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Yeong E. Kim and John O. Rasmussen

Lawrence Radiation Laboratory
University of California
Berkeley, California

March 11, 1963
ABSTRACT

The low-lying energy-level spectra of BinO and Po210 are calculated
by using the j-J coupling shell-model and a residual nucleon-nucleon Gaussian
potential without a hard core deduced from the free two-nucleon potentials of
Blatt-Jackson and Brueckner-Gammel-Thaler. The spin-orbit force is neglected,
but all direct'and exchange components of the central and tensor forces are
considered. Tensor-force effects are examihed as a function of the range.

A tensor force with reasonable range and strength accounts for the 1- state
of the h9/2 g9/2 multiplet being the groﬁnd state of BiElO, instead of the
O- predicted by central forces. Eigenvalues and eigenfunctions are presented
armd compared with the experimental spectra. Finally it is shown that the
ground-state wave functions for Bi210 and PoglO are consilstent with the

RaE B-decay parameter i(;Q/(Q‘xfa) and the measured magnetic dipéle<moment

of Bielo.
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1. Introduction

The low-lying energy-level spectrum.of Bi2lo has been the object of

several shell-model theoretical studiesl)° The nucleus has one proton and

208

one neutron beyond the doubly closed-shell nucleus Pb , and the lowest pro-

ton orbital is h /2 and the lowest neutron orbital g9/2 - One thus expects

%
a low-lying multiplet of ten levels with spins from zero to nine for BinOG

With the experimental determination eight years agb bf a ground-state spin
of oﬁe, a difficult'probleﬁ.was posed for shell-model theory, for almost'any
reasonable attractive central-force mixture acting between the neutron and
?roton bring spin 0 lower than spin 1, whereaé experimentally spin O liesrhY
keV higher,

The inversion of O- and 1- states of the h configuration in
9/2 B9/2 &

21 v
Bi 0 is a striking exception to Nordheim's "strong"-coupling rule for odd-

odd nuclei. Toﬁexpléin this inversion, Newby and Konoéinskil)sand Khar’iton'ov,9
Sliv, and Sogomonova?) attribute the 1- state to the configuration h9/2 ill/2°
More recently.the study by de-Shalit and Walecka of the angular ordering
function suggested that\the invgrsion of 0- and l—'states of h9/2 g9/2 méy

' 3)

be explained with a proper choice of the central-force range”’. Newby and
Konopingki gave qualitétive arguments that an attractive tensor force would

be repulsive for the O- gtate and help force it up:
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Now the low-energy, high-resolution (d,p) reaction studies of

-Frskine et al. on Bigo9

presgnt a weélth.of new information on the h9/2 g9/2
multipletu) and necessitate a thorough reexamination of the shell-model
theory. They resolve nine of the expected ten levels of the h9/2 g9/2
multiplet and make tentative spin assignments on the basis that the reaction
cross sections are proportioﬁal to 2I+1l. Furthermore, they see higher multi-

plets attributable to capture of the neutrons into d5/2 and 51/2 excited
orbitals. The multiplets arising from capture into 111/2 or 315/2 orbitals
are weak and not resolved completely, presumably because the high orbital-
angular;momentum transfers are strongly discriminated against in the (d,p)
reaétion.

FPigure 1 shows Erskine's spectrum with indicated level numbers. The
spins are assigned in sequenée of J=1,0,9, 2, 3, 5and 8 (or 5 and 7T),
L, 6, and 7 (or.8) with corresponding level numbers ©, 1, 2, 3, 5, 6, T,
and 8. These resulté strongly indicaté that the ground state involves mainly

the g9/2 neutron orbital and not the i vErskine made shell-model cal-

11/2°
culations with a finite Gaussian Serber force (cenfralfeven components .only)
as a function of rangei). He took a ratio of 0.66 for singlet-to;triplet
Stmength, which free-space two-body scattering and other shell-model work
indicate is reasonable. At a force range of 2.7 fm hé finds a fairly good
fit for all except the spin-0 and -1 levels, which are inverted from their
experimental order.

The spectrum of Po210 was theoretically calculatéd by Hoff and
Hollander6) with a delta-function force, and by Newby and Konopingki with
a central singlet-even force, which is reasonable Trom the free two-nucleon
potential. We also shali treat the Po210 specfrum to see the effects of a

tensor force and to determine if one can explain the spectra of both Bi210
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and PoglO with the same residual force. The expetrimentally observed low-

lying energy levels in B:‘L2lO and Poglo are presented in fig. 2.

2. The Shell-Model Calculation and Central-Force Effects

Before discussing the tensor-force effects in detail, we describe
the basic assumptions that enter into our.calculationa We assume that
Pb208 can be treated as an inert core providing a harmonic-oscillator
potential well for the extra nucleons. There are two nucleons outside this

doubly closed shell in Biglo and Pogloc Sliv et al. have included the effects

of Pb208 core excitation of a quadrupole surface-ogcillation type. It
generally appears from their work that such a refinement brings an important
enhancement of E2 transition probabilities, but that the relative level
spacings for low-lying levels are not greatly altered.

Basis vectors are products of our harmonic-oscillator function for

particles 1 and 2, coupled to a total angular momentum J:
— \ ! . .

It is understood that these vectors must be antisymmetrized for POELO} since
1302‘-LO involves two identical particles (protons). In our j-j-coupled odd-
group model, the Hamiltonian déscribing thege nuclei at low energy is assumed

to be written as

where Hl and H2 are the single-particle Hamiltonians and V12 is the

residual interaction between particles 1 and 2. We assume that Hi acting

on our wave function yields
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Hila) = G%)'a> s

for i.= 1, 2, where eé are the single-particle energies for the particle

i. The sum of the single-particle energies eé and ég will be the zero-
order energy. The independent-particle energies are taken from the neighbor-
. 209 209 . .

ing nuclei Pb and Bi , and the resulting zero-order energies are listed

in table 1. Recently seven single-particle levels for the neutron in Pb209

7.

have been reported by Cohen et al.

The residual force V., splits the degeneracy of the independent-

12
particle states and also brings in configuration mixing. In the usual
fashion we obtain the state energies W from thé solutions of the set of

eigenvalue equations for each I value:

al
The summation is restricted to the configuration listed in table 1.

The residual two-body interaction V12'is expressed generally as

3

C T
V12 =V (onle) -V (3:\12)812 )

" where the first term is the central force, and the second term is the tensor
force. Considering space and spin exchange we have four components of the

central force,

C .
\ (Klz) = [VTEC PTE exp ("BTEC ;1122)

c c 2
* Vgg Pgp o (Agp )

¢ c
t Voo B e (Bro” Zgp
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C c_ 2
t Voo Pgo @@ (Bgy Egp) }_{

and two componenté (triplet spin states only) of the tensor force,

T T 2
)

T B
Vi(gp) = {%@ Prg ex@ (Prgp o

.o T 2
¥ Vg Pro @@ (Bpo Eip )]

where , and P are the projection operatorg for the

Prg 0 Pap 0 Pog S0

triplet-even, singlet-even, triplet-odd, and singlet-odd states, re-
gpectively, and V's are the corresponding strength pafametersa The operator

1812 is the tensor-force Operatdr defined as

3gq " zqo) ey Egp)

S1p = Tz TR %o -

) i2
The harmonic-oscillator radial function will be used throughout the
numerical calculations for the radial integrais° The size parameter (V)=1/2
. >
appearing in the wave function as ¢ ~ e v /2 ig determined from the
harmonic—oscillatbr spacing, which is roughly given by

o -
fe = ﬁﬁz o 11 Y3 e,

The central-force matrix elements can be expressed as
sty
C Jligg.J

(alvC(xy,) [a') - %‘VTE‘ T B SO B A @ U (230)12")

SEESIES o
s (D) T R | (aluy” (g ey
. 112 TE =12
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JLrglAT

1. ¢ 1Hot c ,

* 5V [ (1) Plo [{ alUgg (xp)Bg ")
st

-1 c J1+J2+J ' C ,

— - - a
T 2 Vo 1- (-1) Pio | Celupy (ryp) |

: Jl+ir 4T ‘

175 c

[-. 1 - (-1) Pig] { a[UTO leg)PS lat)

'+J
1. ¢ 1907 ] C "
+ 5 Vg [l + (-1) Pis (a[USO (;12)PS la ¢,

where PS is the singlet pIOJectlon operator, and operator P gets only

12
on the initial states and is defined as 2[31J M) = [J2Jl IMye:

The matrix elements (a[U (;12ﬂa ) and (alU (*12) Psla') are given
in the j-j representation as (see reference 9 for detail)

JA +32+J

Calo®e ) = (07T (19,308,004 1102

' 1 1 1
i st s - = |k 1 5 k W Kk,
X E k91 5 9 - 3| O)(Jz_z Jp - ' )Wl 3130353 K9)

k

with the restriction that k + 11 + zi and k + §

and the symbol [a] stands for [2a + 1] , and

o + 4, are both even,

cr s
32+32+J—l 1/2

(a |0°(rp)Bgfa") = (-1) (1330300330033 972 (Led0a 0105008 )

1
21 opt 2t o
x W(2 J)w(zl'glzza2 53 J)

M|~

91%dp 5

X E F. (2.0210]k0 1 0kO)W kJ).
) (£,020[k0) (2, 0 27, O[KO)W( 2 212,07, 5 XJ)

'k
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The Slater integral F  is defined -

k
F, = | R (r )R (r )rgdr | R (rv)R‘(r-)err
B =] Ry B ()T dry | Rplrp iR (e dxpdry
o o

cos . ' ‘
< [ a0 =512 ) vy (o))
1

)
-where UC(rle) takes the Gaussian form‘exp(—Brig)'with different values of
.B-for the corresﬁonding'sta*tes°
If one investigates the effects of the four central-force components
separately, one finds that a cenﬁral-fofte mixture cannot explain the in-
version without losing the agreement on positions of other levels. The triplet-
- even ¢entral forgevwhich should be attraétive and strongest of the.components
always brings the O- stéte‘belowvthe 1- state in energy. Although the triplet-
odd‘part yields significantly large matrix elements similar to those for the
ﬁriplet-eveny we expect the triplet;qddumatrix clements G bé~véfy,small‘com—
-pared to the triplet-even contribution since the triplet-odd strength is
known to be very weak from the free-space two-nucleon poten_‘tial° - The above
arguments éreISeen by examination of fig. 3, Which is a ﬁlot‘of the magnitude

of diagonal matrix elements for h multiplet states. - From fig. 3,

9/2 89/2 |
it is clear that a reasonable central force; predominantly attractive triplet
even, can explain most of the level; of ﬁhe h9/2 g9/é multiplet except the
inversion of the 0- and 1- states and that it is very difficult to adjust

the force parameters so as to invert thé 0- and 1~ states without disturbing
the sequence of other spin stateé in the h9/2 gg/é configuration. At this
point we feel it most important to quantitatively evaluate the ténsoraforce

matrix elements with a realistic radial dependence.
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3. Tensor-Force Effects

The tensor force has been evaluated in terms of spherical tensors

by Talmi8). The tensor-force matrix element can be conveniently expressed

in either the L-S representationl) or the j-j representationB’g). In the

J-J representation, the matrix element for the tensor force is

o T 12 RN . N T v T
051 3TV ()8 [T TIMT) = 5 Vo (03 MM (U (20)8,, 01 319,7"M1)

s 14 !

3
+ (1) 12 Aag s mu Tx, )8, 0t 33T M)
J1doM [P \Ly0/P10 1% dody

1 T A T eyt At AT
* 2 Vmo [< 031 3pM Uy (29585 [0 31357 'M" )

It .

+ (1) (@513, [Upy (£10)8 1 87333394 )
and v

(037 pTM (U (5)5)8,p [0 37355 M) =z (afF, Jo' W(ix 1yx2)

K,x,y

. = (x)K , = (y)K,.,.

Here we define

( quxyla') = -5 jg: { alrirﬁla'> Xij s for i, j =1, 2
k,1,J

5 1/2
X, = ( ) [x])  (20k0|x0),



% [y] /2(20.?;0 [vo)

1/2

>
I

1o = ([xI[y])

and
oo

1 . - 1
(oc[r_irj ') = (2k+l) j drlrl R Ry f dr2r2 R2R2r r,

0

1 cosw; .\ UT(r
a 12 ] P (cosw. ) 12
X 2 Tk 10

) - -1 : I'12

e .
where U (rle) takes the Gaussian form

T, . c_ 2
Ug (Typ) = e (B 7p57)
for the triplet-even, and
T, c_ 2
Upg (Tp) = e (Bpy” 7157)

)

2

UCRL-10707

(10k0 |x0) (10kO |yo)Wllxy;2k) ,

for the triplet-odd. The angular part in terms of the 3-, 6-, and 9-j

.symbols is

-' ° (‘
(1)K . = (y)K DT

<J1J2JM,§1 ) Tg ,J;[JéJM>= (.'l)

x (1 1,003 D2 (L) 30 1)) 2
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( \ [ \
1 1 1 1
, = = 1 = = 1
Zl X ﬂl 2 2 2 2
X 1 1
0 0.0 C o= ) (5 BV
313 K i3y K
\ / \ /

The detail of the‘derivation.of this expreséion and the method of.
evaluating the radial integral are presented elsewhere9).

The above expresston for the tensor-force matrix element is still
sufficiently coﬁpiicated so that itlis Vefy difficult”&)draw any con-
clusions before doing the numerical work. Figures 4, 5, 6, and T present
the results for the diagonal cont?ibution of the fensor-even and tensor-
odd forces on the h9/2 g9/2 multiplet as a funcfionvqf the range parameter.
These results confirm the qualitative predictions of Newby and Konopingki;
for an attractive tensor force both even and odd components are quite
repulsive for the spin-0 state. At the ranges comparable to the free-space
ranges of Gammel-Thaler, the tensor force affects the spin-l1 in an opposite
sense to the spin-0 state, and it has only a rather small effect on the
states of spin 2 or higher.

As shown in the figures, the tensor-force matrix elements are not
always a monotonically increasing function of the range, and they may be
either positive or negativé in contrast to the central-force matrix elements.
Thus the shorter-range ténébr—force matrix elemehts“are in*quite»different
ratios to one antther.than in the. infinite-range limit. This implies that
the infinite-range approximation for the ﬁensor force is not very realistic

for shell-model calculations.
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210 -

4. Numerical Calculationslfor_Biglo‘and‘Po

Because we set out to make ajshellfmode; caleulation with a
residua; force more general than usually used; we:face_the problem of
‘essentially more parameters than data. With each of four centfal-ferce
and two.tensor-force>components are two paramepers, depth and range Qf
the Gaussian function, or twelve parameters in all. For Poglo, half |
these components are not operative, because of theuexclusion principle.
However, the more extensive and critical deta are‘the energies-of the
(h9/2 g9/2) multiplet ig Bi?lO? and e}% six foree components may be
operative. Our earliest calculations concentrated on BinO; and we ‘
adopted the approach that we would begin calcu;atione with residualvforces
close to those satisfying the free-space two-nueleon SCaftering data and
deuteron propertieg. IT necessary, we would then make a minimum of ad-
justments to the force to give a generai fit fo the experimental-level
spectra. - |

It has often,been»pointed out'that the'free-space nucleon-nucleon
force may be subject to medificatipn fqr Shell-model calculations, but
as yet there seems to.be no‘strong evidence that large modifications
necessarily occur. In fact, there are successful she%l-model calcukations
of Dawson, Talmi, and-WaleckalO) on the O18 spectrum using the Brueckner-
Gemmel-Thaler (BGT) potengialell) including the tensor force and hard
cores. Their‘results lend encouragement tq our appreach,

Introduction of a hard core aionglwith Yukawa raidal dependence
would have made our computational work extremely compleX, This is
especially true for a heavy nucleus whicﬁ invelves higher angular momenta.

For this reason we start with a phenomenological Gaussian potential with-

out a hard core, deduced from the free two-nucleon potentials of
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Brueckner, Gammel and Thaler and of Blatt and Jacksonlg). We use the
well-depth parameter and intrinsic range defined by Blatt and Jackson
in the shape-independent approximation of the effective-range theory to
replace the Yukawa radial dependence with a hard core.(the BGT potential)
by a Gauésién form wi thout avhard core. To:reduce the number of adjustable
pérameters,'we arbitrarily take the intrinsic ranges of our potential to
be same as tﬁe BGT potential. From shape-indgpendent, effective-rénge
thébry, the force range B-l/e of a Gaussian potential is iarger by a
factor of 1.477 than the force range of a Yukawa potential, "such as the
BGT pétehtial. ‘The wellrdepth parameters of our potential are expected
to bé'smaller than those of the BGT potential since the intpoduction of a
repulsive hard core always reéuires the attractive Yukawa potential to be
deeper thén for no core,

thé in table 2 that-the first-appfoximation force for our cal-
culations (Potenfial:I):hés.Gaﬁésién’range'parameters (l/% distance) just
1.477 times the 1/e distance for the BET Yukawavpotential. Somewhat
arbitrarily we set the central-triplet-even strength at -22%.02 MeV, which
would by itself cauée the deuterén to have zero binding energy. The
factor 3.93 between the BGT sfrehgth parameter (-877.39 MeV) and our
stfength pérameter‘was then applied to reduce all othier -components of the
force. Kaloé et al. have calculated deuteron properties and scattering
properties with Gaussian forces aﬁd shdﬁed that éeveral combinations of
central and tensor‘étrengths and ranges could fit thé datali). The
triplet components of our Potential I are fairly close to an interpolation
of two of their satisfactory potentials, so we feel that our Potential I

would be consistent with free-gpace properties of the n-pvsystem.
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The.PogiO calculations géve somewhat too ¢lose ‘spaéing of the
lowest 2+, L+, 64 levéivgrouping; Theéir spacing seemed relatively in-’
seﬁsitiﬁe to détailé of'ébnfigurafion mixing an& to “the fenébf—fofcé'
strength. 'Thérgfére, the central singletmeveﬁéfagcé édﬁbonént deémed = -
somewhat'too weak and was streﬁéthened by abbuﬁ 20% in the adjusted
Potential IT. Tt should be noted that the singlet-even part of the
Potential T gives zero binding energy for a free-space, two-nucleon’
system. The caleulations with Potential T on Biglo showed that the
central triplet-even part of the Potential T is somewhat too weak to
account for the overall spacings of the ﬁultiﬁiet .h9/2 g9/2§ tHence,
the central triplet-even strength was increased by a factor of”about 1.6°
in Potential TI. The central triplet-odd part was neglected entirely
.in Potential II, because it was very small combéred'tb the other com-
ponents and did not affect the results Véry much. Thé singlétQOdd force
is repulsive, and it affects mostly the higher J states,particularly-
the J=9 state, as can be seen from the fig. 3. The central singlet-odd
force ofvthe Potential I was found to have an effect too strong for the
J=9 level, thus bringing the latter level above the J=2 and 3 states in
energy spectrum, and we arbitrarily reduced the strength of the central
singlet-odd force by a factor of about three in the Potential II to bring
the J=9 level down near the J=2 level. In the next calculation with the
above modifitations to the central force and somewpat strengthened tensor
force, it was found that the positions of the O- and 1l- level were in-
correct. Therefore, they were further strengthened to give the Potential
IT.

In fig. 8 and 9, we plot the effects on the ground-state multiplets

21 2 '
of Bi 0 and Po 10 of adding successive components of our residual force.
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N 210
The h9/2 d5/2 and h9/2 51/2 multiplets of Bi seen in the (d,p]
reaction are also plo#ted in fig. 8, and the h9/2 115/ (J=b-, 5-) multiplet
of‘Po210 is plotted in fig. 9. All diagonal matrix elements include central
and tensor forces. 1In diagonalizing the matrix, only central-force con-

tributions to the off-diagonal matrix elements were used in Poglo.. For

Biglo the off-diagonal tensor-force matrix elements of the lowest three

configurations h9/2 g9/2 s h9/2 111/2 , and f7/2 g9/2' were calculated
and included, but only central-force off-diagonal elements apply to other
configurations. A complete list of the eigenvalues for our calculations is
presented in tables 3 and 4. The eigenfunctions are also calculated

‘both for BictC

énd-PéglO and are presented in tables 5 and 6, resgpectively.
21 . = |

For Bi O; the eigenfunctions are listed for the eigenvalues that correspond

to the states arising from the lowest six odd-parity configurations, and

for Po210 the eigenfunctions_only for the even parity states are listed.
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5. Discussion
From the énalysis of various éhell—mbdel calculations and the

study of the properties of nuclear matter, there aré indications‘that the
nuclear force inside the nucleus is not very different from the free two-
nucleon force. We have relied upbn the free two-nucleon potential in es-
timating the parameters of the central and tensor forces. Our analysis of
the tensor-force effect indicates that the tensor force behaves quite
differently from the central force and, indeed, seems to correct the order

. : ' 0
and spacing of the troublesome spin-0 and 1 levels in Bizl . The analysis

of BiZlO leads to the conclusion that the rang¢ of the tensor force in the
residual_interaction is about 2 fm or less. As shown élearly in figures k4 v
and 5, the infinite-range approximation for the tensor force is very

dangerous. Af the short ranges employed, the tensor force acts so specifically
on two levels of spin O and 1 that it can not be simulated by a linear
combination of the four central-force components. Our choice of the residual
force which ié slightly modified from the simulated BGT pd%entiai (Potential I)
seems to give a rather good agreement with the experimenﬁal spectra. Since

our residual force explains the ground-state multiplet of Bizlo very well,

it is interestihg to see if we can explain the other observed multiplets from
our theoretiéél calculation. HLevels from O to 0.581 MeV are clearly from

the configuration-(hg/2 gé/g), and the spin assignments shéwn in fig. 8 are
probably correct. Also the assignments~of (h9/2 dS/Z)J:Z and (1’19/2.51/2)J:LL"5
for levels at.l,577, 2.517, and 2.572 MeV seem reasonable. Erskine

suggested from the central-force calculation that levels at 0.672 and 0.912

: J=10 ‘ J=8 5)

are (g i and (f :
(89/z 111 /2) (/2 89720

cross sections also'appear to support these assignments. Erskine et al.

' ‘ - S _ : J=10
f d i i . A : - - s )
ound that the level at 0.672 MeV is very weak, suggesting (h9/2 111/2)

,vrespectively The relative
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If this is true, the other J states from (h9/2 111/2) are not expected to
appear. Six levels ranging from 0.912 to 1.517 MeV are probably from the
admixture of (f7/2 g9/2) and (h9/2 111/2)’ the dominant part being (f7/2 g9/2).
Because of the configuration mixing, the relative cross sections are not very
useful for assigning the spins for these levels. At higher energies, the
various other factors such as core excitation and core vibration must be
considered, and it is very difficult to conclude any assignments of spin and
parity. However, six levels at 1.577, 1.916, 2.075, 2.138, 2.173, and 2.235
MeV have relatively smaller relative cross section than four levels at 1.972
(doublet), 2.027, and 2.102 MeV, and this suggests thesé six levels are
probably from the admixture of (h9/2 ds/z) and (f7/2 ill/z), with (h9/2 ds/z)
being the dominant configuration. Four other levels at 1.972 (doublet), 2.027,
and 2.102 MeV seem to come from the configuration (p3/2 g9/2) arising from
the core-excitation. It appears to be very difficult to assign configurations
to the leuels above 2.5 MeV, because tho core vibration and core excitation
become more  important. The suggésted spin and parity assignments for the
levels below 2.6 MeV are summarized in table 7.

The B-decay properties -of BiZlo have played an imporﬁant role in
the development of P-decay theory, because it is one of the few known cases
of a first-forbidden transition AI = l(yes) showing striking deviations from
the allowed shape. The so-called £ approximation can explain fhe‘spectrum
shape if certain beta-decay matrix elements bear certain ratios to each
’Sﬁher. As an independent check from the shell-model theory on the value of
£, which is the ratio i(r )/(gxr), we present the value of £ that is consistent
with our level-scheme calculation. Using the ground-state wave functions
presented in tables 5 and 6, we find &€ X -0.63. (Only the lowest three

. . .210 . . .
configurations are used for Bi .) For the pure configuration h9/2 111/2,
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1)’

the value of € is +1.0, whereas it is ~0.1 for the pure h

1)

configuration

9/2 %9/
on the beta-decay of RaE based upon the conserved-

The recent paper by Fujita
cﬁrrent hypothesis of Feynman and Gell—ManlS) indicated that the value of &
should be -1.2< £ £ -0.48 in order to fit both the beta-spectrum shape and
the beta-polarization data, whereas we have -1.2% £§<0.12 if we consider only
the spectrum shape. Our value of & = -0.63 is consistent with the limit set
by Fujita. |

The reason we obtain the value of £(-0.63) outside the limit of two

extreme pure configuration (¢ = -D.1 for h9/2 g9/2 and & = 1.0 for h9/2 ill/2>

is the large positive value of the off-diagonal tensor-force matrix element

. . feld 1
<h9/2 g9/2\V'(£12 lh9/2 11/2), which in turn yields a negative component
of the eigenvector lh9/2 111/2 To show that the off-dlagonal tensor-force
matrix element <h9/2 9/2lV 12 12‘h9/2 111/2> is positive and rather

. j T
Alarge for the range we are using, we plot (1/3)<h9/2 g9/2iPTE UTE Qﬁlz) SlZ[

B2 H11/2 9/2 9/2l 9/2 *11/2

the force range in flgn 10. The central-force off-diagonal matrix element is

lh ) as a function of

) end (1/3)(n 20 Uro (115)

smaller and of the opposite sign compared to the tensor, so we see the
essential role of the tensor force in inducing configuration mixtures of the
proper phase to explain the beta-decay phenomena.
Most recently, a reanalysis by Spectorl6) of RaE beta decay has
established the limits -1.6 < E < ~O°8, which largely overlap Fujita‘s limits.
FProm a shell-model analysis in which the mixing of the core-excited states

is taken into account through thée delta-function force, Spector obtains

€ ™ -1 for AE =AW~ 4 MeV. The strength of the delta-function force is
chosen by Spector so as to preserve the volume energy of the delta-function
potential when compared to the finite-range force used b, Newby and

1).

Konopinski Therefore, we feel that Spector's calculation may overestimate
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the- amplitudes of mixing of the core-excited states, because it 1is knownl7’18)
that this choice of the strength of the delta-function force ylelds larger
matfix elements (by a factor of 3 to 4) than the finite-range forcevused by
Newby and Konopinski. We feel that the dominant consideration leading to
satisfactory &€ values for the shell model is the reversed sign of the
configuration mixture of the principal two configurations, as caused by the
tensor force. The additional smaller contribution due to the core-excited
states may well bring our value of & (= -0.63) within the limit (-1.6< &< -0.8)
set by Spector. More refined analysis is necessary to obtain quantitative
results with inclusion of both the core excitation and the tensor force.

> Another interesting quantity is the magnetic dipole moment of
BiZlo. Using the atomic-beam technique, Alpert et al. have measured this
moment to be 0,0442+0.0001 nmlg)° If one assumes pure configurations, the
magnetic moment in the Schmidt limit is +OGO8'nm for h9/2 g9/2, -0.36 nm for
h9/2 ill/z’ and -4.07 mm for f‘7/2 g9/2. On the other hand, if you use the
empirical g factor for the h9/2 proton from Bizo9 (unfortunately the empirical
210

g factor for the g9/2 neutron is not known yet), the magnetic moment of Bi

is 0.24% nm and -1.08 nm for the pure configuration of h. and h i
P &4 M9/2 B9/2 9/2 11/2
respectively. '

‘ . ' 210
Using our wave function for the 1~ state of Bi 5

V210 (9°1) = O.9767Ph9/2 g9/ —0.1883 }h9/2 i) /p) * 0.0578 lf7/2 gg/p)s

210

we find the magnetic dipole moment of Bi to be 0,050 nm in the Schmidt

1imit, whereas it 1870.177 nm if we take the empirical g factor for the h9/2
proton. Because the measured magnetic moment is small and the sign of the
moment is not determined by the experiment, the above calculated results

seem to be consistent with the experiment. It should be noted that the wave

function of the Bi210 ground state obtained by Newby and Konopinski yields
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the magnetic moment of -0.75 mm.

J 11-
9/2 13/2

which could be an isomeric state of detectable half life. It cannot decay by

For Poélo, we note at 2.91 MeV a predicted state

dipole or quadrupole transitionsbut may decay into the state (h9/2 h9/2)J=8+

(1.57 MeV) or (h9/2 f7/2)J=8+(2.n6 MeV) by E3 transitions, which then may

cascade to the ground state by several E2 transitions. This is schematically
shown in fig. 11. Calculations with our eigenfunctions predict considerable
retardation below single-particle strength for the higher energy E3. For

the E3 transitions the product of the partial gamma half life and transition

energy to the seventh power should be t E7 = 2.3 X lO_Ssec MeV7 for the

1/2 ,
1/2.7 -6 7 s
1.34-MeV E3 and t/"E' = 7.5 X 10 “sec MeV' for the 0.45-MeV transition.

The half life of the 11- state should be a few microseconds. (Here we have
used the harmonic-oscillator radial wave functions, and an effective charge
of 1.0e is assumed)

20)

Funk et al. have recently measured the Y-transition probabilities

> h+) and 246 keV(Lk+ — > 2+) in po2tO, They obtained

. b - - .
5.3 X 10 sec + and 3.1 X lO8sec l, respectively. Our eigenfunctions for the

of 46.7 keV(6+

lowest 2+, U+, and 6+ states show so little coﬁfiguratioﬁ mixing that it is
appropriate to calculate the sheil—model lifetimes between pure (h9/2>%. states
and estimate én effective charge for the protons. We have computed‘these E2
transition probabilities, using our wave functions presented in table 5 with
the harmonic radial wave functions.. The effect of configuratidn mixing was
found to be negligible, and the ratio of thevobservedAto'calcuiated transition
probabilities is T E3) /T E3) —'8.2 for both 46.7-keV and 246-keV
transitions. One may attempt to explain'this discrépancy by assuming the
effective charge of (8.2e)l/2 (2 2.86e) for the proton. The presence of the

extra protons outside the core tends to polarize the core, thus giving rise
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to the effective increase of the proton charge. The effective proton charge

due to the polarized core is expected to be

(1+27)

Cerp. = WL+ T/,

where Y is 1 for the harmonic-oscillator potentiaIZl) and ¥ is 3 to 5 for
the square~well potentialzz). Our value of ¥ = 2.15 seems reasonable .if one

notes that various effects such as the core excitation and vibration have not
been taken into account in our calculation.

The residual force (Potential I) presented in table 2 was also
used in the calculation of the low-energy spectrum of the .odd-odd nucleus
90

Y For this nucleus the central force with a reasonable singlet-even to

triplet-even ratio of ~ 0.5 does not yield the experimental sequence of the
observed levels.9). However, inclusion of the tensor force in our residual
force eliminated this difficulty, giving rise to a rather goocd agreement
with the experimental spectrum of Y9Oa

The tensor force has been neglected in most of the past shell-
model calculations primarily because of the computational complexity involved,
but with the-hope that the tensor-force effects are small and may be simulated
by .an effective central force. That this not always true is clearly shown
in our calculations on-BiZlo, The general success of past central-force
calcula§igps may be due to the tensor-force matrix elements being small in
most cases. However, we see here that éonfigurations of high j with
parallel or antiparallel alighment of angular momenta can experience
appreciable tensor-force effects. TFurthermore, iﬁclusion of the tensor
force may legd us‘to a better‘gnderstanding of the residual force in the

nucleus, and we may hope to find a residual force that can be used without

alteration for different nuclei.
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Table 1
Independent-particle energiesa) for BiZlO and POZlQ‘
Bi210 O210

Configuration

(proton-neutron)

Energy (MeV)

Configuration
(proton-proton)

Energy (MeV)

P9/2 B9/2 0-0 Po/2 Pofe 0-0

By /z 111 /2 0.77 By /p £/ 0.90
£ /2 89/z 0.90 By /2 113/2 1.62
By /z 15 /3 1.41 £ /2 T/ '1.80
By /z 45 /7 1.56 £1/2 313 /2 2.52
f7/2 ill/z 1.67 113/2 113/2 3.24
By /2 51/ 2.03

/2 15 /2 231

f7/2 d5/2 2.46

By /5 87/2 2.47

By 1z 93/ 2.52

£1/2 51/2 2.93

“1/2 81/2 337

f7/2 d3/2 3.42

.a) The‘single-particle energies are taken from references 6 and 7.
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Table 2

‘Values of the force parameters for the BGT potential, the simulated Gaussian
potential (Potential I), and the adjusted potentlal used 1n thls paper
(Potentlal II)

BGT Potential Potential I Potentia; II.

- _ Strength Range Strength Range Strength  Range
Force components

v(Me&) (fm) (MeV) (fm) (MéV) (fm)
Central triplet-even -877.39 0.478 -223.02 0.706 -355.24  0.706
Central singlet-even -434.0°  0.690 -110.03 1.018  -133.20  1.018
Central tpiplet-odd - 1k.0 1.00 - 3.57 1.476 0.0  —==--
Central ;;ﬁglet-odd 130.0 1.00 33.06  1.476 11.01  1.476

Tensor triplet-even -159.40 0.953 - 40.50 1.407 - 99.28  1.407

Tensor triplet-odd ~22.0 1.25 5.58  1.845  9.50 1.845
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Table 3
Calculated eigenvalues and energy levels in BiZlO. In the last column, eigen-
values are expressed in a new energy scale in which the ground state lies at
zero energy. The indicated configuration is taken to be the dominant one.

Configuration Jn Eigenvalues Energy
(proton-reutron) (MeV) (MeV)
h g 0- -0.572 0.022
9/2 9/2 1- -0.594 0.0

2- -0.311 0.283

3- -0.251 0.343

- -0.135 0.459

5- -0.202 0.392

6- -0.084 0.510

T- -0.218 0.376

8- -0.062 0.532

9- -0.310 0.284

h i 1- 10.076 0.670
9/2 "11/2 2- 0.534 1.128
3- 0.573 1.167

b- 0.688 1.282
5- 0.655 1.249 -

6- 0.646 1.240

1- 0.708 1.302

8- 0.345 0.939

9~ 0.753 1.3h7

10- 0.212 0.806

f g 1- 0.529 1.123
/2 =9/ 2- 0.701L 1.295
3~ 0.796 1.390

b 0.776 1.370

5- 0.818 1.412

6- 0.761 1.355

1= 0.854 1.448

8- 0.671 1.265

h d 2- 1.015 1.609
o/z "5/ 3- 1.390 1.984
- 1.390 1.984

5~ 1.4k21 2.015

6- 1.483 2.077

- 1.402 1.996
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Table 3 (continued)

Configuration - ‘ Ji Eigenvalues - Energy
(proton-neutron) = | (MeV) (MeV)
o, d R 2- 01.358 1.952
T/211/2 3- 1.469 2.063

: L- 1.529 2.123

5- 1.4%98 2.092

{ 6- 1.573 2.167

- 1.490 2.084

8- 1.600 2.194

9~ 1.324 1.918

h s h-- 1.869 2.463
9/2 l/a-; 5~ 1.970 2.564

f a e 1- 2.066 2.660
/2 75/2 2- 2.256 2.850

3- 2.283 2.877

L~ 2.263 2.857

5= 2.393 2.987

6~ 2.126 2.720

h g 1- 2.176 2.770
9/2 =1/ 2- 2 kbl 3.038

P . 3= 2.354 2.948

L-o 2.390 2.984

5- 2.417 3.011

6- 2.235 2.829

T~ 2.449 3.043

8- - 2.180 2.7k

h d 3- 2.485 3.079
9/2 "3/2 - 2.521 3.115

5- 2.505 3.099

6- 2.476 3.070

f s 3~ 2.800 3.394
/2 "1/2 Y- 2.778 3.372

f g /o 0~ 2.530 3.124
/2 =1/ 1- 2.698 3.292

2- 3.034 3.628

3- 3.035 3.629

by~ 3.220 3.814

5- 3.056 3.650

6~ 3.268 3.862

T- 2.94k2 3.536
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Table 3 (continued)

Configuration Jn Eigenvalues Energy
(proton-neutron) (MeV) (MeV)
f a 2- 3.094 3.688
/2 "3/2 3- 3.2L7 3.841

T 3.327 3.921

5- 3.156 3.750

h J 3+ 0.496 1.090
9/2 “15/2 I+ 1.083 1.677

5+ 1.140 1.734

6+ 1.131 1.725

T+ 1.249 1.846

8+ 1.133 1.727

9+ f 1.290 1.88k4

10+ 1.090 1.684

11+ 1.311 1.905

12+ 0.880 1.h7h

£ J ' b+ 2.051 2.645
9/2 15/2 5+ 2.243 2.837

6+ 2.230 2.824

T+ 2.221 2.815

8+ 2.269 2.863

9+ 2.177 2.771

10+ 2.291 2.885

11+ 1.969 2.563
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Table 4
Calculated eigenvalues and energy levels in PoZlO. In the last column, eigen-
values are expressed in a new energy sc¢ale in which the ground state lies at
zero energy. The indicated configuration is taken to be the dominant one.

Configuration Tx Eigenvalues Energy
(proton-proton) (MeV) - (MeV)
h h O+ -1.597 0.0

9/2 79/2 2+ _ -0.373 1.224
bt -0.166 1.431

6+ . -0.084 1.513

| 8+ -0.027 1.570

h f i 1+ 0.303 1.900
9/2 7/2 : 2+ 0.582 2.179
3+ 0.792 2.389

bt 0.928 12.525

5% 0.855 2.452

6+ 0.896 2.493

T+ 0.864 2.461

8+ 0.863 2.460

f f O+ 0.868 2.465
/2 71/2 24 0.76k4 2.361
Lt 1.664 3.261

6+ 1.741 3.338

i i O+ 2.718 4,315
13/2 "13/2 2+ 2.903 4.500
b+ 3.050 4.6l

6+ 3.118 4.715

8% 3.158 L, 755

10+ 3.187 4,784

12+ 3.222 4.819

h i 2= 1.526 3.123
9/2 “13/2 : 3~ 1.645 3.242
e i - 1.575 3.172
5= 1.602 3.199

6- 1.582" 3.179

T- 1.567 3,164

8- 1.583 3.180

9- 1.510 3.107

10- 1.583 3.180

11- 1.315 2.912

f i 3~ 2.315 3.912
1/2 *13/2 - 2.k97 . 00k
5- 2.438 4,035

6- 2.510 4.107

7~ 2.47kh 4,071

8- 2.512 L.109

9- 2.499 4,096

; 10- 2.506 4,103




Table 5.

~ Calculated eigenfunctions for BiZlO,

Eigenvalues Bigenfunctions

mev) M2z Tyztye /282 "oz Tk'we Yzt TRk T2z Pol/e 2%k MRS TRS3e

J =0

-0.572 -0.9999 , 0.0099

J=1 |

-0.594 0.9767 -0.1883  0.0578 0.0130 -0.0819 -0.0130

0.076 0.0893 0.6836 0.7167 0.0753 0.0232 —o.0686

0.529 0.1735 0.6925 -0.6708 0.0680 -0.015k - 0.1878

J =2 | o

-0.311  -0.9727 -0.111% 0.0175 -0.1049 0.169% ~0.0010 -0.0305 0.0073° 0.0139
0.534 -0.169%  0.9000 =~-0.177% 0.0038 -0.3500 -0.0480  0.0638 -0.0131L  0.0233
0.701 -0.009% -0.2073 -0.9711  0.1073 =-0.0300 -0.0272  0.0017 0.011%  0.0211
1.015 -0.1564 -0.2632  0.1510 0.6690 -0.6403 -0,0089 0.1526 -0.0458  -0.0153
1.358 -0.0065 ~0.2511 -0.0063 -0.7205 -o,6u59 0.0030 0.0141 0.0015 -0.0123

J=3

-0.251 -0.9951  0.0212 =-0.0151 =0.0593 =0.0660 -0.0053  0.0041  0.0272 ~-0.0136 -0.0006 ~-0.0088
0.573 -0.0145 -0.8796 -0.k721 0.0186 0.0230 -0.0277 -0.0193 -0.0125 -0.0116 0.0286  0.0057
0.79% -0.0187 =~-0.4734% 0.8758 0.0121 =-0.0586 0.0021 -0.0002 0.0447 -0.0058 -0.0520 -0.0058
1.390 -0.0909  0.0140 0.0kk1  0.7650 0.6245 0.0031 =-0.0543 -0.0957 0.0138 0.0368 0.0213
1.469 -0.0132 -0.0181 0.051% -0.6366  0.7657 -0.0187 -0.0641 -0.0158 -0.0048 0.0092  0.0173.
J=4 | | \
-0.135 0.99%4  0.0643  0.0168 0.0407 =-0.0606 0.0227 0.0100 0.0160 0.012k 0.0122 -0.0071 -0.6078
0.688 -0.0691  0.9414%  0.3117 -0.0259 -0.0858 -0.0493 =0.0129 0.0196 -0.0221 -0.0092 -0.0106 . -0.0007
0.776 -0.0040  0.3112 -0.9492 -0.0003 -0.0311 0.0026 =-0.0265 ©0.0073 0.010L 0.0025 0.0120 - 0.0110
1.390 -0.0702 -0.0154  0.0116 0.8492 -0.4537 0.2189 0.0040 0.0981 0.0953  0.006k —o;oééén ~0.0090
1.529 -0.0266 -0.0963 =-0.0027 -0.4679 -0.8762 -0.0371L 0.0085 0.0396 0.0035 0.0101 -0.0064 -0.0088

0

o8-

L0LOT-T4don

0.869 -0.0153 0.0446&  0.0173 =-0.2299  0.0829 0.9519" -0.0240  0.1039 .1395 -0.0120 -0.0225 -0.0008



Table 5 (Continued)
Eigenvalues Eigenfunctions
MeV) voeok Pomiige Tt TopSe Tr iz Poktie TR % T/ e BokSe fats T2t ikl
J =5
-0.202 -0.9967 -0,0005 -0.0107 -0.0565 =~0.0410 =-0.0326 ~-0.0049 -0.008L =-0.0030 -0.0136, -0.0103
0.655 -0.0020 0.9564%  0.2849 -0.0212 -0.044k ~-0.0200 0.013%  0.0119  0.0001 -0.0258 - ~-0.0107
0.818 -0,0106 -0.2857  0.9554 0.0353 =-0.0291  0.0343  0.0041  0.0005 0.0175 -0.0419" -0.0022 °
1.421 -0,0715 0.0k33 -0.0199 0.9421  0.2651 0.1841  0.0067 0.0027 ~-0.0156 0.020k4- 0.0103
1.498 -0.0198 0.0249 0.0498 -0.2624 0.9575 -0.0499 -0.0205 ~0.0686 -0.0335 0.0248 0.0365
1.970 -0.0222  0.0219 ~0.0213 ~0.1952 0.0006 0.9788 0.032% 0.0339 0.0022 0,0111 -0.0027
J =6 :
-0.08k4 -0.9953 -0.0739 -0.0334% =~0.0210 0.0348 -0.0091L -0.0197 ~-0.0229 0.0018
0.646 -0.0809 0.8091 0.5785 -0.0069 =-0.0516 0.0018  0.0149 -0;0272 -0.0164
0.761 -0.0157 0.578 -0.8142 -0.0139 -0.0251 -0.0277 0.0110 -0.0092 0.0118
1.483 -0.0346 -0.0062 -0.0108 0.9381 =-0.3194 0.0154 0.0743  0.1032 -000106_
1.573 -0,0226 ~-0.0594 -0.0079 ~0.3297 -0.9392 0.0309 0.0546  0.0330 -0.0058
J=1
-0.218 -0.9960 -0.0166 -0.0087 -0.0829 =-0.0207 -0.0106 0.0012
0.708 -0.01k2  0.9827 0.1686 -0.0313 -0.0591 0.0072 -0.0331
0.854 ~-0.0090 =-0.1708 0.9819 0.0488 -0.0301 0,000k -0.0569
1.k02 -0.0846  0.0416 -0.04O4%  0.9919  0.0707 0.0215 0.0045
1.490 -0.0151  0.0513 0.0452 =~-0.0713  0.9924 -0.0572 0.0423
g -8
-0,062 0.9884  0.1138 0.0928 -0.020k4 0,0316
0.345 0.1333 -0.4186 -0.8979 0.0249 -0,0075
0.671 0.0648 -0.8991  0.4301 0.0383 -0.0280
1.600 0.0176  0.0507 0.0074 0.9917 -0.1158
4.=9
-0.310 0.9993  0.0363 -0.0026
0.753 0.0364 -0.9946 0.0962
1.32k4 0.0008 -0.0963 -0.9953

LOLOT-THDN



-32- UCRL-10707

Table 6
Calculated eigenfunctions for the even-parity statesin PoorC
Eigenvalue Eigenfunctions
e %2 Poje Pofe Tre Trje Trye 13/2 M3/
J =0
-1.597 -0.8845 -0.3032 o.35hh
1.016 -0.3697 0.9190 -0.1364
2.718 -0.28k4k -0.2517 -0.9250
J =2
-0.372 -0.9895 -0.0305 —0.0873 0.1109
0.928 -0.0350 0.9989 0.0216 -0.0208
1.518 -0.0979 -0.0269 0.9896' -0.1013
2.90k4 -0.1003 -0.0217 -0.1116 -0.988k4
J =4
-0.166 -0.9965 -0.0369 -0.04h6 0.0589
0.896 -0.0390 0.9988 0.0152 -0.022k4
1.664 -0.047L -0.0183 0.9969 -0.,0586
3.051 -0.0553 -0.0236 -0.0616 -0.9962
J =6
-0.68n -0.9980 -0.0433 - -0.0254 -0.0383
0.0863 -0.0446 0.9986 040113 -0.0251
1.74%1 -0.0263 -0.013k 0.9989 -0.0363
3.118 -0.0362 -0.0263 -0.0376 -0.9982
J =28
-0.027 -0.9977 -0.0622 0.0260
d;7éu -0.0630 0.997h4 } -0.0336

3.158 -0.0239 -0.0352 -0.9900
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Table 7 _
Suggested spin and parity assignments for levels below 2.6 MeV in BlZlO. Level
energies and relative dlfferentlal Cross sectlons are taken: from Ersklne et al.
T . J=2
(reference 3). he spins foi : / g9/ ) , (h9/2 5/2 , and
(h9/2 sl/2 »? have been suggested by Ersklne et al.
Relative Suggested ' Suggested
Energy (MeV) differential : :
" cross section Jn _ configuration

o.Q 1.k 1- )

0.0k7 0.4 0-

0.268 9.6 9~

0.320 2.3 2- .

0.347 3.8 3- > (h9/2_ g9/2')

0.433 14i9 5- and T- v

0.501 5.3 h-

0.547 7.0 6-

0.581 8.0 8- v

0.672 0.4 (10-) (ng /5 ill/z)

0.912 1.9 (8-) |

1.172 - 1.2 (3- or 5-) |

1.325 0.9 (5= or 3-) > alf, g9/2)+6(h9/2 ;11/2)

1.372 1.0 (k=) '

1.460 1.6 (6- or 7-)

1.517 1.k (7- or 6-) /

1.577 6.9 2- ]

1.916 21.6 (k-)

2.075 26.3 (7-) > v(ng /) 5/2)+6(f7/2 11/2)

2.138 9.3 (3-)

2.173 2k.9 (6-)

2.235 23.5 (5-) )

1.972 (doublet) 123 (3- and 6-)

2.027 58.9 (5-) (037, 89/

2.102 51.k4 (4-) '

2.517 125 L- (

h s
2.572 181 5- } 9/2 1/2)
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Fig. 1. OSpectrum of protons from (d,p) reaction on Biz_o9

observed by Erskine et al. (ref. 3).
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Central— force” matrix elements

0.002

‘MU-29667

Fig. 3. The matrix elements of the four central-force components

- 9/2 %9/2
is taken for all cases. The symbols TE, SE, TO, and SO stand

for triplet-even, singlet-even, triplet-odd, and singlet-odd,

for the configuration h in BiZlO. The same range'l.S fm

respectively.
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Fig. 4. Diagonal matrix elements of the tensor-even force
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as a function of the range parameter (B%E)’l/z.
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Fig. 5. Diagonal matrix elements of the tensor-odd force
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as a function of the range parameter (B%O)_l/z.
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Fig. 6. Diagonal matrix elements of the tensor-even force for

the multiplet h
P 9/2 89/2

at the shorter ranges.

in BiZlO

as a function of the range
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Fig. 7. Ratio of the diagonal tensor-even force matrix element
for the spin-l state to the spin-0 state of the configuration

h9/2 59/2 as-a function of the range.
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Fig. 8. Comparison of the experimental and calculated spectra
of Bi%L0 with the slightly modified residual force. The
. symbols CF, TTE, and TTO refer to the central, tensor-even,

tensor-odd forces, respectively.
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Fig. 9. Comparison of the experimental and calculated spectra
of Po2l0, The abbreviations CF, TTE, and TTO refer to the
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central, tensor-even, and tensor-odd forces, respectively.



Lo

-43. UCRL-10707

I i [ [

?\~Tant—odd

w
=
()
E -000 -
kT
o Triplet—even
x
E

-0.002} =
[+ ]
[S)
S
|
3
c
2 -0.003} .
S
[ =4
o]
(=]
O
2
D -oo004- .
IS

1 1 |
1.0 1.5 2.0 2.5

Range (F)

MU.29670

Fig. 10. Off-diagonal tensor-force matrix elements
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Fig. 11. Calculated energy levels of Po . For each spin, the

left column lists the odd-parity states and the right column
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* This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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