determine the parameters of the average
field and the interaction constant more accurately.

However, in some cases (this applies especially to the
nuclei of the transition region) the structure of the
states is more complicated. In the calculations, it is
necessary to take into account the effects of anharmonic-
ity. The most complicated structure is that of the 0*
states, the lowest of which may sometimes contain a
large admixture of a two-phonon component, It should be
noted that when allowance is made for anharmonicity the
constants of the multipole —multipole interaction for
which the calculated energies agree with the experimen-
tal energies approach constants for each zone.

The investigation of states with high excitation energy
(>2 MeV) shows that they have an even more compli-
cated structure. Besides the effects of anharmonicity,
one must take into account interaction between the two-
quasiparticle and the vibrational degrees of freedom,
and also the interaction between the internal motion and
the rotational motion. At the present time, these in-
vestigations are only beginning.

The theoretical description of nuclei in the region of

TABLE 23. Two-quasiparticle and single-phonon states of
ZﬁsFm_

Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV
Configuration K* |Experi- Calcu-| Configuration K™ |Experi Calcu-
ment | lation ment latiol
F F+41 5 — 1.3 F F1 5 — 1.2
521¢ 5144 2t 6204 725¢ 6-
F—1 Fi1 i o — 1.3 F F42 2%¢ — 1.2
633+ 5144 0-¢ 620t 6224, 1+
F F42 | 3¢ — 1.7 F—1 F41 20 — 1.3
521t 6241 (i 613+ 725¢ 9=
F—1 F42 ¥ — 1.8 F—1 F 3+ - 1.3
633t 624+ BT 613+ 6201 4t
F F4+3 | 2% — 1.9 F—1 F42 5+ — 1.3
S521t 5214 i+ 613t 622) 2¥c
F—1 F43 4= — 2.0 F+1 F4-2 ' — 1.3
633+ 5214 3¢ 7251 622} 4
F—1 F 2c — 2.0 F F4-3 5* - 1.7
633+ 521 52 6201 615} 4+

Single-phonon states

Energy, |p@En
MeV {EMs.p.u,
x |4 L [T
K E‘E 35 ‘gE sg Structure, %
8. gl2.8
ZEISE|HXE|IS=
25 | — |0.7| — | 5.3| nnb22 62llf£ nn624} ﬁ22LE nnb13+ 611+ 6
pp521t 521, 6 | nn622t 620% 3 | nn6154 613, 1
0= | — 10,8 | — |[17.2| nn620t 761; 9 | pp633+ 613+ 7| nnb22} 752, 5
nnBi1} 501, 5 | nu602; 501t 4 | rn600t 770+ 4
O | — 09| — | 5.0 pp514, 514} 21 | nnfi15; 6154 16 | nnG20t 6201 14
pp633t 633+ 10 | pp521+ 521+ 8 | nn613t 624, 3
2" 1.0 — | 6.4 an725; 613t 47 | pp633t 5211 12 | nn725¢ 624, 10
nn716t 615, 2 | pp5l4; 651t 2 | nn622, 761, 1
1= | — 1.4 | — [15.9] nrT725t 615} 13 | nn622¢ 7614 8 | nn620t 7614 6
nn734t 613t 6 | ppb33+ 5124 5 | nn752, 6204 5

Ivanova et al. 189



;1;4ABLE 24, Two-quasiparticle and single-phonon states of
102.

‘IG'.E?BLE 25. Two-quasiparticle and single~phonon states of
Ku.

Two-quasiparticle proton states Two-quasiparticle neutron states Two-quasiparticle proton states Two-quasiparticle neutron states
Energy, MeV Energy, MeV N Energy, MeV Energy, Mev
Configuration KT |Experi- Calcu- Configuration K7 |Experi- Calcu- Configuration K™ | Experi- Calcu- Configuration K™ |Experi- Calcu-
ment | lation ment | lation ment | lation ment | lation
F F-+1 8- — 4 F F+1 1-¢ — 1.2 7 F4-1 5 1.1 E F_'+1 5" — 1.2
514} 6241 1=c 7341 6131 - 7l 624t 5214 4= 6201 725t 6~
F F--2 3+ — 1,3 F—1 F+41 T — 1.2 F—1 F41 3+ 1.5 F F+2 2t —_ 1.2
5144 521} 4% 6244 613+ QFE 17 514} 521} 4% 620t 622 i+
Fi-1 F--2 5= - 1.7 F F+2 4= — 1.4 F F42 2-c — 1.6 r—1 F41 27¢c -- 1.3
624} 521} 4 734t 6201 STl o 6241 512 i 6131 725¢ 9-
F F-+3 6+ — 1.8 F—1{ F42 4* — 1.4 F—1 F 8- —_ 1,6 F—1 F ar — 1.3
star 2 | 1+ 624, 6201 | 3+ sS4, 624t | 1-c 613t 6200 | 4
F—1 F-+1 3¢ — 1,9 F F-+3 1+ - 1.6 F-1 F+2 g+ — " oy | F—1 F4-2 G+ — 1.3
521t 6241 6= T34t 725¢ 10% 521y 512t 2*c 613+ 6224 2%
F—2 F1 1+ — 2.0 F—1 8= — 1.6 F F43 4+ — 2.3 Fi-1 P42 g — 1.3
633t G244+ 8+ 624} 734f 1-¢ 624+ 615t | 10+ 7251 622} &
F—1 F--2 2tc - 2.0 F—1 F-3 L — 1.6 F—2 F1 } B 2.3 F FL3 5+ — 1.7
5214 9214 i 624} 725¢ 2 5214 521} 2t¢ 620+ 6154 4+
Single-phonon states Single-phonon states
E{r;c"r,gv, B(EA)g 0. il;e‘;gv B (EM)g
KT § e 'ﬁ‘" e Structure, % KT 'su o i‘é 3 5 Structute, %
AE|8 2 'B.:,g..‘?. a5l2S|28|32
EEICEEEEE HE|SE|HE|da
1= | — |0.9 | — |15.5| nn734t 624} 25 | nn734t 6131 21 | ppt33t 512t 4 2+ | — |0.8| — | 3.2| nn622} 620% % nn624} 622, 1_2 nn613t 611t 6
pp24t 514} 3 | nnf20t 770t 3 | nnT52t 622, 2 nnB22t 6201 3 | pp52U4 5214 3 | anbt5, 613, 1
0 | — |1.0| — | 2.2] nn734t 7341 29 | nab13t 613t E nn6131 624} 1_5 2= | — |0.9] — | 7.3] nn725t 6131 42 | pp624t 512+ 17 | rn725¢ 624} 10
ppdl4y 5144 7 | nni25t 725t 4 | pp521y 521 3 anTi6t 645, 2 | anbi1t 770t 1 | nn622 7614 1
» " o+ | — loo] — |8 5 5, ' 6 L5
o0 | — 14| — | 3.3 ant24) 6221 41 | nn622) 6201 16 | nn622t 620t 16 2 6.3, mubial "’1;‘ 23 | nnB20t 6201 18 | pp521y 5244 14
= E : 5 t 6240 5 | anT25: 725t 4
pp321t 521} 8 | nnb13t 611t 2 | nn725t 743t 1 PIabatey b anbiat 6244 B | malfbt 1251 4
o o | — |1.00f — ]13.2 6204 7614 10 622} 7524 g 5
0- | — |1.3 ] — [11.0] anb11s 5014 5| pp633t 514, 5 | ne6i5y 7341 5 14 "";(2)2' ;(‘1* 1‘5 ’”'[: 3 1231 6 | mabll} B0LE B
nnb02y 5014 5 | nnbO0 7704 4 | nnb24) 743t 4 nnB02} 501t 5| nn00t 770t 4 | pp400t 510t 4
= L = 2 725+ (6244 38 725+ 613118 6241 512¢ @ 1= | — [t | — [16.5| n~n725t 615; 13 | »a622, 761, 8 | nn620t 761, 6
: o A ::ﬁm; r%zz# s | pp633: 214 2 hB13: 7611 2 nn734t 613t 6 | an752, 620t 5 | ppbadt 512t 5

the actinides encounters additional difficulties asso-
ciated with the fact that there is not adequate experi-
mental information about these nuclei. However, in
recent years interesting results have been obtained
about the properties of nuclei in this region from the
study of nuclear reactions. The use of different reac-
tions makes it possible to clarify the finer details of
the nuclear structure, It is to be hoped that a compre-

hensive theoretical and experimental investigation of the

nuclei in the actinide region will establish the basic
quantum numbers of the nuclear levels at intermediate
and high excitation energies.
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