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Fully paired-configuration mixing calculations in “°Ti and “éCr
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The basic theoretical formalism of angular momentum projection based on a particle-number-conserving
treatment is elaborated. This method is, for the first time, applied to the middle &b gteell. Full paired-
configuration mixing calculations in the even-even deformed ndéRiand “®Cr show that only small parts
(weight>0.01) of the configuration components are important for the case of either ground states or excited
states. Low-lying excited energy spectra and reduced transition probalBl{t) in theK=0 bands can be
reproduced well only by admixing very limited fully paired configurations. The improvements in the energy
spectra are much more prominent than those without configuration mixing. The caldB(&®2yl values are
more reasonable in comparison with the available experimental data, as well as those from other models.

PACS numbd(s): 21.10.Re, 21.60:n, 27.40+z

[. INTRODUCTION very small, nonconservation of particle number may lead to
some serious troubles, such as the occurrence of excessive
During the last three decades, the shell-model configuraspurious states in the low-lying excited spectra, orthogonal-
tion mixing (SCM) calculations have yielded extremely valu- ity, blocking effects, etc[13—-18§. According to such an
able contributions to the microscopic understanding of manynalysis, Zenget al. [13—18 proposed a particle-number-
nuclear structure properties. However, it is well known thatconserving(PNC) scheme, in which all the difficulties en-
the SCM approach is restricted to rather small model spacasuntered in the BCS theory disappeared. The PNC method
or comparable basis systems due to the very large dimemas been successfully used to investigate many nuclear struc-
sions of the matrices that need to be diagonalized. Recefijre problemg13-18. However, the PNC wave functions
teChnOlOgical innovations have extended the shell-model Cahave no definite angu|ar momentum’ and the rotational sym-
culations up toA~60 region[1], where the energy spectra metry is violated. In order to restore the symmetry and to
and other properties of nuclei can be studied by exact diagcbompare directly with experimental data, the angular mo-
nalizations in a full major oscillator shell. Because of thementum projections of the PNC wave functions have to be

much larger configuration space required, the heavier nuclejo o med so that the nuclear states with good angular mo-
(for example, those of the rare-earth regieannot be stud- menta can be obtained

ied by using this procedure yet. Even if it may technically be One of the purposes of this paper is to present an angular

attainable on a modern supercomputer, such a calculation ir%omentum roiecti thod in the f K of the PNC
not of much interest from a physical point of view, because it projection metnod in the Tramework of the
is very difficult to guarantee that the data obtained in thigreatment, and _the_basw theoretical formallsm of the a_ngular
way are able to uncover the physics hidden behind a vadfomentum projection of the PNC wave functid®NQ is

amount of computer outpy2]. given in Sec. Il. The other purpose is to check the feasibility

In order to overcome the above-mentioned and som&f th(_a presen.t prpjection t_heory by practical calculations. As
other drawbackg2,3] in the SCM calculations, many ap- the first application of this method, we calculate the low-
proaches have been developed and extensively applied t¥ng excited energy spectra and reduced transition probabili-
investigate the structure of various nuclei both in low- andties B(E2) in theK=0 bands for the deformed even-even
high-spin states, such as the deformed configuration mixinguclei *°Ti and **Cr in the full fp model space since the data
(DCM) [4-7] calculations based on the angular momentunifrom the other theories and recent experiments about these
projection of the deformed Hartree-Fock intrinsic stdi&s  two nuclei are relatively plentiful. The details of the calcu-
the projection theory of Hartree-Fock-Bogoliub@tFB) in- lations, the comparisons with other models, and the corre-
trinsic state§9-12, and the projected shell mod&PSM) sponding discussions are given in Sec. lll. It needs to be
[2] based on the angular momentum and particle-numbegmphasized that the configuration mixing calculations pre-
projection of the quasiparticle states in the Nilsson plus BCS$ented in this paper only include the fully paired configura-
representation, etc. Undoubtedly, these methods havi#ons to describe nuclear low-lying energy spectra and prop-
achieved great success in describing the energy spectra, teeies. In order to reproduce the higher excited spectra and
electromagnetic properties, and some other important strugroperties of nuclefsuch as “the backbending anomaly'it
ture phenomena of nuclei. Among the above approximatés necessary to consider the pair-broken effects. However, is
treatments, both the PSM and HFB methods are based on tliteenough only to add the pair-broken configurations into the
BCS theory. Generally speaking, using BCS theory to treatonfiguration mixing for exactly showing the pair-broken ef-
the problems of the nuclear pairing correlation is consideredects? More detailed discussions relating to this problem are
to be suitable for a system containing a large number ofjiven in the subsection “Broken pairs and cranking fre-
particles, but in a nucleus where the number of the valencguency” in Sec. Ill. In Sec. IV, we make a summary of this
particles which dominate the behavior of low-lying states iswork.
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Il. THEORETICAL FORMALISM

For an axially symmetric deformed nucleus, the pairing
Hamiltonian is usually expressed as

)
&2

>

=

t t
H=2 e,(ala,ta.a

wu>0
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N T
- ,u) Gg Oa§ w8y

where u is the single-particle statqs is the time-reversal
state ofu, €, is the single-particle energy, ard is the
average strength of nuclear pairing interaction. The states
and u are twofold degenerate. One eigenfunctiae., the
PNC wave functiopof H can be expressed §$3-1§

|\1fy>=§ Wl D), 2

where|® ) is an intrinsic statéSlater determinaptwhich is

constructed from a set of the appropriate deformed single-

particle states and corresponds to a configuradi@btained

by distributing the nucleons over these single-particle states.

v=0 indicates the ground state, amc=1,2, ..., indicate
the excited statesv,, are the expanding coefficients, satis-
fying the normalization condition

> wi,=1. &)

Obviously, the PNC wave functions given in Eg) have no
definite total angular momentuhrand only have good quan-
tum numberK and parity 7. Using the angular momentum
projection operatolg’:\,IK to act upon the PNC wave function
|¥,), we can make a linear superposition

|EaIM>=Z Favllsll\/lK|‘PV>' (4)
The projection operator is given §g]
21
MK= g2 Duk(2)*R(Q)d, 5
where Dy(Q) is the D function, R(Q)
=e e Wye "1z js the three-dimensional rotational op-

erator, () represents a set of Euler angles, 6=[0,7], y
=[0,27]), and theJ's are the angular momentum operators.
Let the coefficient$-,,, in Eq. (4) satisfy the normaliza-

tion condition

= | |
<:aIM|:aIM>:Z FauiN, Fan=1, (6)

v v

where
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><f0w<d>a,|e“‘”y|<bg>d:<,K(a)sin(a)de, (7)

here dL,K(G) is the d function. Then the nuclear energies
with good angular momenturnshould be

Ea=(EamlHEam)=2 FariHy Fan,  ©

v v

where

| -y
H, =(¥,[HP,|¥,)
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2

X Joﬂ<<bg,|He_”’Jy|<I>U>d:<,K(9)sin( 0)de. (9)

The matrix element of a tensor operator of ranlcan be
evaluated by using

<Ea/|'M'|:r>\;L|Ea|M>:(|M Al MO(E i ITAIE )

=(IMAg/I’M") >, FarpriiFau
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o o

XD TiPi o ®o) (10
where (MAul|l’M’), etc. are the Clebsch-Gordon coeffi-
cients.

For the fully paired configuration(K=0 and seniority
v=0) of an even-even nucleus with/2 pairs of valence
nucleons, the intrinsic statds ) are invariant under the
time-reversal transformation. Therefore, E§) can reduce
to

c 1o Woor W, f §PH o1 o 0)dool 0)Sin(6)d 6
nhK=0""y TN, ,(6)dbo( 6)sin(6)d e’

o' Wyo' Wy

1=0,24 ... (11)

ylmaxa

where

Ny o(0)=(D /e D ) H, ./ (60)=(D,|He b)),
(12

in which J,=3j,(r(i)), andr(i) stands for the radius vec-
tor of theith nucleon. Equatioif10) reduces to
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<EV'|'M'|1'M|EV|W=(|M)\M|| ’M’)(Eyr|r||:|'x||5m> vyherer(l) angr(Z) are posmon_vect.ors ,of mterac_tmg par-
ticles, andR, is the nuclear radiusl in A7 is total isospin
=(IMAu|l 'M')(N'V',V,N'w)*l/Z guantum numberA; and A stand for the strength param-
eters of T=1 and 0, respectively.A;=A:f(Ry), B
, =B’f(Ry), C=C'f(Ry), and f(R,) is a positive number
X - .
2 (1= xAk[170) relating toR, or mass numbeA. For the parameterd;, B,

andC, there is an empirical estimaf20]

X w, W, (® ,|T, P b ),
UZU v Wuol Por[ThP cd Po) A;~A,~B~25 MeV/A,C~0. (18

(13 In a set of basis functionsljm7), which may be taken to
where be the eigenstates of the spherical harmonic-oscillator
Hamiltonian and be abbreviated gsnr), a deformed HF
/2 . single-particle stat@) can be expanded as
NlI/V:(ZI—’_l)E Wuzr’errf N(r’(r(g)dgo(a)SIn(a)de g P I 4a> xP
()',()' O
14 . .
(14 )= Cpmimim). 19
In calculating the various electromagnetic moments and !
transition probabilities, the tensor operaff),{# in Eq. (13
should have different forms. For the reduced transition prob

ability B(E2), the operatoﬁ'w can be taken ag8]

In the representatioymr) the matrix elements of the single-
particle Hamiltoniarh should be expressed as

n

<] ’mr|h|jmr>=ej,,-5jr,-+i21 JEJ lemiricjzmiri
=112

n

N 1
15,75 2 [+ a(i)ep+ (1= 7a(D)enlr (D) Y2, (D),
(15 X(J'm jamyizi|vand im ez, jomi),

where 74(i) is twice thez component of isospin of thih (20
nucleon,e, ande, are the effective charges for protons and
neutrons, respectively. TR E2) value can be evaluated by whered;/; is the Kroneckew symbol,e; are a set of single-
particle energies of the spherical shell moadk the number
of valence nucleons outside the core, and the subscript of
U anii INdicates that the matrix elements of the two-body in-
teraction are antisymmetrized. More details of the deformed
If only the fully paired configuration K=0) mixing is  HF self-consistent calculation can be found in the literature
considered, the projected energy spectrum for a certaifsee, for example, Ref21]).
nucleus can be calculated with E¢$1) and(12), and vari-
ous electromagnetic properties can be obtained by using Egs.
(13) and (14). In the following section, Eqs.11)—(16) will
be used to calculate the energy spectraB(#2) values for 1. Single-particle states
the even-even nucléfTi and 48(_“ in thefp shell, and some After carrying out the deformed HF self-consistent calcu-
discussions will be presented in detail. lations for #Ti, we can obtain the single-particle energies
and wave functionglisted in Table ) of the lowest energy
ll. CALCULATIONS AND DISCUSSIONS configuration that is called the HF ground-state configura-
ion. Figure 1a) shows the scheme of the single-particle or-
its occupied and unoccupied by neutrons and protons for
the HF ground-state configuration #Ti. This configuration
is taken as the reference state and is called thgarticle-
model space including the four single-particle orbit, 4, Oh(hole) state, V\(hile the other configuration_s are confsidered
1f ), 235, and Dy, 10 obtain the deformed Hartree-Fock to be thep—h excited states. Th(_a single-particle energies and
52, =312 12 wave functions of these-h excited states can be obtained

(HF) single-particle states. In the deformed HF self- . L ) !
. . . . ._from different variational procedures. By comparing with the
consistent calculations, the modified surface delta interaction

(MSDI) [19] is used due to its mathematical simplicity and phenomenological Nilsson single-particle scheme, it can be

its success in accounting for many nuclear properties. ThlénOWn that the HF ground-state conflguratlon is a prolate
MSDI reads[20] State. Our calculations show that thogeh excited states

with relatively low energies are also prolate. The projection

!

2
B(E2;l —1')=

i1 (EwrITEENE 18

A. Energy spectra andB(E2) values in “°Ti

In this work, the single-particle states are chosen in th
following way to construct the intrinsic staté® ), which
are assumed to be suitable for the nuéfgii and “8Cr. We
take“°Ca as an inert core and restrict ourselves in theffuill

MSDI(1 2) = — A7ALS(r(1)—r(2))8(r (1 of the total spin on the intrinsic symmetry axis I§
v (1.2 mArS(r(1)—r(2))é(r(1) =3" ,m;. For each fully paired configuration, there Ks
—Rg)+B'7(1)-7(2)+C’, (17 =0. In this work, the values of the spherical single-particle

064315-3



Y. HAN PHYSICAL REVIEW C61 064315

TABLE |. The deformed HF single-particle energies (in TABLE Il. The fully paired configurations used in the angular
MeV) and wave functions of the HF ground-state configuration formomentum projection calculations f&fTi and “Cr, o stands for
“46Ti. In the present HF calculations, protons and neutrons are urthe configuration number. The details of the configurations are
distinguished so the isospin subscriptsof the coeffi(:ientsxijmiTi listed in the last column, e.g., the configuratiorp(25/2)?
have been omitted. In order to identify the different single-particle— 2h(»3/2;) denotes a @—2h fully paired configuration, which
states with the same magnetic quantum numbers, wény$evith is formed by exciting a pair of neutrons from the orbit 3i2to the
a numerical subscript to denote the single-particle ariitthe first ~ orbit 5/2 in the Op—Oh state (reference state, which is the HF

column. ground-state configuratipnSee text and Fig. 1.
Orbitsi & Corom, Cs/om, Carom, Cu/om, Configurations
p (particle,
12,  -12.967 0767 —0.219 -0546  0.258 h (hole),
1/2, —4.162 0.010 0.686 0.055 0.726 o (proton),
1/2, —8.294 0.622 0.422 0.501 —0.429 Nuclei o v (neutron
1/24 —6.260 0.160 —0.551 0.669 0.472 pram 1 0p—oh
32, 10345 0965 0122 —0234 O P ,
32,  —4194 —0085 0983 0162 O 2 2p(vS/2,) —2h(v3/2))"
32, 6829 0250 0136 0958 0 3 2p(v3/2)"—2h(v1/2))
5/2, —8.870 0.999 -0.034 0 0 48Cr 1 Op—0h
5/2, —-3.194 0.034 0.999 0 0
712, ~8390 1.0 0 0 0 2p(v1/2,)2— 2h(¥3/2;)?

2p(¥5/2))%—2h(v3/2,)?
4Ap(v1/2,)%(w112,)?— 4h(v3/2;)?(73/2;)?
4p(v5/2))%(w5/2;)?— 4h(v3/2;)?(73/2,)?

a b wN

energiee;,,, €5, €32, andey, in Eq. (20) are taken from
experiment[22], which are —8.36, —2.86, —6.29, and
—4.32 MeV, respectively. Fot®Ti, considering the empiri-
cal estimate, Eq(18), we select a group of MSDI strength (i.e., the pure configuration projectid8,23]). The three in-
parameters that can make the projected energy spectrutrinsic states corresponding to the configuratiens 1,2,3
agree well with the experimental energy spectrédm, Ag, (see Table I are constructed with the deformed HF single-
B, andC are 0.50, 0.37, 0.35, and 0.05 MeV, respectively. particle states from three different variational procedures, re-
spectively. The three corresponding projected rotational
2. Pure configuration-projected energy spectrum bands are labeled &', B’, andC’ in Fig. 2, respectively.

We first calculate the projected energy spectrum from the

angular momentum projection without configuration mixing 3. Fully paired configuration mixing energy spectrum

In the PNC treatment, Ed2) requires the intrinsic state

-~ 0 r set{|®,)} to be a set of the complete basis. However, the
% 46s By different HF intrinsic states are from the different variational
s 2 F procedures so that they may not be orthogonal to each other.
~ Sy ——  5p, This problem may be solved by carrying out an orthogonal-
w -4 F ;gz _— 12, izing procedure. Considering the fact that the different
-6 F 1/2: 32, —— groups of single-particle wave functions from the different
3, —— 3, variational procedures are numerically very close to each
8k 12 12, —— other for “éTi, we make such an approximate treatment to
ggl —_— T, simplify the operations: all the intrinsic statgb ) are con-
-10 3/2: ——o0 M —— structed by using a set of fixed single-particle states, which
can be taken from the variational procedure corresponding to
12 F 1/2y —— . . . S
112, e9-00- the HF ground-staf[e configuration. Obviously, the intrinsic
a4 b 312, eeco states constructed in such a way are orthogonal to each other.
As mentioned above, the single-particle scheme of the HF
-16 F ground-state configuration is used to construct all the intrin-
sic stateg(Slater determinantsIf the configuration energy
-18 F 12, 9000 truncation is not adopted, the number of such intrinsic states
20 L (a) (b) is obviously very large. However, our calculations show that

very limited p-h excited states may be sufficient to provide
FIG. 1. The deformed HF single-particle energy level scheme @dequate description of the low-lying states of the nuclei.
of the HF ground-state configurations i and “3Cr. & stands In the following configuration mixing calculations for ob-
for the single-particle energy. The dots represent the protons, thiining the low-lying energy levels ik =0 bands of*°Ti,
circles represent the neutrons. See Table | for the details of thenly the three lowest energy prolate fully paired configura-
orbits. tions are used. They are the@®h state(reference stajeand
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~ 14000 p
> A B' c M N
=
~ —
S 12000 f
127 — 10548
10000 [ . 12" __ 9648 - FIG. 2. The experiment44,25 and the pure
120 —9260 —_— configuration-projected energy spectra 6fi.
10" — 8819 . A’, B’, andC’ are three rotational bands from
8000 | 12" —s17 the angular momentum projections of the three
8" — 7128 intrinsic states corresponding to the three paired
10 10° — 6431 . configurationgsee Table Il for the detailsM is
6000 — 6361 100 — 6242 the yrast band from experimental data, ahde-
6 — 5334 notes the other experimental energy levels, where
8" —— 4738 4" — 4636 8" — 4897 only the energy values of the excited Gtates
8" — 4260 are marked.
4000
¢ 3258 2 —3649 & — 3209
, —_
239 4 T"3us
6 2 2854 0 2631
2000 | 4 —2010
4" —1535
"
2611 0 — 644 2 — 889
ol o0 — 0 0 — o

the two lowest »-2h states(one has a pair of excited neu- off-diagonal element is relatively smaller, and a peak appears
trons, the other has a pair of excited protons; see Tahle Il betweend=0 andf= m/2. For example, the peak df;,(6)
The three corresponding intrinsic states are marked &or Hj(6)]is at the pointd~7/60. In the previous works
®,_q,3, respectively. on the pure configuration projection calculatidi®s23], all
Figure 3 shows the plots of eight angular momentum-these off-diagonal matrix elements were neglected. However,
projected matrix elements versus the Eueft can be veri-  since the number of zero points dL,K(e) in Eqg. (11) in-
fied easily that, in the rangl, =], each of the projected creases atincreases, only considering the diagonal matrix
matrix elementdN, ,(6) [or H, ,(6)] is symmetrical about elements is not very reasonable although the magnitudes of
the straight line6=7/2 due to the time-reversal invariant these diagonal elements are much greater than those of the
qualities of the fully paired configurations. Therefore, theoff-diagonal elements.
curves of the eight projected matrix elements only in the The average pairing interaction strendsh in principle,
range[0, #/2] are given in Fig. 3. As seen in this figure, the can be experimentally determined by the even-odd mass dif-
absolute values of the diagonal elements decrease rapidfgrence[13]. In the calculations fofTi, the value ofG is
approaching to zero witl# increasing when the values 6f 0.55 MeV. By diagonalizing the Hamiltoniad in the space
values are close to a certain valée: 6,5, for example,d,  spanned by the three lowest energy fully paired configura-
~ /4 for Ni4(0) [or Hq4(6)]. The absolute value of the tions, we obtain the eigenvalu&s and the PNC wave func-

-~ 1 ~ Lr - 1 _1r
5 R
- = 3 3
= ] R ]
Z, Z Z, Z,
05 | 05 | 05 | 05 |
2 & /2 z/ n
0 0 4 0 L= 0 e —
9 [ 9 8
9 9 9 9
0 04 [ 0 v
- /2 - 72 —_ n/2 - /2
> > > >
20 F 2 2 f Q20 2 20 F
= = = =
N’ ~— N ~—
—~ — - o~
> 40 -0 D40 p D 40 |
= o : \-'l,;,‘
) ) T )
-60 60 L 60 & 60 L

FIG. 3. The plots of the angular-momentum-projected matrix elenépts( 6) andH,.,(8) versus the Euler angléfor “°Ti. For each
matrix element, the 30 points are calculated. See Table Il for the details of the configurations numbered by
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14000 p

> A B C M N
£
~ 12" — 12481 —
K 12000 |
12+_1014712 _ 17 FIG. 4. The experimental24,25 and the
10000 1 . — fully paired configuration mixing energy spectra
107 —9253 — for *6Ti. M is the yrast band from experimental
12" — 8217 data, andN denotes the other experimental en-
8000 10" — 7623 8 __7611 _ ergy levels, where only the energy values of the
10" — 6846 excited 0" states are marked. The fully paired
10" — 6242 configuration mixing spectrum consists of the ro-
6000 ¢ 6" __ 5556 s610 tational bandsA, B, and C, which are from the
8" —s5053 o 4 5301 8 — 4897 = angular momentum projections of the three PNC
8:_ N s 0" == 4675 wave functions. See the text for the details of the
4000 . 2 3678 0" = 25y three PNC wave functions.
6" — 3326 2+= ;g:‘zt . 6 ——3299
) : 0" ——2759 o — 2611
2000 4 —2079 0T —2169 4" —2010
2" — 873 2" — 889
ol o — o 0 o
tions. For the ground stater€0), there is configuration projections have a larger difference than the

experimental ones. The'Olevels in the band® andC in
Fig. 4 agree with the experimental data much better than
those in band8’ andC’ in Fig. 2. In bandB’, the levels
21) 2%, 4%, and 6" are very close and are going up in order. In
bandB, these levels have also very close energies, but they
for the excited statesv=1,2), there are are going down in order due to the configuration mixing.
However, due to the larger space between levels in l&dnd
the order of levels after mixingpoandC) is not inverted. For
the higher-spin states in the excited bands, it is difficult to
22) compare the calculated results with experiment due to the
scarcity of experimental data.

Eo=—74.4 MeV,

| 4)=0.9798®,) +0.1735®,) + 0.0999D);

E;=—71.2 MeV,

|W,)=—0.1700d,) + 0.9845 ,) — 0.0426D ),

E,=—68.9 MeV,

4. Broken pairs and cranking frequency
|W,)=—0.1057d,)+0.0247d,) +0.9941D 3). . . .
(23) In the above-mentioned calculations for the low-lying ex-

cited spectrum of®Ti, we have made a configuration energy

As seen from Eq(21), the c=1 configuration(Op-0Oh pro-  truncation [truncated energye.=E,=—-68.9MeV in Eq.
late statg¢with the largest weight is the most important com- (23)] after theK truncation(only the threeK=0 configura-
ponent of the ground state. In the pure configuration projections are consideredThe 2" —8" levels in bandA (see Fig.
tion, o=1 configuration is directly regarded as the nuclear4) are very coincident with those in the experimental yrast
ground state, and the corresponding projected rotational bartthnd, but the observed backbending spin states above level
is referred to as the “ground-state banf,23]. The situa- 8" in the yrast band is not reproduced well by the present
tion of excited states is analogous with this. From such aalculations, in which only fully paired configurations were
point of view, it can be said that the pure configuration pro-used. The pair-broken effects may be important for the high-
jection is only a special case of the PPNC calculation, whergpin states in the yrast band. Therefore, the configuration
all the off-diagonal angular momentum-projected matrix el-mixing may need to include the pair-broken configurations
ements are neglected, and equivalently the average pairingeniorityv=2,4,6,..., and generalli{ +0) when|™ is 10"
interaction strengtl® is taken to be 0. (or largep in the case of’Ti. Consequently, the configura-

Using Eg.(11) the projected spectrum is obtained from tion mixing not including the broken pairs will result in a
the PNC wave function$¥,_ 1 5, which consist of three larger discrepancy between the experiments and calculations
rotational band#\, B, andC as shown in Fig. 4. In Figs. 2 for the states above the level 8n the yrast band. For this
and 4,M denotes the experimental yrast bd24,25. In the  reason, the “ground-state band' (see Fig. 4from the fully
projected ground-state baml the levelsl"™=2*—8" are  paired configuration mixing calculations cannot be seen as
nearly coincident with those in barid, while the levelsl™  the “realistic” yrast band, especially for the states at and
=2"—-8" in bandA’ (as shown in Fig. Rfrom the pure above the backbending point.
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TABLE lll. The B(E2) values in the ground-state band*6fi. TABLE IV. The eigenvalue€, (in MeV) and the expanding
Their units aree?fm*. Exp. is the experimenf25-27; Th.1 is  coefficientsw,, corresponding to the five PNC wave functions
PPNC; Th.2 is the projection of the pure HF ground-state configu¥',_ ; , 5 4for *éCr.
ration; Th.3 isMONSTER [28]; Th.4 is the §,,)® shell mode[27];
Th.5 is the rotational mod¢27]. In our calculations(Th.1 and » E, w1 W, W3 ®ya W5
Th.2), the pureE2 transition limit is assumed.

0 -131.11 0.9794 0.1757 0.0987 0.0144 0.0043

1717 Exp. Thi Th2 Th3 Th4 Ths 1 —-127.14 -0.1884 09593 0.1381 0.1585 0.0081

— - 2 -123.41 —0.0727 —0.0986 0.9386 —0.3117 0.0825

2"—0 180+8 132 134 138 116 215 3 _12307 —0.0074 —0.1978 0.2874 0.9368 0.0265
190+ 10° 4 —-11597 0.0036 0.0049—0.0869 —0.0004 0.9962
215+ 2¢F

4+ 2% 206+=3% 186 184 186 127 304

6" —4" 147+29° 196 188 189 110 342 quency, the yrast state will undergo a great change, the com-
8"—6"  108+20° 183 175 172 122 352 gnent of fully paired configuratior(s =0, K =0) decreases
10"—8"  117+2¢ 143 157 119 69 362 pelow 50%, the component of one-pair-broken configura-
12" —10"  29=3° 56 124 51 41 372 tjons (v=2) increase up to 40%, and the component of two-

Ref 551 pair-broken_configuration5v(=4_) begome_s n(_)n-neg_ligible
bRifzi:ngG% (=10%), while that ofv =6 configurations is still negligibly
°Reference{27].. small. These results clearly display the close relationship

among the broken pairs, the cranking frequengyand the
) o ) yrast states. Therefore, in order to show the pair-broken ef-
As has been stated, the mixture (triaxiality), in which  facts exactly, only taking the pair-broken configurations into
all the configurations including the pair-broken configura-account in the mixing calculations is not enough. It may be
tions are admixed, should be considered so as to reproduggore essential and significant to introduce a cranking term
the observed backbending spin states. However, since theoriolis interaction — wJ, into the Hamiltonian given by
time-reversal invariance of the corresponding intrinsic stategq. (1). Furthermore, if the cranking term is introduced, the
disappears itk #0 configurations, Eq$10) and(13) cannot s no longer a good quantum number. This makes the
be used any longer in th¢ mixture. Thus, Eq(6) needs to  gngular momentum projection matrix elements more compli-
be solved exactly for evaluating the normalization coeffi-c5teq.
cientsF,,, in Eq. (4). From the above discussions, it seems tfiatthe calcu-
~ In the cranked-shell model, the average nuclear potentighteq “yrast band” is likely to be closer to the observed
is considered to rotate at a cranking frequengybout thex  (“realistic” ) yrast band if the pair-broken configurations and
axis perpendicular to the symmeyaxis. The effect of the  the cranking term- wJ, are simultaneously considere@)
Coriolis interactionH.= — wJ,, where operatod, is the  in the yrast band of a nucleus, the nuclear shape will undergo

projection of the total spin on theaxis, has not been intro- 3 change from axial symmetry to triaxiality when spiis up
duced in our calculations, namely, the conditiorwo£0 has  tg the critical valud,.

been assumed for the low-lying states. For the higher-spin
states in the yrast band, this effect cannot be neglected. Us-
ing the particle-number-conserving treatment in the cranked-
shell model, Wu and Zen{15,16 have performed many To test the wave functions, we calculate the reduced tran-
calculations and shown that the components f2 and 4  sition probabilityB(E2) of %Ti. Most of the available ex-
are mixed gradually into yrast states with increasing crankperimental dat§25—-27 are in the yrast band. Therefore, we
ing frequencyw. When w=w., wherew, is a critical fre-  only calculate thé8(E2) values in the ground-state band for

5. B(E2) values in ground-state band

- 14000 ¢ Al M B' o D E N
>
2 12000 | 8" — 12858
= W ygags IO 10092 0" —11320 FIG. 5. The experiment#R9,30 and the pure
125 9980 $— 6" ___ 9990 configuration-projected energy spectra for
10000 | — 8" 10265 . o' 9530 4 ' ' ' ' ' ;
£ —os o — o0 8Cr. A’, B', C', D', andE’ are five rota-
5000 g — sse0 6— 8656 ¢ — o260 2T FH o g tional bands from the angular momentum projec-
L avy 067 e T2 o esss tions of the five intrinsic states corresponding to
10 6513 ¢ — aass o es13 2 — 6310 O 6726 4" 5060 the five fully paired configurationésee Table I
6000 P o* 5982 (0)==5670 . . .
, & — 5189 0" == 5430 for the detail$. M is the yrast band from experi
8 — 4400 4 — 478 OY=1280 mental data, andN denotes other experimental
4000 2 __ 3552 "
6 —3s X — (0)==3420 energy levels, where only the energy values of
6 — 2846 0 3022 .
N the excited 0 states are marked.
2000 f o L 4 —1858
S o2t s8 20— 732
ol ¢ — 0 0 — o0
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14000 ¢ A M B C D E N
> 8 — 12858
g 10— 12460 .
< 12000 | ) FIG. 6. The experimenta[29,30 and the
K 12— 11189 10" — 11273 8 —10992 ¢ rog O 11320 i i i iXi
o 10265 —10 fully paired configuration mixing energy spectra
10000 [ ¢ — 9260 § 0T es30 for “8Cr. M is the yrast band from experimental
& — ssgy 6. 8656 R s < data, andN denotes other experimental energy
L ST =T ;_:’?Z 0" — 7839 levels, where only the energy values of the ex-
A0) 77067 o gsgs O T 0 g 5960 cited 0" states are marked. The fully paired con-
6000 | @HE=5670 figuration mixing spectrum consists of the rota-
§'—s009 8 ——5189 4 — 5061 (});j::g tional bandsA, B, C, D, and E, which are from
4000 | o — 345 3:-— ii‘;‘; ©y=3420 the angular momentum projections of five PNC
& 324 wave functions. See the text for the details of the
2000 | 4 j740 4 ——1858 five PNC wave functions.
2’579 2f — 752
okl o— o 00— 0

comparing them with the experimental ones convenientlyof the excited statesv=1,2,...) are similar to that of the
Our results and those from other models are listed in Tablground state.

lll. In our calculations(Th.1 and Th.2, see Table }]Ithe

effective proton charge, is taken as 1.88 and let the 2. Low-lying levels in k=0 bands

effective neutron charge, satisfy the relation ofe,—e
=0.8%. Itis e,=e,=0.7e in Th.3 (MONSTER[28]) ande,
=e,=0.% in Th.4 [the (f;;,)® shell model[27]]. As seen
from Table I, theB(E2) values of every model except for

Figure 5 shows the experimentf9,30 and the pure
configuration projection energy spectra. The five intrinsic
states corresponding to the configuratiens 1,2,3,4,5(see
Table Il) are constructed with the deformed HF single-

Th.5 (the :%tationarl] mode[27]|) do folnovlv thg tt)reng of e;]" particle states from the five different variational procedures,
perimental data. ThB(EZ2) values calculate .YT -1, Th.2, respectively. The five corresponding projected rotational
and Th.3 are almost the same for the transitions below thSands are marked a&', B’, C’, D', andE’ in Fig. 5

8" siates. However, th&(E2;10"—8") and B(E2;12" __respectively. Figure 6 shows the energy spectra from the
—107) values calculated by Th.1 and Th.3 are more COnsiSgyhariments and the PPNC method. The mixed rotational
tent with the experim_ental Qa_lta than those calculated by Th.g. 04 are marked & B, C, D, andE corresponding to

due to the configuration mixing. =0 (ground statg 1, 2, 3, 4(excited states respectively. As
seen from Figs. 5 and 67=0"—10" levels in bandA re-
produce those of the experimental yrast bdhdhuch better
than bandA’. As to the excited bands, the experimental data
1. Single-particle states and PNC wave functions are scarce and we do not intend to discuss them here.

B. Energy spectra andB(E2) values in *Cr

For “Cr, we use the five fully paired configuratiofsee
Table 1) to span the configuration space. Figufe)Ilshows
the deformed HF ground-state single-particle level scheme, For theB(E2) values of*®Cr, the available experimental
which is used to construct the five intrinsic states corre-data[26,3( are still mainly in the yrast band and have great
sponding to the five configurations. For the spherical singleuncertainty. We only show thos®(E2) values within the
particle energiesyj,, €5, €32, ande;s,, the same values as ground-state band. Our resulfh.1 and Th.2, the result
46Ti are used. Considering the differences in nuclear radiu¢Th.3) obtained by Caurieet al. [1] using the full pf shell
Ry between*®Cr and*®Ti, the MSDI strength parametefss, ~ model, and the experimental da@xp,) are listed in Table
andA, are changed to 0.75 and 0.65 MeV, respectively. TheV. In our calculations, the effective charggsande,,, taken
values ofB and C (0.35 and 0.05 MeV, respectivéhare  to be the same as those i, are 1.8 and 0.82, respec-
fixed for the two nuclei*®Ti and “®Cr. The paramete is tively. It can be seen from Table V that tfB{E2) values
taken as 0.65 MeV. calculated by the PPNC method are of a reasonable agree-

The eigenvalue&, and the expanding coefficients,, =~ ment in comparison with the experimental data and those of
corresponding to the PNC wave functiods,_q;,34are  Th.3. The result of Th.1 is slightly better than tha3é.2)
listed in Table IV. It can be seen that the weight of thefrom the pure configuration projection, so tBéE2) values
configurationo=5 is already very smal(<0.01) for the in the ground-state band f@fCr are not so sensitive to the
ground state ¥=0). Therefore, those configurations, in fully paired configuration mixing a&°Ti.
which the excited nucleons are distributed over the orbits far
from the Fermi surface, may be not necessary to be consid-
ered in the configuration mixing calculations. Thus by select-
ing the important configurationggenerally taking the In the framework of particle-number-conserviigNC)
weight>0.01), the computing time can be greatly reducedtreatment, we apply the angular momentum projection tech-
while a sufficient degree of accuracy can be kept. The casasiques to the even-even deformed nuéfdii and “Cr in the

3. B(E2) values in ground-state band

IV. SUMMARY

064315-8
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TABLE V. The B(E2) values in the ground-state band“8€r.
Their units aree? fm* Exp. is the experimenf26,30. Th.1 is

PPNC; Th.2 is the projection of the pure HF ground-state configu-

ration; Th.3 is the fullpf shell model[1]. In our calculationgTh.1
and Th.2, the pureE2 transition limit is assumed.

1717 Exp. Th.1 Th.2 Th.3
270" 321+412 204 205 228
266+ 40P
4T 2% 259+ 83 271 271 312
6" —4" >155 265 264 311
876" 67+ 23 239 241 285
10" —8* >35° 230 236 201
12 —10" 200 209 146
3Referencd 30].
bReferencq26].

fp shell. Full paired-configuration mixing calculations show

that the components of the relatively important configura-

tions (weight=0.01) are very limited for the nuclear ground
state or excited states, so that the configuration space can
truncated to be very small. Well-reproduced low-lying ex-

PHYSICAL REVIEW C61 064315

able in comparison with the available experimental data as
well as those from other models.

It is well known that exact treatment of the blocking ef-
fects in BCS formalism is very difficult. However, it is very
easy to take the blocking effects into account exactly by
using the PNC treatmefit3,14]. One of the developing aims

of the PPNC method presented in this paper is to apply it to
study both the low- and higher-spin states of vari¢exen-
even, oddA, and odd-ody nuclei with the consideration of
the pair-broken effects. Therein, the blocking effects are au-
tomatically taken into account. The other aim is, by using the
different single-particle scheme appropriate for them in the
different regions of nuclei, to extend this projection method
to study the heavier nuclei, where the SCM calculations have
not already been performed. Moreover, some shortcomings
(as mentioned in Sec),Iwhich are encountered due to the
particle-number nonconservation of wave functions in the
BCS theory, do not exist in the PPNC formalism. Therefore,
we have reason to believe that the present method is more
advantageous.
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