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ABSTRACT

The nuclear structures of some off-magic isotopes

73 75 77 77 79 81 81 83 us

71 As, As, As, Br, Br, Br, Rb,

As,

and 47Sc have been studied. Here, it is assumed that

Rb, "“Sc
each nucleus subjects to a quadrupole distortion and ig
composed of a doubly-even core ?lus an un-paired quasi-
pérticle;. Then‘a non-adiabatic model is introduced,
where the motion of the quasiparticle moving inkNilsson's‘
deformed orbital is coupled by a Coriqlis force with the |
‘rotational motion. f |
First, the level spectra of these isotopes are‘
calculated and compéred with experiment. In this
calculation, it is necessary to know about the quasiparticle
imbtion. We reveal, thefefore, the single particle energy.ind:
- the wave function as well as the chemical potential and the
energy gap, which are defermined accurately as a function
' of deformation. It is found that the qua51partlcle
formalism leads to a reduction of the coupllng term as well
as a compre581on of the 1ow energy spectrum, when compargd
with the single particle plcture. | The modél'spectra are
obtained by dlagona1121ng the Coriolis 1nteractlon W1th

the rotational wave. functions built on a number of intrinsic

. quasiparticle states;k These states are attributed to the

~motion of a 51ngle "qua51 proton" in No. 15, 16, 17, 19,

20 or 26 orbital for sofcalled p3/2 Qr‘fS/Z shell nuclel

T ’j_v -



and in No. 10, 12, 13, or 14 orbital for so called f7/2
shell nuclei. These calculatlons are done by using only
two parameters; deformation and rotational constant.

75as, "9Br, *5sc ana 7

For Sc, which are most
establlshed experimentally among the nuclei of interest,
the best fit procedures are carried out between the calculated
and the observed level locations. Some characteristic
.featuree appeared in the level spectra as well as the
overall level locations are reproduced. | For other nuclei,
only the tentative 1evel spectra are presented. These
represent.well the levels established e;perimentally. For
comparison, the results of other models ere also presehted.
Second, to check the velidity of the’present wave
functions, a comparison is made for the experimental and
the theoretical reduced electrie quadrupelektrénsition
~ probabilities. fhe experimental E2 transition probabilities
are obtained for some nuclei by the Coulomb excitation
experiment using nitrogen ions as projectiles.. In the
extraction procedure;‘etopping power data are needed and
a semiempirical method is proposed to evaluate the sfopping
| powers. |
The theoretical transition probabilifiriekcomposedy;‘M
/ofbthe'collective and the quasiparticle parts and 15;
calculated using,the‘bresent wave functiensl It is found
that the‘pairing effect diminiehes the contribution ef

duasiparticles and a ﬁajor part of the transition probability



comes from the collective part. An overall agreement is
obtained between the theoretical and experimental results
except for a few transitions. Since the calculation is
done without effective charges, tﬁe overall agreement
seems worth noting.

Third; the calculated intrinsic and electric quadrupole
moment are treated. They are found to agree well with the
-experimental Qo‘values for the nearest doubly-even-mass
nuclei and also with the experimental ground state Q\values,

respectively.

It is concluded that the non-adiabatic model with
"quasiparticle formalism gives a correct description of +the

structure of some off-magic nuclei.

S



CHAPTER 1. INTRODUCTION

The investigation of nuclear structure is one of the
most important branches in the field of nuclear study. Very
many investigators have endeavoured to understand the nuclear
properties from both experimental and theoretical points of
view, but it has been quite difficult to establish a complete
model----the properties of some nuclei or their groups have
been partly explained. |

Among thefaétshitherto discovered, thevexistenée of
magic numbers and large quadrupole moments are the most
distinect. When the number of protons(peutrons)reaches to
2, 8, 20,.28, 50, 82 and 126, the nucléus shows abruptly |
distinguished’properties in neutron energy, level spacing,
reaction cross section, nuclear fadius, etc. To explain
the discovered magic numbers and the properties of magic and
near-magic nuclei, a shell modél has been propdsed. Mayer,
Haxel, Jensen and Suess (Mau9,Halt9) succeeded in repfodﬁcing
the appearance of magic nuﬁbers by introducing a iarge
amount of spin-orbit coupling. |

Affer this success, many-theorists have improved the
original shell model--- independeﬁt particle model--- in
order to explain the accumulated experimental'facfs; Some
of them assumed a detailed residual interaction and radial
‘wave functions of the independent particle sheli model states,
and then calculated the interaction matrix elements between

states of arbitrafily many configurations.', Others de:'  «



considered rigorous configurations, and used the interaction
matrix elements which were determined from experiments.

These shell model calculations have been applied to the magic
and near-magic nuclei and succeeded in explaining many nuclear
properties, such as locations and spins of energy levels,
transition probabilities, reduced width, etc.

The nuclei far from the magic numbers have very large
gquadrupole moments. It is also distinguished that these
nuclei have large electric quadupole traﬁsition probabilities
and distinct rotational energy spectra. The factssuggest
thaffaiﬁmagic nuclei are deformed and ready to rotate when
- they are excited. Bohr, Mottelson and others (Bo52,53,62)
have treated these in great detail by a collective model,
and succeeded in explaining various properties of the nuclei
in the regions of A=150~190 and A 2220 and those arround
A ~ 24,

The shell model and the coilective model seem to be
incompatible in first sight, but the truth iskmore complicated.
Each model predicts only one aspect of the real nuclei.

Even in deformed nuclei, the nucleons movesin a deformed well
and some independent particle motions would still hold.
Therefore Bohr and Mottelson have proposed an unified model
by comﬁining the deformed shgll model with the collectivé ™
model. In this model the nucleus is composed of a core and
a few extra particleé--— the former causingia collective

motion and the 1a£ter producing an intrinsic motion. Thus



the odd-mass nuclei in the well known deformed region have
been successfully represented(Mob59).

The off-magic nuclei, which exist in the middle region
between the near-magic and far-magic nuclei, show neither
- clear independent particle picture nor rotational spectra.
Thus *he theoretical treatments were difficult. But
_fortunately Bohr, Mottelson and Pines (Bo58) have succeeded in
explaining the well known energy gap by introducing the
- pairing effect, and this gave a key to treat the off-magic
nuclei. The systematic study was first done by Kisslinger
and Sorensen (Kié3). They started from a spherical sﬁell
model, considering a pairing plus quadrupole force as
‘'residual interaction and using the quasiparticle random
phase approximation. A fairly well success was reported,
over a wide range of periodic table, in reproducing the
systematic trend of various nuclear properties such as level.
energies, electri%n%agnetic transition probabilities, nuclear
binding energies, etc. However, they also pointed out that
their model might be inadequate fo represent nuclei in some
regioné (for example, the 32< Z <36 region)ubther;thah‘the Tl
. well established deformed regions. Because in these regions,
their model does not reproduce the detaile@ variation of the
~ first 2+ energy states in the doubly—even;nuclei seen in a
'particular sequence of dsotopesy and the theoreticalytmend of
the variation is-gimilar to that found iﬁ the'we11‘established'

i
!

deformed regions. ' Kisslinger and Kumar (Kig7) also modified



~the model and predicted the level spectralof some odd-mass
nuclei, by considering the anharmonisity of doubly-even
system, but the result was not always satisfactory.

" In nuclei, there are two important residual interactions,
that is, pairing and field effects. The pairing force tends
nuclei to form spherical shapes, while the field force causes
nuclei to deform. Therefore, the shapés of nuclei are
determined by the competition of two forces. Again, the
pairing or field force bedomes predominant as an isotope lies
nearer to or farther from a closed shell, respectively.

Then those nuclei of 32 < Z £ 36 may be. considerably deformed.
This is sﬁggested by the experimental facts about nuclear'
quadrupole moments, nuclear radii, etc. and by the'Kisslinger}
and Sorensen’s theoretical work.

As stated above, the nuclei of the presént interest are
off-magic and the pairing and field forces would compete, but
showing considerably deformed shapes. The theoretical
treatments have not been done since Kisslinger and Sorensen’s
“work. | Therefore we investigate odd-mass nuclei in this
region from a point of deformation, considering both Coriolié
and pairing interactions, and the satisfactory results are;

71As, 73As, 75As, 77As, 7gBr, ngr and 83R

This model is applied also to usSc and u7Sc nuclei. The

obtained for b.
idea of Coriolis coupling was first introduced by Kerman(Keb56).
Fig.l%lushows.the(iocations of these nuclei against magic

numbers.
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In Chap. 2, the outline of the preseﬁt model is proposed.
Here, the nucleus is assumed to be axially symmetric and has
a reflection symmetry with respect to the symmetry axis.
Though the deformation is predominanf, the pairing effect still
exists. Therefore the zeroth order Hamiltonian fof the
system is given by a composition of a rotational part and
an intrinsic quasiparticle part. In.addition to this, a
Coriolis force is considered as a perturbation in order to
couple an unpaired quasiparticle motion with a rotational
motion. |

We use Nillson model to represent a single particle
motion in a quadrupole field. This model is éummarized in
the first half of Chap. 3.. For odd-mass nuclei with
31 4 Z £37 and 21 £ Z £ 25, the unpaired proton or hole is
situated mainly in the N=3 shell. Therefore it is necessary
to determine accurately the single particle energy and wave
function for the N=3 shell. We determined them, referring
fo the observed single particle energy spectrum of a nucleus
which is composed of a doubly magié core plus one nucleon.
This procedure is given in the second half of‘Chap;’3.

In Chap. 4, we describe a method how to obtain values
of a gap parameter and a chemical potential as a function of
deformation. Many figures are presentedl'

In Chap. 5, we determine the theoretical level energies

and wave functions for 71As, 73 75As, 77As, 77Bn, 79Br,

SlBPs 81Rb’and 83Rb. . Similar treatments are done for *95¢

As,



and 47

Sc. These theoretical level spectra are first
calculated as functions of deformation and rotational constant,
- and are fitted with the experimental spectra.  The fittness
and the validity of the obtained rotational constant are also
discussed in this chapter. | As the deformation parameter |
is related to the intrinsic quadrupole moment, we calculate
it for the ground state'and compare it with the measured value
in Chap. 6.

We discuss, in Chap. 6, the electric properties of
these nuclei. As is well known, the nuclear deformation
leads to an enhancement of electric quadrupole transition
compared with the rate for the'single particle model. Then
the comparison of the theoretical electric quadrupole
transition probabilities with the experimental data is another
test of the present nuclear wave functions. The Coulomb
excitation experiment of Sc and As by using 12 MeV nitrogen

ions and the extraction of B(E2) values are déscribed.’Their

‘quadrupole moments are also discussed.



CHAPTER 2. MODEL

In the long course of the investigation about nuclear
structure, considerable attention has been payed to the
shapes of nuclei. Many nuclei in the neighbourhood of
closed shells are believed to be spherical, and this is
characterized by the small intrinsic quadrupole moment and
large excitation energies. The success of ordinary shell
modél spectfa also supports the exsistence of spherical
nuclei. On the contrary, those nuclei which locate distant
from the closed shells are found to be strongly deformed
with akially symmetric and prolate shapes. The illustrations
are reported about the nuclei in the neighbourhood of A ~ 24,
and in the regions of A = 150 — 190 and A > 220.

Baranger (Ba60) has tried a Hartpee;Fock calculation
without residual interaction and found that it gives a
deformation for many spherical nuclei. However, there'are
two important types of residual nuclear interactions, i.e.,
pairing and field effects. The former tends nuclei to form
spherical shapes, while the latter causes deforming’effecf.
The shapes of nuclei are thus determined by the fagifghich
effect is superior to the other. The stronger pairing
is expected to an isotope which lies nearér to a closed shell,
whereas the stronger field effect is found 'in what loéates
more distant from a closed nucleus. S

As is pointed out in the introduction, the‘regent



experimental facts suggest that the nuclei in the region of
the present interest would be considerably deformed, though
they do not show as clear rotational spectra as do nucleil in
the well established deformed regions. Therefore the
investigation of above nuclei from a point of deformation
would be quite important.

First, we assume that the nucleus in question is
axially symmetric and has a reflection symmetry with respect
to the symmetry axis. Though the deformation is introduced,
the pairing effect still remains and the nucleons would
move ih the background of it.‘ Then the excitation energy
of a quasiparticle differs from that of‘a single particle:
Especially the low-lying quasiparticle states suffer the
pairing effect strongly and locate densely just above the.
energy gap. |

In addition to this, when an unpaired quasiparticle
moves arround a doubly-even core, its motion is coupled‘by
the Coriolis force with the rotational motion. This term
must be considered and is introduced as the first order
perturbation in this report.

The zeroth order Hamiltonian for the system is then

described as

822, E(+-+B’+B) (2=
Hy = 7% vi%y %y v Fvir

and the corresponding low energy wave function is



. 21 + ‘ -
lIMKv) =‘/—§E—7£[D§K|q = 1,v) + (-1)I+KDI\I,I_K q = 1,v>}.
™

(2-2)

Here ]| is the total angular momentum, (f the moment of
inertia, E, the excitation energy associated with quasi=-
particles ogf and ﬁb+, respectively. The abbreviation y
means quantum numbers which characterize the intrinsic
stafe. The DﬁK are usual rotational wave functions (Nib55)
characterized by I, M and K. The quantum numbers I, M
and K are the total angular momentum, ifs projection on the
space fixed axis and its projection on the nuclear symmetry.
axis, respectively as shown in Fig. Z-i.

The functions |q = 1,») and |q = l,?)yvﬁﬁch represent
the ground and the low-lying infrinsic excited states are

described by the equations (Be59)

1,v>

n
Q
<
f{al
"
=
N
\

qu
(2-3)

i
|
™

0

i
‘o
~
LY 2

lq 1,9) = v

%

where the function rq = 0) is the well known BCS wave
function (Ba575, and the notation q =1 and;d =.0 are used
~to clarify the one quasiparticle state and the vacuum with
respect to quasiparticles, respectively. / The above two
functions |q = 1,)) and |q = 1,0 compose a conjugate pair
and are assumed to correspond to the single particle Nilsson

states |p) and | p >, respectively.

- 10 -



s the total angular momentum

the angular momentum of the roter

‘L=-‘o ﬁ -

; the angular momentum of the un-paired particle

the component of the total angular momentum
on the space fixed axis z

X =

* the comgonent of the total angular momentum
on the body fixed axis z' .

Fig. 2-1. Angular momentum diagram.



Without Coriolis coupligrfl the component of the
angular momentum j of an unpaired quasiparticle on the
nuclear symmetry axis is a good quantum number. Therefore

we denote explicitly the intrinsic Nilsson states |p> and

.

|D> as

Iv) = |eg) |9) = |-q&) (2-4)

and represent the corresponding quasiparticle states as

13\’> l,ﬂ£>'

lq lq

1,v)

1,-08) .

la la

Here the extra index € is introduced to distinguish the
different intrinsic Nilsson states with same (). Consider-
“ing ) = K, we also rewrite the wave function in Eq. (2-2)

as

|IMKv) = |IMKQE) = |IMKE).

The quasiparticle excitation energy E, in Eq. (2-1) is

connected with the single particle Nilsson energy E; as {Be59)

E, = [(e, - 12 + 277172, (2-6)

Vv

Two parameters X\ and A are well known chemical potential
and gap parameter, respectively, and they must be obtained

by solving the following equations:

- 12 =



A =”GZU\)V\) , (2-7)
R Y A
n=2lvd. (2-8)
AV) )

Here G is the strength parameter for the pairing force and

n is the true particle number in the system. The meaning
of Vy and Up is well known as follows: V»z is the probability
of (»,Y) pair being found in the ground state, while Uyz

the probability of non-occupancy. Explicitly, Uy2 and

YVZ are given_as

2 _ 1 €. - A
Yy 'ﬂ“‘*’ﬂ‘}
(2-9)
€ A
sz - %'b vE— J
\) .

>They are shown schematically in Fig. 2-2.

One must consider a blocking effect 6nvthese parameters.
Due to this effect, the N\ and A values for the excited states
differ somewhat from those for the ground state, and
consequently Uy and V, are necessary to be adjusted (Ni6h).
In the present work, however, we‘calculaté the values AL and
A only for the ground state and use these values for all
the excited states considered, because inxthe present regioh,
the correction arising from blocking is generally small and
affects only slightly on the final ehergy spectra.

In addition to H_ , we now consider a_Cofiolis interaction

of the form

- 13 -



INDEPENDENT PARTICLE MODEL

€ o)
o0 T

____\N\_?____‘

GND. STATE EXCITED STATE

QUASI-PARTICLE MODEL

\ﬁx u2 6,% 1

ST T .

%/ Nl /)

Ao //////// \
7 /

VACUUM ONE QUASI-PARTICLE STATE
Fig. 2-2. Connection between the quasiparticle

excitation energy and the single particle

Nilsson energy.
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2
-:f;-ﬁ-,ﬁ. (2-10)

This Coriolis term connects the rotational bands of |AK| = 1
with each other, and this effect would be of major importance
for the present cases because the levels belbnging to
different quasiparticle states become very close to one
another, as shown in Fig. 2-3. |

The Hamiltonian for the system is then

H=H_ + H
o
= ﬁ2I(I + L) + Z(E (a,Ta  + B ¥B.) |
9 ,
,ﬁ .
- JTK (u %v ~ Bva» Z:,Hcoup
.where Hcoup 1s represented as
H = J52<I 5+ I 3)WU, + VYV )t ¥
coup = "2J +3- =347 2Py vyt 4oy Gy = By By).
| (2-12)
For the state with K = 1/2, the diagonal element of Hcoup is
ameln  (mde = Toa-n™F 1+ by (2-13)
2° “coup' T 2¥ T 2T 2 -
where a is the decoupling parameter and is given by
Y j+l . 2 ~
- (-7 (§ o+ )lc 5172 (2-14)
:] .

in the jQ representation of Nilsson wave function.

The diagonal element of the Hamiltonian (2-11) is

expressed as

- 15 -



ENERGY SPECTRUM BEFORE

CORIOLIS MIXING

772

72- ~ ~7/2-

' 5/2 = ———ee
5/2= —— .~ “5/2-
, /o o
3/2- ~2 K=5/2

K=z3/2-

2- /2

K=i/2- ' N .

Fig. 2-3. Coriolis effect.
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2 2 1

_ 50 I+s - , 1
(2-15)
The off-diagonal element of Hcoup'between the states of
different rotational bands with [AK| = 1 does not vanishiand
(IMK % lE'IHcpup|IMK£>
- '
= <IMK£]HCOUPIIMK + 1E"D
"2
- i tf=
=77 UkergVig * Vierg Vi) <® ¥ 18113, |08
SL(rox K+ (T T, (2-16)

where the matrix element for the particle state is evaluated

as follows:

' 1
. I- ¢ - . 1 2
(2 + 1g'|3i|9g> = chgilcjg(-l) 20+ @G +e+ 1] /

(2-17)

Therefore, the qﬁasiparticle formalism leads to a reduction
of the off-diagonal elements of Hcoup' A compression of
the low-energy spectrﬁm would be also expected, when
compared with the independent particle picture.

When the Coriolis interaction in the Hamiltonian (2-11)

is treated as a perturbation, we can expandkthe total wave

function as

2T + 1 I I+K I
) = 2L ;Zﬂ% el 9 = 1,98) + DTDE i = 1,-00 )

(2-18)



where the mixing amplitudes CI

Kg

are determined by the Jacobi
diagonalization procedure. |

Finally, we carry out a least-squares fitting to the
experimental energy spectrum by seiecting the adequate and
reasonable parameters, and obtain the total wave functions

as well as the theoretical energy spectrum.

- 18 =



CHAPTER 3.  MODIFICATION OF NILSSON LEVEL ENERGY

AND WAVE FUNCTION

3-1. General

In the preceding chapter, we proposed the outline of
the present model, but in practice; more precise treatments
are necessafy. In this chapter, some modifications of
Nilsson level energy and wave function are presented.

As previously mentioned, the pairing and field effects
play important role on nuclear shapes.‘ The deformed
nuclei are seen in far- and off-magic regions where the
field effect overcomes the pairing one. Practically, it
has turned out that the most predominant shape of deformed
nuclei is a guadrupole one. This is supported by the level
spectra of the nuclei with 150 < A < 190 (Mo59), "

Nilsson (Ni55) has treated a motion of_éingle‘particle in
this quadr;pole field. He assumes a single particle

Hamiltonian Hn of the form

o
Hn = Ho + KR woR. : - (3-1)

[e}
Here Ho represents a spherically symmetric part and
H = fw (8)30-a2 + 2] (3-2)
o . o 2 .
where r is a radial distance of the single particle in

polar coordinates;and § is a shape parameter.:

For the sake of simplisity we first adopt this spherical

- 19 -



Hamiltonian oscillator potential. The .second term in Eq.

(3-1) is a kind of deformation coupling and
- b 2 - 52
R = 14T v?y, ) - 215 - p1 (3-3)

Here ] represents the deformation of the potentiél well, -
The 1%*s term is a spin-orbit coupling and is introduced to
account for the magic numbers. The l2 term serves to
‘depreséthe highlangular momentum states. These terms are
reasonable and are necessary to reproduce'thé observed level
spacing.

The parameters in Eqs. (3-1), (3-2) and (3-35 are

-relatéd to the parameters as follows:

o 4,2 16,3,-1/6
wO(G) wo(l 35 776 )‘ ‘ _
o)
K = -0.5C/hw |
o
u = 2D/C
g w (8)
n =g (3-4)
)
o

whefe C and D are the streﬂgth of spin—orbit interaction
and the well flattening parameter, respegtively. These
are referred to Ref. (NiSS). |

In order to obtain Eqs. (3-1), (3-2), (3-3) and (3-4),
it is assumed that the nuclear volume remains constant

during the deformation and the 1l%*s and 12 terms are

- 20 =



independent of the volume condition. When the axially
symmetric oscillator potential V(x,y,z) can be written in

Cartesian coordinates,

2 222]

Vix,y,2) = % M[w;z(x + y2) t o, (3=-5)
where
2 _ .2 oYy
LUZ = UJO (l - 5‘6)
2 2 2
w_L - wo (l + 5'6),
and the volume condition lead to
1 o .
wlzwz = wos(l - %6)2 (1 + %G) = wo3 = const. (3-6)

The energy eigenvalues £, of the total Hamiltonian H

are then given by

. 3 ° Ng
ey = (N + §Jﬁwo(6) + Kﬁworv'

(3-7)
wherg rgﬂ are eigenvalues of an operator R and N is the
number of harmonic oscillator gquantum. -: Since the potential
is axially symmetric, the states can be labelled by N,
that is, the.projection of the angular momentum along the
symmetry axis (j3). As the states j3 = + () degenerate,
two like particles can occupy the states.of equal energy.

. The normalized intrinsic wave functions [p)» are expanded

in terms of the spherical harmonic oscillator eigenfunctions

specified by N, 1, 1, =/ and sz'=£, as in the form

]v = §:§a {NlAi) (1 -/ representation), (3-8)
: 1y LA .

- 21 =



All operators of 12, lZ and s, commute with go and
corresponding quantum numbers are denoted as 1, A and L.
It is impossible to solve Eqg. (3-1) exactly, but the
good approximate solutions can be obtained by diagonalizing
the finite matrices composed of above basic vectors. . In
the neighbourhood of spherical shape, the state can be
labelled by the 1 and j quantum numbers, ' Using éigenfunctions

specified by these quantum numbers, the intrinsic wave

function |¥d> can be also expanded as follows:

lv) = Z clele> (j - Q representation). (3-9)
J .

The coefficients ¢y are simply connected with the coefficients

aj A by the angular momentum additional relations and are
given by
c: = Z(lA—l-z|jma - (3-10)
J 1A 2 1A -

The illustrative correspondence of the basic vectors in two

representations is shown in Table 3-1.
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Table 3-1. 1N - jO representation of basic wectors

N 1 J
1330 1/2 +> 33 7/2 1/2)
3 1/2 1310 1;2 +> 131 352 152)
/ 331 1/2 -5 B3 5/2 172>
1311 1/2 =5 Bl 172 1/2>
ay 1331 1L/2 +> B3 7/2 3/2>
3 32 311 1/2 +> Bl 3/2 3/2>
332 1/2 =5 B3 5/2 372>
' 332 1/2 +> 33 7/2 5/2)
3 5%/2 1333172 55 BL 572 5/2>
3 7/2 0 333172 4 B3 7/2 7/2>
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3-2. Determination of Parameters

As. has been mentioned in the preceding section, Nilsson

Hamiltonian has four parameters J%, K, p and 1. The &% is
closely connected with the standard nuclear radius. The

parameters K and M are related to the spin-orbit strength
and the flattness of potential well, while n is well known
as a deformation parameter. The determination of these
parameters is the most important procedure in the present

model.

v}
i) W
A reasonable value for J% has been proposed by Nilsson

(Ni55), by taking the root mean square radius for each

nucleus to be equal to %-1.2~A1/3 fm, which gives 1&&%=
41°A"Y3 Mev for all nuclei. This value is reasonable and

|

is adopted in this report.

ii) K and p

These two parameters have been reasonably fixed for the
N > 3. However, in the case of N = 3, there remains
arbitrariness in a choice of them. For odd-mass nuclei with
31 < Z € 37 and 21 < Z £ 25, the unpaired proton or holevis
situated mainly in the No. 10, 12, 13, 14, 15, 16, 17, 19,
20 or 26 Nilsson orbital, which all belong to N‘= 3 shell.

Therefore in order to investigate the nuclei of the above Z
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‘regions, it is necessary to predetermine accurately the

level energies and the wave functions for the N ='3 shell.
First, we determine K and M by referring to the observed

single particle level spectrum of the nucleus which is |

composed of a doubly magic core plus one nucleon. As

pointed out previously, a nucleus of closed or nearly closed

shell woulgav% %pherical shape, the shape parameter § being

equal to zero. In addition to this, the energy gap A would

disappear at a closed shell. - If a single particle

(or hole) outside (or inside) closed shell moves in the

non~deformed well, the énergy spectrum attributed to the

single particle (or hole) would be found. Such spectra
would be expected in 69Cu and °7nNi nuclei, and are represented
69Cu

by lf7/2, 2p3/2, 1f5/2 and 2pl/2 states. The nucleus
is composed of a doubly magic core (Z = 28, N = 40) plus one
proton and is quite close to the present A region of 70 ~ 90.
Unfortunately, since the level spectrum of this nucleus has
not been reported at all; and we can not obtain any
significant information about K and M.

57

The nucleus Ni is also composed of a doubly magic

core (Z = 28, N = 28) plus one neutron, and the level

energy spectrum has been well investigated. Fig. 3-1
summarizes the 57Ni excitation energies determined by the
56Ni(p,d) and 58Ni(p,t) reaction experiments (Co67). The

neutron pick up transitions with the angular momentum

transfer Al = 1 have been assigned for the ground and 1.08



2.6 MEY—-—-—-?/Z'—

MeV

1.947 3/0— |
6 T —a/2-
.08 ———1I/2—
0.78 ——5/2—
’ 0 57 3/2— a1 7/2_—4—'-'-—__7/2—'
Ni Sc Ca »
~ Fig. 3-1. Observed low—lyiﬁg states in 57Ni, ulSc
and ulCa.
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MeV excited states, while Al = 3 transitions have been reported
for the 0.78 and 2.6 MeV states. No other level has been
found up to 3 MeV excitation energy. From these facts,
S.Cohen et al. (Co67) have interpréted the ground, 0.78 and

1.08 MeV states of 57

Ni as 2p3/2, lf5/2 and 2p1/2 single
particle states, respectively, and the 2.6 MeV level as a
lf7/2 single hole state. These typical level energies
are quite important and we decide K and M values by the
following procedure:

When a nucleus is sphefical or nearly spherical,gﬁz 0

and the first term in Eq. (3-1) vanishes. Then we obtain

R = -215 - uil. (3-11)

Since the states with same 1 and j but with different 2 .
degenerate, we can determine K and by solving the eigen-
value equation only for N = 3 and {2 = 1/2 in [N1AZD
representation. Using these eigenvectors, we obtain the‘

following equation:

-12u - r 0 - =Y3 0
0 -2 - r 0 -2
-2V3 0 -12p + 1 -1 0 "0
0 v=v2 0 | -2y + 1 -
| (3-12)

which leads to the equations of

r

-3 = 124
£9/2

4 - 12y

i

r .
f5/2
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T -1 - 2y
p3/2 . ,

r 2 - 2. ©(3-13)
Py1/2 :

By combining Eqs. (3-7) and (3-13) with the experimental

level spacing of 57Ni, we find

€_ - € = 1.08 MeV (exp.)
: : =3 x 41+(57) ~' "k (theory)
Ef - € = 0.78 MeV (exp.)
5/2 P3/2 1/3

5(1 - 2u)eKkelle(57)" (theory) .
| (3-14)
Thus finaily from the above two equations, we obtain |

K = 0.034, u = 0.284,

and the corresponding values of the parameters C and D are

o] o
C = —0.068ﬁwo, D = 0.0096ﬁwo.

It is quite interesting that these values also account

well for the observed 2133/2 - 1f7/2 level spacing in “leg

and ulSc, whose energy spectra are shown in Fig. 3-1.

Though Ni, Ca and Sc nuclei locate in the A = 40 ~ 60 region,
the above K and M values would be well applicable to the
present A = 70 ~ 90 region, because any significant change
of these parameters cannot be expected in the same N region.

Under the present choice of K and M; we try to obtain

the eigenvalues and eigenfunctions for the Hamiltonian (3-1).
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In this calculation, we have coded a program named NILSR

in the language of FORTRAN IV, the program being shown in
Appendix. We first calculate the matrix elements of the
operator R in the 1A representation, and we diagonalize the

matrix by the Jacobi diagonalization procedure, and we finally

. . N L R
obtain the eigenvalues r;, and A (and Cjﬂ) o presented
in Table 3-2 for different deformation parameter 7. The

Nilsson diagram for N = 3 shell is also shown in Fig. 3-2

as a function of 7.

- iii) /)

The independent determination of this parameter is
quite difficult, since there remain; other important
- parameters of A and A\, the gap parameter and chemical
potential respectively, both being functions of /.
Therefore it is reasonable for us to remain M as a final
paramefer. The determination of 1 will be discussed in

"Chap. 5.

/
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Table 3-2. Eigenvalues and eigenfunctions for Nilsson deformed field.
. (In 1A representation). S

Deformation T 9 3 W 5 6 9 8

N =3,8 1/2 ‘ -

" ~7.2886  -8..4685 -7.8822. ~11.4639 -13.1616 -14.9383 -16.7691 -18.6380 Nyo
330+> 0.7567 0.7477 0.7360 0.7246 0.714y 0.7057 0.6982 0.6920
310+ 0.1566 0.3007 0.4157 0.5006 0.5614 0.60u47 0.6360 0.6590

1331-> 0.6287 0.5768 0.5128 0.44893 0.3927 0.3449 0.3052 0.2725

|311-> 0.0871 0.1335 0.1501 0.1501 0.1425 0.1323 0.1219 0.1121

rfﬂ -0.3542 -1.060 -1.4506 -1.6735 -1.8123 -1.9050 -1.9703 -2.0182 No

1330+) -0.6127 -0.6238 -0.6423 -0.6607 -0.6768 -0.6900 -0.7007 -0.7093
|310+> 0.0169 0.2875 0.4613 0.5476 0.5913 0.6153 0.6290 0.6372
1331-) 0.6768 ~0.5484u 0.4165 0.3215 0.2567 0.2113 0.1782 0.1533
|311-> 0.4078 0.4769 0.44886 0.4003 0.3553 0.3174 0.2859 0.2596
N 4

rvﬂ -2.2581 -3.1650 -4.2237 -5.3197 -6.4073 -7.4779 -8.5331 -9.5761 No
1330+) 0.0237 -0.0238 -0.0531 -0.0576  -0.0524 -0.0450 -0.0379 -0.0319
1310+) -0.9108 -0.8613 -0.7468 -0.6395 -0.5519 -0.4818 -0.4254 ~0.3797
1331-> 0.2443 0.5001 0.6580 0.7u449 0.7956 0.8271 0.8476 0.8613
1311-) -0.3320 -0.0870 0.0810 0.1815 0.2441 0.2857 0.3148 0.3360

r%ﬂ 1.9u489 2.7412 3.6045 4.5051 5.4292 6.3692 7.3205 8.2803 No
1330+ 0.2267 0.2263 0.2074 . 0.1876 0.17C0 0.1568 0.1u418 0.1306
1310+> ~0.3817 -0.2918 -0.2380 -0.2013 -0.1744 -0.1538 -0.1376 -0.1243
1331-) 0.2950 -073413° -0.361y -0.3741 -0.3832 -0.3902 -0.3958 -0.4004

0.8u461 0.864L 0.8773° 0.8856 0.8910 0.8345 0.8968 0.8984

]311-)

1b

.20

.17

.26
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- ]3334)

Defo’rmatbi'on L l L L 2 . . Ll- .......... 5 . . 7 . i 8 .
N=3,Q = 3/2 / ,
rfﬂ -6.9272  -7.5824%  -8.3264  -9.1307 -9.9773 -10.8545 -11.7544 -12.6714 No.
1331+ 0.8618 .. 0.8732  0.8813 |0.8871  0.8912 0.89u1 0.8962  0.8977
1311+ 0.1157 0.1937 0.2471 0.2843 0.3124 0.3331  0.3u89 0.3613
1332-) 0.4938 0.4472 0.4028 0.3632 0.3289 0.2993 0.2739 0.2520
r§9 0.5425 0.8656 1.5487 2.3913 3.2969 4.2329 5.1862 6.1503 No
13314 ~0.5058  -0.4654  -0,4277  -0.4115 -0.4065 -0.4059 . -0.4070 -0.4088
13114 0.2679 0.6036 0.7796 0.84u46 0.8719 0.8852 0.8923 0.896Y
1332-) 0.8200 0.6473 0.4575 0.3425 0.2732 0.2275 0.1952 0.1711
rﬁﬂ -0.9993 -0.6672 -0.6063 -0.6446 =-0.7036 -0.7624 =-0.8159 -0.8630 No
1331+ 0.0374 0.1u446 0.2010 0.2092 0.2014 0.1892 0.1763 0.1641
1311+ 0.9565 0.7734 0.5754 0.4533 0.3772 0.3249 0.2864 0.2567
1332-> -0.2894  -0.6172 -0.7928 -0.8664 -0.9040 -0.9266 -0.9417 -0.9525
N=3,¢q=5/2
rSQ -6.2810 -6.1800 -6.0984 -6.0315 -5.9758 -5.9288 -5.8887 -5.8542 No.
1332+) 0.9420 0.9538 0.9625 0.9691 0.9742 0.9781 0.9813 0.9838
1333-) 0.3357 0.3006 0.2713 0.2467 0.2258 0.2080 0.1926 0.1792
rﬂ“ 1.4650 2.3640 3.2824 4.2155 5.1598 6.1128 7.0727 8.0382 No.
1332+> -0.3357 -0.3006 -0.2713 -0.2467 -0.2258 -0.2080 =-0.1926 -0.1792
1333 0.9420 0.9538 0.9625 0.9691 0.97u2 0.9781 0.9813 0.9838
N=3,0=17/2 -
r§9 -5.4080 = -4.4080 -3.4080 -2.4080 -1.4080 -0.4080 0.5920 1.5920 No.
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

13
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(continued)

(In 39 representatlon)

. Deforma_‘tion oL l ......... v 2 ......... . 3 e e q- .......... 5 ........ 6 ..... 7 .......... 8

N=3,0=1/2 | ] |

rf? ' -7.2886 -8.4685 -9.8822 -11.4639 -13.1616 -14.9383 -16.7691 -18.6380 No.
1337/21/2> 0.9836 0.9428 0.8921 o.su1s 0.7971 0.7592 0.7276 0.7015
1335/21/2 -0.0202 -0.0535 -0.0942 -0.1347 -0.1708 -0.2013 =-.02264  -0.2470
1333/21/2> 0.1781 0.3226 0.4261 0.4954 0.5406 0.5701 0.5896 0.6028
1331/21/2> 20.0193 -0.0646 -0.117% -0.1665 -0.2077 -0.2410 -0.2677 -0.2890
r§9 -0.3542  -1.060 -1.4506 -1.8735 -1.8123 -1.9050 -1.9703 =-2.0182 No.
1337/21/2) -0.0201  -0.1126 -0.2129 -0.2889  -0.3435 -0.3833 -0.4130 -0.4358
1335/21/2> 0.9127 0.8230 0.7353 0.6756 0.6371 0.611k 0.5934  0.5802
1333/21/2> 0.2493 0.5101 0.6356 0.6782 0.6881 0.6856 0.6786 0.6702
1331/21/2> 0.3232 0.2234 0.0999 0.0106 =-0.0514% -0.0961 -0.1297 -0.1559
rﬁﬂ ~2.2581 -3.1650 -4.2237 =5.3197 -6.4073 -7.4779 -8.5331 -9.5761 No
1337/21/2) -0.1779  -0.309%  -0.3906  -0.4L41  -0.4813 -0.5075 =0.5262 -0.5397
1335/2172> -0.1692 -0.3336 -0.5322 -0.6008 =-0.6357 -0.6547 -0.6656 -0.6720
1333/21/2> 0.9353 0.7535 0.5630 0.4173 0.3097 0.2284 0.1656 0.1160
1331/21/2% -0.2547 -0.4262  -0.4373 -0.517% -0.5180 -0.5115 =-0.5027 -0.4936
rﬁ“ 1.9489 2.7412 3.6045 4.5051 5.4292 6.3692 7.3205 8.2803 No
1337/21/2> -0.0217 -0.0523 =-0.0799 -0.1031 -0.1224%  -0.1385 -0.1520 -0.1634
1335/21/2> -0.3714%  -0.4061 -0.4090 -0.4056 -0.4009 -0.3963 -0.3920 -0.3882
1333/21/2> 0.1768  ~0.2608 0.3122 0.3469 0.3720 0.3908 0.4055 0.4172
1331/21/2> 0.9112 0.8742 0.8538  0.8393 0.8282 0.8192 0.8117 0.8053
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(continued)

cetermirion 1 A T PR P S T -
N =3, 0= 3/2

rgﬂ 26.9272  -7.5824  -8.3264  -9.1307  -9.9773 -10.8545 -11.7544 -12.6714 No
1337/23/2> 0.9923 0.9770 0.9601  0.:9439  0.9290 0.9157 0.9039 0.8935
1335/23/2> -0.0433 -0.0888 -0.1306 -0.1672 -0.1984% -0.2250 -0.2475 -0.2668
1333/23/2)  0.1157 0.1937 0.2u71  0.2849 0.312u 0.3331 0.3489 0.3613
P§Q | 0.5425 0.8656 1.5487 2.3913 3.2969 4.7329 5.1862 6.1503 No
1337/23/2> 0.0108 -0.0473 ~0.1170 -0.1647 -0.1975 -0.221%  -0.2397  =-0.2540
1335/23/2) 0.9634 0.7958 0.6152 0.5095 0.uL82 0.4092 0.3825 0.3632
1333/23/2) 0.2679 0.6036 0.7796 0.8LLE 0.8719 0.8852 0.8923 0.896L
rfg -0.9993 -0.6672 -0.6063 -0.6446 -0.7036 -0.7624 -0.8159 -0.8630 No
1337/23/2) -0.12381 -0.2077 -0.2539  -0.2863 -0.3130 -0.3354  -0.3543  -0.3704
1335/23/2> -0.2648 -0.5989  -0.7774  -0.8441 -0.8716 -0.8843 -0.8902 -0.8923
1333/23/2) 0.9565 0.7734%  0.5754  0.4533 0.3772 0.3249 0.2864  0.2567
N=3,0¢=5/2

_Ng
v  -6.2810 -6.1800 -6.0984% -6.0315 -5.9758  -5.9288 -5.8887 -5.8542 No.
1337/25/2> 0.9990 0.9966 0.9936 0.9904%  0.9873 0.9842 0.9813 0.9786
1335/25/2) -0.0452 -0.0822 -0.1126 -0.1379 -0.1592 -0.1772 -0.1926 -0.2059
rﬂ“ 1.4650 2.3640  3.2824 4.2155 5.1598 6.1128 7.0727 8.0382 No.

B37/25/2 0.0452 0.0822 0.1126 0.1379 0.1592 0.1772 0.1926 0.2059
335/25/2> 0.9990 0.9966 0.9936 0.990L  0.9873 0.9842 0.9813 0.9786
N=3,8Q=17/2 _ ‘

rgﬂ -5.4080  -4.4080 -3.4080 -2.4080 ~-1.4080 -0.4080 0.5920 1.5920 No.
1337/27/2) 1.0000  1.0000 1.0000 °1:0000  1.0000 1.0000  1.0000  1.0000

.13

.19

.16

12

15

10
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Fig. 3-2. Modified Nilsson diagram calculated for

u = 0.284 and k = 0.034.
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CHAPTER k4. DETERMINATION OF GAP PARAMETER AND

CHEMICAL POTENTIAL

b-1, General

In the preceding chapter, we determined the single
particle energy £, as a function of deformation % . Since
the quasiparticle energy E, is connected with £,, ™\ and A
by Eq. (2-6), the determination of chemical potential
and gap parameter is necessary, these being functionsrof 7.
We describe in this chapter, a method how to obtain these
parameters and present the results in the form of figure.

The two parameters N and A are determined from the
non-linear equations (2-7) and (2-8) through a pairing
strength G and a true particle number n. According to
Belyaev (Beb59), it is reasonable to assume that G for the
same A is constant. Therefore we first try to know the

value of G.

4-2. Determination off @
There are several methods in determining thé vélue of
G. The first method has been proposed by Bohr and Mottelson
(Bo62) . Since G would correspond to a short range part
of the real nucleon-nucleon force, it could be decided
from the experimental S wave nucleon-nucleon phase‘shift.
An estimate of G & 25/A MeV has been given.
The second value dis .obtained from the compiled data on

the experimental binding energies. Since the binding
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energy differences between odd- and doubly-even-mass nuclei

depend highly on G, Kisslinger and Sorensen (Ki60) have

determined the value according to the following procedures:
The ground state energy différences between.the above

nuclei are given by

Pn(Z,N)

E(Z,N) + E(Z,N - 2) - 2E(Z,N - 1)

(4-1)

PP(Z,N) E(Z,N) + E(Z - 2,N) - 2E(Z ~ 1,N),

where E(Z,N) is the total binding energy of the (Z,N)
nucleus, while Pn and PP correspond to those of 7 closed
and N closed nucleus, respectively. On the otherhand,
the theoretical odd-even mass difference should be just
equal to 2E,, twice the energy of odd-mass quasiparticle.
Referrihg to the data on the experimental binding energies,
Kisslinger and Sorensen have calculated the odd-mass
gquasiparticle energy and deduced the G Qﬁlues. Their
pesults are shown in Fig. 4-1, where Pn (or PP) and the
theoretical value are given for each single closed shell.
In the Z = 28 and N = 28 region, G = 19/A MeV seems appropriate.
The third method is an application of a systematics of
one quasiparticle state. Since we are interested in the

regions of Z = 21 ~ 25 and 33 ~ 37, we could refer to the

result of Ni isotopes. In Fig. 4-2, a systematic trend of
. is shown. .
the energy levels of odd-mass Ni isotopes. The theoretical

values are calculated for G = 19/A MeV.

Kisslinger and Sorensen (Ki60) have carried out the
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Fig; -1, Even-odd-A mass difference. The P_(Z,N)

i

and PP(Z,N) are experimental qﬁantities.

The theoretical curves are simply 2Ev,twice
the energy of the lowest lying quasiparticle
for the odd-mass isotope. Curves a and b
‘correspond to G = 19/A and 23/A, respectively.
Curve c corresponds to G = 30¢A.

(Cited from ref.(Ki60).)
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calculation by using some single particle energies. However,
we somewhat modify the energies according to the discussion
in Chap.'3, which appear partly in Fig. 3-1. The comparison
is shown in Table u-1. fig. 4-3 shows the energy levels of
even-mass Ni isotopes given by Kisslinger and Sorensen
(Ki60) .for G = 19/A MeV.

Referring to these perults, we reach a conclusion
that it is appropreate to use the strength parameter for
the pairing force of G = 19/A MeV, especially in the présent

Z regions.
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Table 4-1. Single particle level energies in NeV,

State Kisslinger & Sorensen Present

P3/2 0 0

£ /o 0.75 0.78
pl/2 1.56 1.08
892 4,25 4,25
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Fig. u4-2. Energy levels of odd-mass Ni isotopes.

: Horizontal lines are the experimental levels
and solid lines join the theoretical ones
calculated for G = 19/A MeV.
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Fig. 4-3. Energy levels of doubly-even-mass Ni isotopes.
Horizontal lines are the experimental levels

and solid lines join the theoretical ones
calculated for G 19/A MeV.
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4-3. Determination of N\ and A

Now we proceed in determining the values of N and A,
inserting the obtained G = 19/A MeV and the tfue particle
number n into Eqs. (2-7) and (2-8). In this célculation,
we sum thirty consecutive Nilsson states for protons, the
level energies being presented in Table u4-2 for positive
values.

Since Eqs. (2-7) and (2-8) are non-linear simultaneous
equations and we cannot solve analytically, we carry out
the summation for a large number of ™ and A sets and search
a set which fits best to the given G and n. This procedure
is coded in FORTRAN IV language and named QPFEEG. The .
details are shown in Appendix.

Fig. u4-4 shows the representative example. In
Fig. 4-4-a, the n values for several A’s are shown as a
function of N\, while in Fig. u-4-b, thé values of G for
several N ’s are given as a function of 4, Bqth are the

75As nucleus. From this figure, we can

cases for 4 = 6 in
deduce that n is more sensitive to X\ than A; whereas G is
more dependent on A than A.

The determined values of A and A are pfesented in the

form of ‘figures in Fig. (4=-5) for arsenic, bromine, rubidium

and scandium isotopes.
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Table 4-2.

The Nilsson level energy ( MeV ) used to calculate the energy gap
and the chemical potential.
orbital N deformation
number 1 2 3 4 5 6 7 8

1 0

2 1  -0.7333 -0.5467 -0.3200 -0.0933 0.1333 0.3600 0.5867 0.8133
3. 1 -1.,2582 -1.5685 ~.1,9161 -2,2899 -2,6820 -3.0872 -3.5018 -3.,9235
4 1 . 2,0315 2,1152 2.,2361 2.3832 2.5487 2.7272 2.9152 3.1102
5 2 _-1.5466 _ -1.0933 -0.6400 -0.1867 _ 0.2667  0.7200  1.1733  1.6267
& 2 -2.4698 -3.0891 -3.7937 -4.,5505 -5.3421 -6.1578 -6,9910 -7.8373
7 2 -2,1043 -2,2318 _-2,3772 -2.,5366 .2,7069 -2.8859 -3.0718 -3.2633
8 2 3.3310 3.6851 4,0572 4.4433 4.8403 5.2459 5.6585 6.0766
9 2 0.0469 0.1110 0.1184 0.0485  -0.0847 -0.2592 -0.4581 -0.6710
10 3  -5.4080  -4,4080 _-3,4080 -2.4080 -1.4080 -0.4080 0.5920 1.5920
11 2 2.7429 2,6180 2,6352 2.7821 3.0268 3.3370 3.6892 4,0683
12 3 -6.2810 -6.1800  -6.0984 -6.,0315 _5,9758 -5.9288 -5.8887 -5.8542
13 3 26.9272 -7.5824 _8.,3264 -9.1307 -9.9773 -10.8545 -11.7544 -12.6714
14 3 -7.2886 -8.4685 _-9.8822 -11.4639 -13.1616 -14.9383 -16.7691 -18.6380
15 3 1.4650 2.3640 3.2824 4,2155 5.1598 6.,1128 7.0727 8.0382
16 3 -0.9993 -0.6672 _0,6063 -0.6446 -0.7036 -0.7624 -0.8159 -0.8630
17 3 -2.2581 -3.1650 -4,2237 -5.3197 -6.4073 -7.4779 -8.5331 -9,5761
18 4 -12.0933 -11.1867 -10.2800 -9.3733 -8.4667 -7.5600 -6.6530 -5.T7467
19 3 0.5425 0.8656 1.5487 2.3913 $3.2969 4.2329 5.1862 6.1503
20 3 -0.3342 -1.0598 -1.4506 -1.6735 ~1.,8123 -1,9050 -1.9703 -2.0182
21 4 -12.7026 -12.4137 -12.1320 -11.8565 £11.5861 -11.3203 -11.0582 -10.7996
22 4 -13.1751 =13.3921 -13.6431 -13.9221 14,3341 -14.5451 -14.8822 -15.2328
23 4 -13,4995 -14.0852 -14,7472 .15.4756 -16.2609 .-17.0947 -17.9693 -18,.8785
24 4 _13.6651 -14,4505 -15.3526 -~16.3674 -17.4881 -18.7065 -20.0128 21,3965
26 3 1.9489 = 2,7412 3.6045 4.5051 5.4292 6.3692 7.3205 8.2803
27 4 ~4,1421 -3.9668 -3.8485 -3.7264 -3.5946 -3.4530 -3.3025 -3.1440
29 4 -4,9111 -5.3365 -5.8792 -6.4707 -7.0239 -7.5900 -8.1461 -8.6916
30 4 -5.3670 -6.2525  _7.3631 -8.6048 -0.8965 .11.1972 -12.4878 -13.7605
33 4 _4.3230 -4.4551 -4.4546  -4,3959  -4.3027 -4.,1851 -4.0489 -3.8981
34 4 ~4.6884 -5.4685 _6.2043 -6.8820 -7.5197 -8.1264 -8.7076 -9.2675
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CHAPTER 5. LEVEL ENERGY AND WAVE FUNCTION

5-1. General

The present level spectra are obtained by diagonalizing
the Coriolis interaction with the rotationalwave functions,
which are built on a number of intrinsic states. These
states are attributed to the motion of single “quasi-proton”
in No. 15, 16, 17, 19, 20 or 26 orbital for so called P3/2

or f shell nuclei, and in No. 10, 12, 13 or 14 orbital

5/2
forf7/2 shell nuclei. In these calculations, we omit the
neutron states, because all neutrons form pairs in the ground
states of the present nuclei and their excitation energies -
are so high that they do not contribute to the low-lying
states below 1 MeV.

In the well known deformed region, the rotational
constants 3%; of odd-mass nuclei are ordinarily smaller than
those of neighbouring even nuclei. The differences between
them vary rather randomly as shown in Fig. 5-1. In the level
calculation, therefore, the rotational constant gg is used
as a parameter, which is chosen the same value for all bands

and for the strength of the Coriolis coupling in each nucleus. .

Again, Nilsson wave functions and level energies depend

on . The band head energies computed from Eq. (2-6) are

also a function of 1. Therefore, we finally calculate the
2

model energy spectra as functions of n and-%%,by the

FORTRAN IV program CORIOJ , and then search the best fit with

- 45 -



20

N
B GGQ Er Yb
\.—_

|

|

150

Fig.

5_1.

160

The rotational

i70

constants for

known deformed region.

- L4f -

180 190

nuclei in‘the well



the experimental levels. We can obtain simultaneously
the mixing amplitudes Ci% in Eq. (2-18), that is the total
wave functions for the levels considered.

In the following sections, we first summarize the level
energies and gamma ray properties which have been confirmed
until now , and then compare these with the theoretical
level spectra based on the present model and on the other
previous models. The experimental data are greatly indebted

t0 Nuclear Data Sheets (N.D.S.).
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5-2. Arsenic Isotopes
5-2-1. Compilation of experimental data
i) "Ias nucleus

This nucleus has not been observed in detail and many
ambiguities still exist.
a) Ground state.....Since the transition to the 5§/2 - level
in 71Ge is allowed, the ground state 1™ is 3/2 -,.5/2 - or
7/2 -, The transition to the 9/2 + level iﬁ 71Ge has
log ff = 7.8, and 3/2 - is excluded. I™ of this state is

probably 5/2 -.

73

ii) As nucleus
The level spectrum of 73As was investigated by several
authors through the studies of 73m’gSe decays. As is

pointed in N.D.S.. (ND66), the 66.9, 75.7 and 427 keV levels
presumably exist. Riceci, van Lieshout and van ven Bold (Ri60)
observed‘the 66.9 keV gamma rays with NaI(Tl) counter,

while in addition, Rao and Fink (Ra66) reported the relatively
strong 75.1 keV gamma rays by using a Ge(Li) detector. Thé

levels and decay schemes are presented in Fig. 5-2.

a) Ground state.....The spin and parity of this state is
inferred to have I" = 3/2 -. This is based on the analogy
with 75As and 77As. Similar result is given from the

73

log ft (= 5.2) for the electron decay to 1/2 - Ge isomeric

state.

b) 66.9 KeV level.....I "= 5/2 - is assigned from the
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angular correlation experiment of 360 - 66.9 keV gamma rays.
The spin and parity are also consistent with the M1l nature

of the 66.9 keV transition.

c) 75.7 keV level.....The total internal conversion coefficient
for the 75.7 keV transition is observed as 0.22, which is
consistent with the theoretical estimate of 0.18 for the M1
transition. The log ft value for the positon decay of 73Se

to this level is 4.9 and this supports fhe transition is

an allowed type. These facts indicate I" = 1/2 or 3/2 -

for this level.

75As nucleus

iii)
The low-lying states of 75As have been extensively

investigated through the studies of 75

75

Ge negaton decay,
Se electron capture decay and 75As Coulomb excitation.
The level spectrum is cited from N.D.S. (ND66a) as shown

in Fig. 5-3. The '°

Ge decay has been studied by Schardt
and Welker (Sc55) and by van den Bold, Geijn and Endt (Bob58a)
and the 199, 265, 470 and 618 keV levels were identified.

The study of '°

Se decay has been carried out by de Croes

and Backstrom (Cr60), Grigoriev and Zolotain (Gr615, Edward
and Gallogher (Ed61),” . Rao, MéDaniels and Crasemann (Ra66'a)
and Speidel et al. (SPBQ). The levels of 198.6, 264.7,

303.7, 400.5 and 572.3 keV are in general agreement. An
additional level at 617.7 keV has been reported both by

- Varma and Eswaran (Va62) and by Rao, McDaniels and Crasemann
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(Rabba). Coulomb excitation studies of 75As were done by
Temmer and Heydenberg (Teb6), Kamitsubo with proton (Ka62),
Ritter, Stelson, McGowan and Robinson with Ne ions (Ri62),
Imanishi, Fukuzawa and Sakisaka with.N ions (Im67) and most
recently Robinson, McGowan, Stelson and Milner With;aipha

’

and O ions (Ro67).

a) Ground state.....I = 3/2 has been assigned by a microwave
measurement. 7T = - is reasonable from the analogy with

77As and 79As.

b) 198.6 keV level.....I" = 1/2 - is reasonable. The

average ol given by many workers (Gr61,Ed61) shows the

M1 + E2 character for the 198.6 keV transition, which leads
to I = 1/2, 3/2 or 5/2. The value of the radiative
admixture 82, which is deduced from the life time (Sh59),
B(E2) measurement with Coulomb excitation and the conversion
data, indicates the spin to be 1/2 or 3/2. ' Since the

75Ge (1™ = 1/2 =) to this

negaton transition from the ground
state is allowed or first forbidden, I = 5/2.is excluded.

On the otheﬁhand, I = 1/2 is preferable frbm the angular
distribution for 66 and 198.6 keV gammas in Coulomb’excitation
experiment. T = - is deduced from the Coulomb excitation ¢ -

cross section.

c) 26u4.7 keV level.....The 264.7 keV gamma is predominantly

M1 radiation, because dK = 0.36 - 0.05 has been given by
Edward et al. (Ed61). The 66 keV gamma transition to the

198.6 keV level has a Ml type, and then the possible spin
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is restricted to 1/2 or 3/2. The angular distribution
study by Metzger (Me62) and Langhoff and Schumacher (La67)
rejects out the spin 1/2. The parity is deduced from the
Coulomb excitation experiment. Therefore, 17 = 3/2 - is
very probable.

d) 279.6 keV level.....Coulomb excitation of this level

and the angular correlation of 121.1 - 279.6 keV gamma rays
are only consistent with the assignment 1= 5/2 -.

e) 468.9 keV level.....This level is fed by the 0.72 MeV :
negaton decay (log ft = 6.9) from‘75Ge ground étate (1/2 =),
but is hardly fed by the electron capture decay from 758e.
ground state (5/2 +). The gamma transitionsxfrom the

468.9 keV level to the 279.6 and 264.7 keV levels are less
than 1 %. Coulomb excitation of this level is found.

These suggest 1T=1/2 -.

£f) 572.3 keV level.....The angular distribution of the

572.3 keV gamma rays and Coulomb excitation lead to an

assignment I17=5/2 -.

g) 617.7 keV level.....Since this is fed by the 0.57 MeV
negaton decay (log ft = 6.3) from "5ge ground state, I =
1/2 or 3/2.

h) 821.8 keV level.....The angular distribution of the

821.8 keV gamma rays following Coulomb excitation establishes
i
that I = 7/2 -.
In Fig.5-3, the observed level spectrum of 75As is

presented.

- 53 =



iv) 77As nucleus

. The level spectrum of 77As has been investigated by several

authors through the studies of 77gGe (11.3h) &and 77m

Ge (55.5s)
(Ko65,D068 ,Ng68,Im69,Im70). The result is shown in Fig. (5-u4).

The level spins and parities have been assigned mainly by

the analogy of the levels between 7SAs and 77As and by the
gamma - gamma angular correlation experiments. We summarize
these results as follows:

a) Ground state..... The nucleus 77As decays to the 1/2 -

ground and 5/2 - 247.u4 keV states in .'Se with log ft =

5.7 and 7.2, respectively. These two facts determine Iﬂ,=
3/2 - for this state.

b) 194.5 keV level.....Since this level is fed by the

7Mmge (1/2 -) with log ft 6.7, it is

75 79

negaton decay from

supposed to have 1" = 1/2 - analogously with As and Br.

c) 215.5 keV level.....Since this level is fed by negaton
decay from 1/2 - 7TMae state with log ft = 5.3, then 1" =
1/2 - or 3/2 -. However, the angular correlation measure-
ments of the Sé3 - 368 and 563 - 417 keV cascades leave

the possible assignment of only IT = 3/2 -.

d) 264.4 keV level.....I" = 5/2 - is deduced from the
analogy with 7?As and 75As isomeric states. The M2
transition probabilities from these states are about 1/20
times the Weisskopf estimate, which is just the same as the

210 keV isomeric transition of probable M2 type in 77As.

The 475 keV isomeric state of as is assigned 1T = 9/2 +
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from the above analogy. Therefore I7 = 5/2 - seems
reasonable for this state. This is also supported by the
210 = 264 keV angular correlation study.

e) 1195 keV level.....This level has either I = 5/2 or 7/2,
since it decays both to the 3/2 - ground state and to the

9/2 + level at U478 keV.

5-2-2. Theoretical calculations of level spectra(ImSQa’
In the previous subsection, the level energies, spins

and parities of odd-mass arsenic nuclei are presented.

75

Among them, the '“As level scheme is well established.

Therefore we first apply arleast-squarés fitting proceduré

to this isotope. Similar treatment are done for 77As, 73As

and 71As isotopes, but since the confirmed odd-parity levels
are not many, the theoretical levels presented may be
representative proposals.
i) o 7SAs nucleus

The levels based on our model are the function of
deformation n, and rotational constant gg. In Fig. 5-5-a,
the level spectra without Coriolis coupling are presented
against n for-§§.= 80 and 60 keV. The level energies are
modified by Coriolis coupling, as seen in Fig. 5-5-b.
"Fig. 5-6 shows the example how the wave functions and level
energies with Coriolis coupling vary against .

As seen from these figures, for small value of 7,.the

5/2 state is most lowered and as the value of 1 becomes
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large , the 3/2 state is abruptly lowered and for 4 > 2.5
the ground state has the spin and parity 3/2-in this
calculation.

A characteristic feature appeared in this calculation is
that several levels locate nearby one another and form
- apparent groups. For example, four levels of 3/2 - (ground),
3/2 -, 1/2-and 5/2-make a lower excitation group, while
three levels of 5/2 -, 3/2 - and 7/2 - appear at a little
higher excitation energy. This feature is also seen in
the experimental level scheme, The lower grouping dependé

strongly on the deformation and slightly on the rotational

constant.
2
Fig. 5-7 shows the level spectra as a function of 537'
. for different {’s without and with Coriolis coupling. It

is seen that the level locations change monotonically with
the rotational constant. Fig. 5-8 gives the wave functions
and level energies with Coriolis coupling for 7 = 6.

75AS

Since the core andpthe unpaired outside-particle in
are: subject to a pairing effect, the level spectra calculated
without the pairing effect would be quite different from
the complete spectra. An example is presented in Fig. 5-9
and any level grouping is not seen. Therefore the theory
without pairing effect cannot explain the experimental level
spectra.

" The best agréement with experiment is obtained for f = 6

2
and %% =60 keV. The experimental and the calculated energy
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levels are shown in Fig. 5-10. The theoretical levels
proposed by Kisslinger and Sorensen (Ki63), Scholz and Malik
(Sc67) and Kisslinger and Kumar (Ki67) are also presented

in the figure.

Kisslinger and Sorensen have studied systématigally thQ
various nuclear properties, using the pairing plus quadrupole
forces as residual interaction, and obtained overall agreement
for many nucleil. But they have pointed out that their model
seems 1nadequate for the nuclei with 32 £ Z £ 36. In 75As
ﬁucleus, for example, they predict only four levels below
1 MeV and the ground state to be 1/2, as shown in Fig. 5-10.
The modification of this model has been done by Kisslinger'
and Kumar, considering the anharmonisity of the doubly-even
system. They obtained the improved level spectra for the
nuclei . around Z (and N) ~ 28 closed shell, and the ground
spin of 75As was correctly predicted and also many other
levels were depressed below‘1 MeV excitation. However,
the calculated spectra do not always explain the experimental
ones. The theoretical levels proposed by Scholz and Malik
is not satisfactory.

The present theory reproduces rather well the spins
and locations of the low-lying odd-parity levels exéept the
468.8 keV 1/2 - state. In the least-squares fitting
procedure, we fitted the theoretical 651 keV state to the
experimental 617.7 keV level. The overall agreement of the

present model with the experiment means that both pairing
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and Coriolis forces seem essential as residual interactions,
but other small interactions still remain. This must be
studied in future.

Table 5-1 gives the wave functions of the calculated

2

energy levels for the optimum f and £§ values. The wave

functions will be used in Chap. 6 to calculate the reduced

75

transition probability in the.. “As Coulomb excitation

experiment.

ii) "Tas nucleus

As described previously, the spin assighment has been
done for the ground, 194.5, 215.5 and 264.4 keV states as
3/2 -, (1/2 =), (3/2 f5 and 5/2 (-), respectively.
Therefore we'presentyherelpnly the level positiéns as’ functions
of 1 and-gg, instead of trying a least-squares fit. The
calculated level spectra/afe»ghown in Fig. 5-11 and the
comparison of the vafibﬁsvtheorétical results with experiment
'is done in Fig. 5-12. Our proposed‘lévélé in this figure
are given for 1 ;.S aﬁd-%g'? 60 keV. This model predicts
- the possible exsistence of 5/2 - 529, 7/2 - 597, 3/2 - 646
and 7/2 - 838 keV levels. |

73As nucleus

iii)
Among the odd-parity levels in 73As, only three of them
have been assigned, that is, the ground, 66.7 and 75.7 keV

states as (3/2 =), (5/2 =) and (1/2 - or 3/2 -), respectively.
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Table 5-1. Energies, spins and amplitudes of 75As
odd-parity levels calculated for

1=6 and 5L =60 keV.

Energy Spin Bigenfunction

(keV) Parity (3 3/2 1 2> [31/2 10> [3 3/2 0 1)

0 3/2 - 0.97 -0.25 0.08

“211 1/2 - 1

238 3/2 -  0.26 0.84 ~0.48
279 5/2 - 0.93 0.33 0.17
529 5/2 - =0.36 0.69 0.63
596 7/2 = ~0.67 0.64 ~0. 38
651 - 3/2 - 0.05 0.48 - 0.88
839 /2 - 0.73 0.50 - =0.46
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Therefore the theoretical treatment is done similarly to 77As.

These are shown in Figs. 5-13 and 5-1U4. However, 1 ="2.7
2
and g% = 60 keV are temporarily adopted in order to reproduce

the closely observed levels near 70 keV excitation energy.

iv) 71As nucleus
The ground state is known to be (5/2 =), which suggests
 smaller than 2.5 according to the present model. Further

information cannot be derived because the experimental

data are scanty.

- 69 -



keV
1200

I000

@®
O
7

LEVEL ENERGY
N
O
Cl)!

400

- 200

AS

K 2

=80 kev —— 250 kev

24 ' 2J

5/2-
- 5/2-
- e
T/2-

i 3/2-
\/5/2 /2"
\/ w

Fign 5_13.

DEFORMATION 7

- The calculated odd-parity level spectra
in 73As as a function of deformation for

different rotational constants.

- 70 -



— ’[L —

APeER—————
AT ———
B e

- KS

Fig. 5-1k.

©/2

3/2
9/2

5/2

172

KK

As

3/2-
5/2-
s/2-

3/2-

/2" 1/o-
bE 172

5/2-,7/2-

172-,5/2~

3/2-

i

l

572~
/2~

3/2-

e T/ 2"

l

= |

5/2-

i/72-
B3/2-

5/2-
3/2-

keV
g3 —=—==-
a27 (9/24)
757 1/2.3/27)
669 25/;} -)
(o} (3/2-)
EXP

Same as Fig. 5-12 but in /°As for 7 = 2.7 and 1 = 60 keV.

2d



5-3. Bromine Isotopes
5-3-1. Compilation of experimental data
i) 79Br nucleus

The level scheme of this nucieus has been investigated
precisely by various methods. Thulin (Th55) and Bonacalza
(Bo6H4) have studie&fﬁsing the decay of 79Kr, and Robinson,
McGowan, Stelson and Milner (Ro67a) through the Coulomb
excitation experiment. The resonance fluorescence method
has been applied by Langhoff, Frevert, Schott and Flammersfeld
(La66). Referring to these works, we summarize the low-
lying odd-parity levels. The level spectrum of the 79Br‘
nucleus are shown in Fig. 5-15.
a) Ground state.....I T = 3/2 - is determined by the atomic
beam method (ND66b).
b) 217.2 keV level.....The angular distribution of the
217.2 keV gamma ray following Coulomb excitation establishes
1= 5/2 -.
c) 261.4 keV level.....The log ft value of 6.1 from the 1/2 -
ground state of 79Kr to this level indicates I = 1/2 or 3/2.
The ipfensity ratioscof the K, L and M conversion electrons
observed by Thulin lead to the fact that the 43 keV transition
(261.4-> 217.2 keV) has a M1 character. Thus the spin and
parity of 3/2 - are concluded.
d) 306.7 keV level.....The positon decay of 79Kr to this level
which has log ft = 7.3 and the angular distribution of the

307.7 keV gamma ray following Coulomb excitation are

consistent with I" = 1/2 - or 3/2 -.
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e) 397.4 keV level.....From the similar positon decay
observation M1 character of the 135.7 and 181 keV transitions
and Coulomb excitation are consistent with 17 = 3/2 -,
£) 605.9 keV level.....The M1 character of the 389.1 keV
(605.9 — 217.2 keV) radiation, the log ft value of 5.9 for
the electron capture decay to this level and the angular
anisotropy of the 605.9 keV gammas are all consistent with
1= 3/2 -,
g) 761.2 keV level.....This level is not observed in the
decay of 79Kr and the 761 keV radiation following Coulomb
excitation has a large anisotropy. These facts indicate
the spin of this level 5/2 or 7/2 and parity odd.
h) 831.6 keV level.....From the log ft value of 6.3, it.is
considered I = 1/2 or 3/2. The transition characters from
this level prefer the spin 3/2.
ii) 81pr nucleus

The level spectrum of 81Br has been investigated by
several authors, through the studies of 81Se negaton decay,
Coulomb excitation of 8lBr and the nuclear reactions of
(¥, ¥) and (3He,d). However, there exist considerable
discrepancies in the determination of the level positions,

as seen in Table 5-2.

5-3-2. Theoretical calculationscof level spectra

i) 79Br nucleus
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81

Table H5-2. Observed levels in Br,
keV
Evans  Ythier Xuroyanagi Rao et.al., Prawirosoehardjo
et.al.,
(BveTl) (Yt60) (Kub0) (Rab7) (PréT)
170
283 282 275 276 276
(5/2 =) (5/2 =)
410 :
450 480
546 545 539 .
5 50 ( 5//2""! 7/,2" )
- 565 566 566 .
(3/2 =) (3/2 =)
665 653 650 650
690
804 820 815
841 840 829 829
(1/2-,3/2-) (172-,3/2-)
1122 1146
1203
gnd 3/2 -
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Among bromine isotopes the level écheﬁe of this nucleus
is well established, as described in the previous subsection.
Therefore, we can carry out a least-squares fit to 795?,
just similarly to 75As. Figs. 5-16-a and b give the level
spectra as a function of deformation for different rotational
constants, the.former being treated without Coriolis .
interaction and the latter with that interaction, respectively{

The wave functions obtained simultaneously are also
shown schematically in Fig. 5-17. In this calculation,
five Nilsson orbitals of No. 15, 16, 19, 20 and 26 are taken
into consideration. As known from these figures, for
smaller values of § the ground state spin is predicted to bé
5/2 -, and generally for n> 6 the 3/2 - state is most
lowered in this calculation. For smaller value of rotational
- constant, however, this feature is a little more complicated.

79

In Br, there does not exist as clear grouping of

75As, which is quite consistent with the

levels as do in
experimental level scheme. The level order changes rapidly
with the deformation and slightly with the rotational
constant, but the level spacing depends strongly on both of
them. Figs. 5-18-a, b and 5-19 show the level spectra
rewrittegrémfigs. 5-16~-a, b and 5-17.

The best agreement with the experiment islbbtained by
choosing # = 7.5 and-%% = 60 keV. The calculated level

scheme as well as the experimental levels are presented in

Fig. 5-20. The predicted levels by Kisslinger and Sorensen
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(Ki63) are also shown in the figure, but seems inadequate as
already pointed out by them. According to the simple shell
model, the grouhd state spin of 79Br is 5/2, which is in-
consistent with the experiment. |

‘The present theory predicts the correct ground stéte
spin and explains rather well the locations and the order of
the excited states. In 75As, the low-lying 1/2 -, 3/2 -

and 5/2 - states seem to compose an apparent triplet.

The similar feature is also seen in the same spin levels of

79Br, but not so clear as in 75As and the spin order are
reversed. This feature is clearly reproduced by the
" present theory. Other higher states are fitted well as
follows:

experimental ‘ ~theoretical

606 keV (1/2-) or 3/2- 567 keV 3/é-

834 1/2- or (3/2-) 978  1/2- ‘
1332 3/2- or (1/2-) 1290 3/2-.

The fitness between the experimental and the theoretical
level locations is about 20 keV in the root mean square

deviation.
2
The selected rotational constant g% =60 keV is equal
75

to the value of As. The nearést doubly-even nuclei, i.e.

78Se and 80

Kr, have « values of about 100 keV.  In the well
known deformed regions, the constants for odd-mass nucleil
are generally smaller than those for the nearest doubly~-

even nuclei, with which the present model value is compatible.



0.

The ground state is mainly composed of 96 % (312> and
3% (310> . The wave functions of other states are prgsented
in Table 5-3, and these are used in Chap. 6 for explaining
the electric properties; The gréund state electric.
quadrupole moment is also calculated in the same chaptef,

using the obtained value of deformation 1.

ii) 81Br nucleus

As is pointed out in the previous subsection, the level
-scheme of BlBr nucleus has not been established. Therefore
we present only the level positions as a function of n for
the most brobable rotational constant, instead of trying a

least-squares fitting procedure. This is given in Fig. 5-21.

iii) 77Br nucleus

ot
~

|

The calculated level spectrum for ¥ = 7.5 and 57 = 60 keV

Y

is presented in Fig. 5-22.
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Table 5-3. Enérgies, spins and amplitudes of 79Br
odd-parity levels calculated for

7=6 and g§==6o keV.

Energy Spin Eigenfunction
(keV) Parity [3312) [3310) [3301) [350D  [3203)

0O 3/2 - 0.98 -0.16  0.05 -0.08 0.
182 5/2 - 0.89  0.17  0.13  0.12  0.39
256 3/2 = 0.15  0.69 ~0.70 =0.04  O.
327 12 - o. 1. 0. 0. 0.
464 7/2 = 0.72 =0.32  0.24 -0.10 ~0.45
527 5/2 - -0.24  0.53  0.80 -0.11  0.09
567 ;3/2 _  0.08  0.70 0.7L  0.03  oO.
785 7/2 = 0.38  0.65 -0.64 —0.11 -0.12
788  5/2 - -0.31 -0.32 0. ~-0.03  0.89
978 1/2 - 0. 0. 0. 1. 0.

1088 5/2 - -0.17 0.77 =0.57 0.03 0.23
1290 3/2 - 0.08 -oO. -0.05  0.996 0.
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5-4, Rubidium Isotopes
5-4-1. Compilation of experimental data !

83Rb nucleus

i)
The nuclear structure of this isotopeé has been scantly

investigated experimentally and theoretically. Very recently

however, the level structure of the 83Rb nucleus has been

proposed by Etherton, Beyer, Kelley and Horenl(EtGB)through

the study of 838r decay as shown in Fig. 5-23. They used

a Ge(Li) detector and a magnetic spectrometer. By that

time only the preliminary investigations were done by

several authors (Ku6l,Ma62,Rebl). We reproduce here the .

level properties mainly according to Etherton et al.

a) Groﬁnd state.....The spin has been determined as 5/2 by

an atomic beam method (ND66c). The odd-parity is compatible

with the magnetic moment.

b) 5 keV level.....Neither photons nor conversion electrons

are not detected directly in the transition to the ground

state. However, without this level, the decay scheme

consistent with the experimental data would not be construcfed.

The E1 character of the 418.6 keV transition (423.5 — 5.0

keV) implies that the 5.0 keV has negative parity with spin

3/2 or greater, but less than 9/2. From the relative

intensities between the 37.3 keV photons and the 42.3 keV

photons, I" = 3/2 - is very plausible for the 5.0 keV level.

c) 295.2 keV level.....The Ml + E2 mixing nature of the

290.2 keV radiation (295.2 —> 5.0 keV), the high log ft (>9)
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value for the positon decay to this levei, and the absence
of a direct transition to the ground state and other
transition to this level suggest the spin and parity of

this level is 1/2 -. -

d) 389.2 keV level.....Since the 389.2 keV radiation has a
E2 character and the 94.0 keV radiation (389.2 — 295.2 keV)
ﬁas M1 + E2 character, 1'%23/2 - is reasonable for this level.
e) higher levels.....The suggested locations, spins and

parities for the higher levels are presented in Fig. 5-23.

5-4=-2. Theoretical calculations of level spectra

i) 83Rb nucleus

As the isotope masses increase the neutron number in
the rubidium isotopes approaches to the magic number 50,

and the deformation would probably decrease. Then among

the rubidium isotopes, 81Rb and 83Rb would be profitable

in testing the present theory. Unfortunately the nuclei

83Rb have been scantly investigated experimentally

and the calcuiationvapplied only to the 83Rb nucleus. In
is

‘other than

this calculation, five Nilsson orbitals of Nos. 15, 16, 19,
20 and 26 are considered in order to reproduce the low-
lying states.

Similarly to the previous nuclei, Fig. 5-24-a gives an
example of the calculated level spectra when the deformation
changes for the fixed rotational constant of‘£§ = 60 keV.

As seen from this figure, the ground state spin is predicted
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to be 5/2 - for the smaller value of 4, , and the 3/2 - state
is greatly lowered when 1 ) 6. ' The simple shell model
predicts only f. 6, for the ground state. Fig. 5-24-b shows
the level spectra for { = 6 as a function of a rotational
constant. The 3/2 - and 5/2 - states cross at about gg =
60 keV.

One of the clearest nature of the experimental level
scheme is that the 3/2 - level locates at only 5 keV above
the 5/2 - ground state. This is distinctly reproduced by
the present theory for a set of parameters, / = 6 and
%§=69 keV. Using these parameters, the odd-parity levels
are calculated and compajred with the experimental ones,
as shown in Fig. 5-25. The calculated levels with lower
spin values are. fitted very well to the observed ones wi{hin
about 40 keV deviation, but the levels with higher spin
( 7/2) are not found in the lower energy part of the
experimental level scheme. |
ii) 81Rb nucleus :

The calculated spectrum for 1 = 7 and jf = 60 keV is

2J
presented in Fig. 5-26.
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- 92 -



8lp,

KEV
1500  ~——

5/2 -

7/2 -

1000 =— 5/9 -
3/2 -
172 -
3/2 -

7/2 -
5/2 -

500  e—
172 -

312 -
712 -

" 5/2 -

572 -
0 3/2

Fig. 5-26. The tentativeycalculated spectrum

2
in 81Rb nucleus (7= 7 and-%7=60 keV).

- 93 =



5-5. Scandium Isotopes

In the previous sections, we have shown that the level
locations of odd-mass nuclei in the lf5/2-2p3/2 shell are
well interpreted by the present model. In this section, we
apply this model to other shell nuclei whose level strucﬁures

.~ have been hardly predicted from the theoretical point of

view. As examples, we calculate the energy levels of 4580

and L“Sc nuclei.

5-5-1. Compilation of experimental data

45

1) Sc nucleus

The locations and other properties of levels of this
nucleus have been investigated by many authors, mainly using’

the nuclear reactions. The informations are given by

m

Schwartz and Alford (Sc66) with qCa(gHe,d)ussc, by ¥Yntema

and Sachler (Yn64) with 45Ti(p,ot)uSSc, by Buechner, Mazari.and

Revista (Bub58) with uSSc(p,p')qSSc and by Bjerregaard,

Hansen and Sidenius (Bj6u4) with u7Ti(d,u)u580 reactions.

Quite recently, Clikeman, Roger and Beghian (C168) studied

the gamma rays from I1L5Sc(n,n')q‘r’Sc reaction. On the other-

hand, Porter, Freedman., Wagner andOrlandini (Po66) investi-
gated qSTi(B+,EC)HSSc decay. In the following subsection,
we compile the level natures referring to the above:
observations. The expérimental level spectrum of uSSc is
presented in Fig. 5-27.

m

a) Ground state.....A DWBA analysis of the uCa(BHe,d)MSSc
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reaction indicates the ground spin and parity to be 7/2 -.
b) 376 keV level.....This level is found by a p-wave

qua(3He,d)u580 reaction and by the

transition in the
Coulomb excitation with Nitrogen ions. These . facts show

| that this level has the spin and parity of 3/2 -.

c) 725.1 keV level.....This level is fed by the positon

decay of usTi with log ft = 6.3, and the spin and parity of
this level is 5/2 -, 7/2 - or 9/2 -. From the (n,n') reaction,
this level is confirmed as I" = 5/2 -. |
d) 1238 keV level.....The spin and parity of 11/2 - is
assigned through the studies of the E€ decay of "S7:1 and

the (n,n') experiment.

e) 1411 keV level.....From the similar investigations to

the 1238 keV ZLevel,_ITr = 9/2 - is concluded.

f) 1437 keV level.....The spin and parity of 7/2 - is
supported by the study of the (n,n') reaction.

4780 nucleus

ii)
The level energies and other properties of the nucleus

have been investigated using the nuclear reactions and the

'47Ca negaton decay. Schwartz, Alford and Marinor (Sc67b)
observed the 46Ca(3He,d)q7Sc reaction and Yntema and Sachler
(Yn6u4) the u8Ca(d,3He)u7Sc reaction. The reactions ”8Ti

I

(t,a), 9Ti(d,a) and 5OTi(p,oc) have been reported by
Schwartz (Sc67a), Bjerregaard et al. (Bj6u4) and Plendl,

Defelice and Sheline (P1l65), respectively. They were also invest-
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gated by L‘L7Ca(8—)u7Sc decay (Fr63). These results are
presented in Fig. 5-28.

a) Ground state.....From the angular momentum transfer in
the (3He,d) and (d,3He) reactions and from the spectroscopic
studies, In-of this state may be assigned 7/2 -.

b) 807.6 keV level.....The above two reactions, the gamma-
gamma angular correlation and the polarization-correlation
experiments support 1™ = 3/2 -.

c) 1296.6 keV level.....The spin and parity of 5/2 - ds
obtained through the gamma-gamma and polarization measurements.
The beta-gamma circular polarization-correlation experiment

also supports this conclusion.

5-5-2. Theoretical calculations of level spectra
i) "53¢ nucleus

Six levels of odd-parity have been established below
1.5 MeV excitation, as summarized in subsection 5-5-1. in
this section we carry out a least-squares fitting procedure
to this isotope. Fig. 5-29-a gives the level spectra as
a function of deformation ff for different rotational
constants -%;. These are the spectra calculated with
Coriolis coupling.

The lower 7/2 state belonging mainly to K = 1/2 band
is greatly depressed for small fl value, and this is caused

by the Coriolis interaction. For a large value of .. ..

deformation, the 3/2 state is the lowest. Therefore,
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contrary *to the nuclei of As and Br, the ground state of 7/2 -
is predicted for rather small deformation. Fig. 5-29-b
means that under the fixed f] the level locations change
monotonically with the rotational constant.

The best agreement with the experiment is obtained for
I = 4 and %% = 170 keV. The experimental and theoretical
energy levels are shown in Fig. 5-30, where the proposed
speétra by other groups are also presented. One was
calculated by McCullen, Bayman and Zamik (Mc64) and the
other by Malik and Scholz (Ma66). McCullen et al. applied
a shell model calculation to the 1f7/2 shell nuclei. They
calculated the matrix of the residual interaction with
respect to the states of pure 1f7[2 configurétion and
diagonalized it.  However, they found in some cases the
theorgtical spectra do not always agree with the experiment.
In ”580, they predicted the first excited state at about |
1.5 MeV, but experimentally many states are observed below.
1.5 MeV. |

Malik et al. introduced a Coriolis coupling to the
1f7/2 shell nuclei but did not consider . a pairing .
interaction. According to their prediction, the ground
and the first odd-parity excited states are well represented
but the locations as well as the order of the higher
excited states are not reproduced reasonably.

The present calculation reproduced better both the

locations and the order of six. low-lying states.
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The level spins of odd-parity above 0.5 MeV excitation have

been recently established by the (n,n'y) experiment. The
. are
resultsAconsistent with our prediction. In u580, the level

‘mixing due to the Coriolis interaction is quite significant,
which 1owers‘the level energies and produces a complicated
arrangement of levels. These effects are predominant ih
our model, when éompared with the original rotational bénds.
ii) 47Sc nucleus

Similar calculation to the HSSC nucleus is carried out
for L+7Sc. General trend of the level energies as functions
of 7 and %g is shown in Figs. 5-31-a and b. The experimental
level spacings are much larger than thosé for 4580 and only
the three levels of odd-parity have been identified.

The best agreement is obtained for 7 = 3 and Jﬁ = 240

2d

keV. Considering these parameter values, the present ¥
and-£§ are a little less and larger than those for L'LSSC,
respectively. This feature is reasonable, referring to
the trend of both the first excited state (3/2 +) and the
fitting of 1f,,, neutron shells.

In Fig. 5-32, the theoretical level predictions by
the present model, McCullen et al. (Mc64) and Malik et al.
(Ma66) are presented with the experimental level scheme.

The present model explains well the two excited levels of

807.6 keV 3/2 - and 1296.6 keV 5/2 -.
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5-6. Remarks on Parameters
The selected parameters of deformation 7 and rotational

2 ,
constant jL are tabulated in Table 5-i, Since the rotational

2

constant is inversely proportinal.to the moment of inertia,
which increases with increasing mass, the values of»gg‘for
A ~ 45 must be far larger than those for A ~ 75. This
feature is seen in Table,5~u.

The scandium isotopes are near to the magic number of
20 and the deformation values would be smaller than those
for the other nuclei treated in this report. This is seen
in the table.

The values of 1 for 73As and 71As are small when

comparedvthose for 75As and 77As; this fact is easily

with .
expected, but the experimental informations abuut the level
properties for those nuclei are very poor and so the

precise measurements are expected.
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Table 5-4. The selected parameters ofi deformation 7

2
and rotational constant ?&7'

455, 4150 Tlag T3ps ops Tlas 195 S3pp

Nucleus o
7 4 3 ( 2.5) (2.7) 6 6 7.5 6
3g @ 170 240 60 60 60 60 60
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CHAPTER 6. ELECTRIC PROPERTIES

In this chapter, we discuss the electric properties
of a nucleus. It is well known that the deformation of
a hucleus leads to an enhancemeﬂt of the electric guadrie
pole transition probability over a single particle rate.
Therefore the comparison of this probability with the
experimental data ig another test of the nuclear wave
functions obtained by the present model. Since Coulomb
excitation is closely connected with both the transition
probability and the wave function, we have carried out
the excitation experiments for some of the present nuclgi.

We present general formula to calculate electric
transition probability in Sect. 6-1, and the Coulomb

45 75

excitation experiments for "“Sc and '“As in the next

section, We compare in its subsection, the experimental

results with the theory, and discuss the nuclear guadrupole

moments in Sect. 6~3.

6-1. General Formula of the Reduced E2 Transition Probability
The E2 transition probability per unit time for the
emission of a photon of energy hw=fick is (Ni55)
n

T(E2) = otre 2,(w/e)° B(E2;i » ©), (6-1)

where the reduced E2 matrix element B(E2;i»>f) between the
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initial state 1 with spin Ii and the final state £ with
spin If has the following form (Sc66):

2

e . Z q(n)12. (6-2)
™ gy -

o]

B(E23;i =~ f) =

l

=
(o2}

The QC represents the quadrupole moment generated by the

collective motion of a nucleus and is given by

) I I | _
Q, = Qoi;av_v (IiKZOIIfK)Cv_Cv . (6-3)
i f i °f

The intrinsic momentd Qo of the core is related to the well

known parameter § by a second order approximation as (Ni55)

Q, = 0.8 Z R026(1 + %&), (6-5)

where Ro is the charge radius of the nucleus and

R, = 1.2 AY3  n. | (6-5)
The terms q(n) in BEq, (6-2), which are the contribution

of quasiparticles to the quadrupole moment, are defined by

1 i
(I.-2),..,7%. 2h I I
(n) = (-T2 e (U, U -V v 0C) C
an A Mwg i K. £, ViVE ViVe Vi Vg

1
2
‘-[(IiKianIfo)Z:::(Nflf\r IN. 1, ><21 1) (1iozo|1f0)
1.1 £ ,
i~ f
> (1:A.2n]1.A.01 + q'(n)
AiAfZizf Z Zf lfAf llA ii ff

(6-6)
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where

Kf = K. + n and Ao = A, + n.

The new terms q'(n)in the expression vanish for Ki+Kf

22, and are given by

q'(n) = (-1)"(Tg" 2)<1+A2> MZ;H_ S Wy Uy SV Ve
Y] . V. Vv V. V
p E Ef Vi Vg i f i Vf
21,+1 l
-E(ziKiznleKf)lzl <Nf1flr |N. 1>(21f+1> (1;020{1; o>
i~f
" T T8y gar a3y . (Aon]1A0)] (6-7)
AR:Z.% £%1 “ff
ivfeiof
where
Kf = —Ki - n and Af = —Ai - n.

The factor (U, Uy - V@:V4 ) in BEq. (6-7) results from the
pairing effect and diminishes the contribution of quasi-

particles.,

- 109 -



6-2. Coulomb Excitation

6m2-1. Experimental method

Coulomb excitation (Al56) is a very precious and
widely used tool to extract the reduced gquadrupole transi-
tion vprobability. Many investigations have been done
and much information about the transition probabilities,
excited level properties and wave functions has been
accumulated, We have also done the Cbulomb excitation
experiment and obtained the values of B(E2) for some nuclei.
In this section we summarize the experimental method and
the extraction of the B(E2) values for 4°Sc and /°4s
nuclides.,

| The thick targets were bombarded with triply ionized

nitrogen ions which were accelerated third subharmonically
in the cyclotron in Kyoto University and extracted with
energy of 11.5 leV. The details have been reported
elsewhere (Fub7). De—-excitation gamma rays from the.target

3

nuclei were detected with a 1K"X 2" NaI(Tl) crystal

mounted on an RCA56342A photomultiplier tube.‘ The
experimental arrangement is shown schematically iﬁ Fig. 6-1.
 Each target was thick enough to stop the insidént particles
and was arranged af the bottom of a cup. Eight cups were
arranged on a rotatable dise in a vacuum chamber and the
target assembly was covered with an electric shield. The

beam current up to 1OnA of N3+ ions was measured by using

a vibrating reed electrometer.
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A large gamma ray background resulting from the residual
activities in the measuring room was found. This was
reduced by a factor of 1000 with a lead shield of about
10 cm thick surrounding the detector. Since target mate-
rials were all in powder form, they were Solidified with

cellulose acetate. The transfer reactions,12C(14N;15N)110

.
and *20(14N,13N)13Q,were, therefore, caused by the nitrogen

ion pombardment, and the gamma rays resulting from the

llC and 13N produced a new back-

positon annihilation of
ground. This could be subtracted by using the gamma ray
spectrum obtained with a pure cellulose acetate target.

The background effect of bremsstrahlung due to the colli~

sion of the projectile and target nucleus was negligible.

6-2~2. Gamma ray spectra and yilelds
Examples of the gamma ray spectra which remained
after subtracting the background are shown in Fig. 6-2.
The target materials were Sc203 and As of powder form.
The peeling procedure of each gamma ray spectrum was carried
out, referring to the spectra of the following sources

placed at the target position:

5Tg0 123 keV 137 keV
Llémpy, 192 keV
131g 364 keV
1370 662 keV.

The gamma ray spectra which were obtained by the Coulomb
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excitation of 165Ho and 23ha were also used as other
standards. They were

1650, 94.7 keV

23Na 438 keV.

The tdtal gamma ray yield for each transition was
obtained by integrating the number of photopeak counts L
and correcting the intrinsic peak efficiency of the present
erystal, The correction was also done for the absorption
effect of the target material, holder and surrounding wall. .
The effect due to the angular anisotropy of emitted gamma
rays was smaller than a few percent in the case of the -
present geometry and targets.

The total number of projectiles must be measured
accurately to obtain the B(E2) values, When heavy ions
pass through a long duct, some of them.collide with the
residual gas molecules and change their charge numbers.

In our experiment, the extracted 11.5 leV N3+ ions from the
cyclotron fly about five meters to reach the térget.
Therefore, we measured the charge distribution by a

magnetic analysis method and estimated the averagé charge

number to be 3.05.

6--2-3. Extraction of B(E2)
In case of the present combination of projectile,
bombarding energy and targets, the semiclassical treatment

of the Coulomb excitation process is sufficiently good.
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The total cross section for the E2 excitation is expressed

as

l\JNr\)l |——?>

o A2
GEZ(E) = H.819(KI—¢—K;

)2

(E - AE') B(E2)T f,(8) b
(6-8)

where Al and A2 are the mass numbers of the projectile
and target, respectively. The notation Z2 is the atomic
number of the target nucleus. The E denotes the projectile
energy and AE'=(1+A1/A2)AE, where AE represents the
excitation energy. The function sz(g) is the classical
total excitation cross section function and treated in
unit of e2b2. These notations are referred to Alder et al.
(A156).

The total thick target gamma ray yield Yth of a
given transition is obtained by integrating Eq. (6-1)
over the itrajectory of a projectile in the target and

multiplying the decay factor &€ of this mode. Therefore

we obtain

NAaIs contribuytions from

J max dE )
T = 0py (B)aaie + :
th A E2"7'dE/dX higher excited levels

(6-9)

Here, N, is Avogadro number; a is the number of target

A
nuclei per molecule; A is the molecular weight of the

target and I is the number of projectile incident on the
target. The stopping power dE/dx is expressed in unit

of MeV/g/cm2. The second term in Eq. (6-9) is the contri-
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bution of cascade decays from higher levels, The evaluation
of this term can be easily done by analysing first the
transitions from the highest excited level in the expe-
riment and successively those from the lower states.

By combining Eq. (6-8) with (6-9), the yield Y of
given gamma rays from the directly excited level may be
written as

E

max
4.819NAa A2 ﬁi ar 1

(E - AE")E ., (&)
2 ( E2 dE/d
A A1+A222 J

Y =€B(E2)+I[

_10—24.

(6-10)
The partial reduced transition probability £B(E2)T for the
excitation is obtained by determining Y/I experimentally
and calculating numeriéally the term of the square
bracket in the above equation. In this calculation, it
is necessary to know the stopping power dE/dx as a
function of projectile energy E. In the energy range of
0.1~2 leV/amu, however, there are neither experimental
nor theoretical prediction on the stopping powers of the
present targets.

For light ions such as protons and alpha particles,
the relation dE/dxacE"O'55 has been used so far. However
this relation is not applicable for heavy ions. One
method used for heavy ions is to assume constant stopping

power over the wide range of energy, but this assumption
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is inadequate for the present energy range. Another
method is to apply the proton stopping power data to heavy
lons, by correcting the effective charge. The effective
charge is estimated using the experimental Papineau curve
gPa56) on the assumption that it is independent of: the
kind of material medium. But dur experiment on the charge
changing collision of heavy ions has shown that the effective>
charge 1s dependent on the material medium and its deviation
amounts to about ten percent (Imb65). Therefore, in the
present analysis, we esiimated the stopping power by the
following consideration:

For heavy ions of about 2 MeV/amu energies, Bethe's
formula on the stopping power of a single material seems

to hold vely well (Fa63), and that of a compound may be

dE 6,2
- % = (yz.)? 0.307 Z[a.Z. 1n(L:022-10°% )JMeV°cm2/g,
1 2 TLitd
AT i I,
(6-11)
where ¥2q is the effective charge of the incident ions;
A is the molecular weight of absorbing material; a. and

i
Ii are the number of the atbm i per molecule and the mean

ionization potential in unit of eV, respectively. g=v/c
where v is the velocity of the insident ions.

Furthermore, it has been shéwn experimentally that the
ratio of the stopping powers of media whose atomic numbers
are slightly different from each other, is approximately

constant over the wide range of energy (No63). Prom
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these facts, the stopping power of a compound material

(dE/dx)m may be expressed as
(dE/dx) =.C(dE/dx>r (6-12)

where (dE/dx)r is the stopping power for the reference

medium which lies near the atom of average atomic number
of the compound. The constant C can be evaluated from
the data at energies above 2 MeV/amu. In this way, one

obtains the relations

dEB/dX

0.98 (dE/dX)Al for 80203

(6-13)

1.17 (dE/dX),, for As,

here aluminium and silver are used as the reference medis,.

In order to carry out numerically the integration of

Eq. (6-10), we used the expression

1
QJIQ.
<t

y .
= 72 exp[z:lh 1n(E )d R (6-14)
1 5003 A

where the coefficients pj were adjusted so as to fit the

experimental data in the energy range of interest.

6-2-4 Discussions about B(E2)
i) 455 nucleus
From the reaction studies (Yn64) and the conversion

coefficient (Jo066), it has been inferred that the first
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excited state at 12 keV is a d3/2 hole sfate with I =3/2 4.
Schwartz, Alford and Marimor (Sc67) have assigned the spin
of the second excited state at 378 keV to be 1/2 - or
3/2 - from DWBA analysis of the reaction 44Ca(3He,d)45SQ.
As shown in Fig. 6-2, a large number of 360 keV gamma
rays were observed in our experiment, which should be
attributed to the transition from the 378 keV to 12 keV
level. Therefore I" of the 378 keV state may not be 1/2 —,
but 3/2‘-. The yield of the 360 keV gamma rays is 3.89x
10~2 per incident particle, which corresponds to €¢B(E2)=
0.0086% 0.0017.

Thebinternal conversion coefficient for the 360 keV
El transition is estimated by extrapolating the calculated
values of S1liv and Band (S5165), and is smaller than 0.01.
Consequently, the upward reduced transition probability
B(E2) is 0.0086%0.,0017. This is in fairly good agreement
with the value of 0.0093 obtained by Alkhazov et al (Al64).

Table 6-1 shows the theoretical and expgrimental
results of B(E2),. The theoretical values are calculated
by using the best fit wave functions obtained in Chapter 5.
The experimental results for higher levels are those by
Afonin et al. (Af67).

The experimental B(E2)} for the 378 keV level is
enhanced by a factor of seven over the single particle

estimate. The single particle estimate B(E2)°P is given

by
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Table 6-1.

Experimental and theoretical B(E2) values

for 58c nucleus in units of e2b2. ,
Transition Experiment Theory Collective

contribution

Iw(energy keV) e2b2 e2b2 e2b2
3/2-(376) —=== 7/2-¢0) 0.017% 0.011 0.007
§/2-(722) —=== 7/2-(0) 0.0071%’ 0.0001 0.00003
11/2-(1238) -- 7/2-(0) 0.0062°" 0.007 0.005

a). Ref. (Im67)

b). Ref. (Af67)
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9 21f+l

Y

1.2
5)

B(E2)SP = e (flrzli)(Ii%QOIIf

where the notations are the same as those by Sorensen (S064).
A large part of the B(E2) value comes from the collec—-
tive contribution. The experimental B(E2) cannot be
reproduced at all, when only the quasiparticle: contribu-
tion is considered. The agreement between the theoretical
and experimental resulits is rather good for the 378 and
1238 keV levels. But in order to reproduce better the
725 keV state, a stronger mixing between the wave functions
must be introduced.
ii) 75As nucleus
As seen in Pig. 6-2, the gamma ray spectrum in the
arsenic experiment is composed of the 199 and 280 keV
gamma rays. The 260 keV radiation cannot be drawn out.
The yield of the 280 keV radiation is 1.61 x 1O"8 per
incident particle, which corresponds to B(E2)! of 0.050
f o.012. By combining this value with the measured life
time (5h59) of the 280 keV level, the internal conversion
coefficient o« is decided as 0.01. Consequently one
obtains B(E2)'= 0.051 % 0.012. Taking into account of the
transition from the 280 keV to 199 keV state, the yield

-8
per.

of the 199 keV gamma rays is estimated as 1.3 x 10

insident particle. Similarly to the above agreement, we
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obtain ol = 0.02 and B(E27T= 0.015 * 0.00S.

The reported values of B(E2){ for the 199 and 280 keV
levels are tabulated in Table 6-2. Some of these are in
accordance with the present observation. (Kamitsubo!s data
may contain a systematic error.)

More recently Robinson, McGowan, Stelson and Milner
(Ro67a) obtained the B(E2) values for the higher levels
by Coulomb excitation with alpha and oxigen ions. They
‘deduced the values for the 468.8.(1/2 -), 572.3‘(5/2 or
7/2 =), 617.7 (3/2 or 1/2 -) and 821.8 (7/2 -) keV
transitions to the ground state and obtained 0.0066,
(0.049 or 0.037), (0.0011 or 0.0022) and 0.054, respectively.

Using the Vvest fit wave functions derived in Chap.-
5,’we calculate the B(E2) values for the various levels
of 75As and compare them with the experimental data of
Robinson et al. These are shown in Table 6-3.

The theoretical B(E2) values are composed of two
terms; one is the contribution of collective motion and
the other is that of quasiparticle motion. As already
pointed out, the factor (U UW- - V)ivyf) comes from the
pairing effect and diminishes the contribution of quasi-
particles especially at low-lying states. Therefore the
experimental B(E2; values cannot be reproduced at all,
when only the gquasiparticle contribution is considered.
Then a large part of the reduced E2 transition probability

results from the collective contribution. This tendency
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Table 6-2. B(E2)X values for the 198.6 and 279.5 keV

levels in 75AS nucieus in units of e2b2.
Level Ritter Paul Kamitsubo Present
energy et al. et al.
(keV) (RiB2) (NDS60) (Kab2) (Im6'_7)
1988.6 0.015 0.016 0.025 0.015 £ 0.003
279.5 0.052 0.050 0.071  0.051 # 0.012
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Table 6-3. Experimental and theoretical B(E2) values

for 75As nucleus in units of e2b2.

Transition Experiment Theory Collective
contribution

Iﬂ(energy keV) e2b2 e?p? : e?p?

1/2-(198.6) <= 3/2-¢0) 0.03u) 0.007 0.006

3/2-(264.6) —- 3/2-(0) 0.0054> 0.0075 0.008

5/2-(279.5) -= 3/2-(0) 0.032% 0.062 0.064

1/2-(468.5) -- 3/2-(0) 0.007> |

5/2- 0.04g>? 6.007 0.011

or (572.1) -- 3/2-(0) b)

7/2- 0.037 0.027 0.027

3/2-(617.7) -- 3/2-(0) p.0017b) 0.002  0.003

7/2-(821.8) -- 3/2-(0) 0.037° 0.008 . 0.008

a). Ref. (Im67)

b). Ref. (Ro67a)

4
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is readily seen in Table 6-3, The last column of this
table gives the magnitudes of the collective contribution.
The spins of the 572.,1 keV has not been clearly
determined, but possibly believed 5/2 — or 7/2 -. The
theoretical B(E2) values are calculated for both spins and
the B(E2) for 7/2 - is found closer to the experimental |
value, The ﬁheoreticalvalues for a few levels are a
little smaller than the experimental ones, This probably
implies that the actual deformation may be larger or the

real states may mix more strongly with each other owing

] rotation-vibration or neutron-

to another interaction —
proton interaction, However, since the calculation is
done without using effective charges, the overall agreement

with the experiment seems worth noting.

i) 79Br nucleus |

Historicallx Heydenburg and Temmer(He54) first deduced the
B(E2) values for the levels of 79Br by means of Coulomb
excitation, but their results have not been well refined.
Recently, however, Robinson, lMcGowan, Stelsoh and Milner (Ro67a)
have investigated more precisely the properties of the
low-1lying levels of this nucleus. They used 2.5 ~ 7.0 MeV
alpha particles and 36 MeV oxygen ions. These results
are shown in Table 06-4,

We calculated the B(E2) values similarly to the preced-

ing analysis and tabulate the results in the table.
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Considering the experimental, theoretical and collective

magnitudes, the same discussions as for 75As could be
‘done.
Table 6-4. Experimental and theoretical B(E2) values
for 79Br nucleus in units of ezbz.
Transition Experiment ‘Theory Collective
(Ro67a) contribution

Iﬁ(energy keV) e2b2 | e2b2 e2b2
5/2-(217.2) -- 3/2-(0) 0.0263 0.12 : 0.12
3/2-(261.4) -- 3/2-(0) 0.007 0.005 0.005
1/2- 0.0422 0.005 0.005

or (306.4) -- 3/2-(0)
3/2- 0.0211
3/2-(397.2) -- 3/2-(0) 0.0033
5/2-(522.8) -- 3/2-(0) 0.063 0.008 0.008
3/2-(605.9) -- 3/2-(0) 0.0152 0.005 0.005
5/2- 0.085 0.014 0.013

Or (761.2) -- 3/2-(0) :
7/2- 0.064 0.003 0.003
1/2- 0.0012 0.005 0.005

or (831.6) -- 3/2~(0)
3/2- | 0.0006
3/2- | 0.002 0.002
or (1332.3)-- 3/2-(0) -
1/2- ~
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6-3. Guadrupole loment

The nuclear deformation is reflected on the_values of
intrinsic quadrupole moment QO and electric gquadrupole
moment Q.‘ For doubly even nuclei, Qo is related to B(E2)

by the following formula (ND65).

Q, = [lgﬂ B(E2;0 > 2)1° | (6-15)
Therefore one can obtain easily the intrinsic quadrupole
moment from the experimental B(E2) value.

When we assume that the deformation for an odd-mass
nucleus might not differ from that for the neighbouring |
doubly—-even nuclei, we can compare the QO value evaluatéd
by Eq. (6-4) with the experimenfal values for the doubly-
even nuclei. These results are shown in Table 6-5.

44Ca, 46Ti, 74Ge, 76Se and 788@ are used as the

Here,
neighbouring doubly~even nuclei. The agreement between
the two QO values is sufficiently good, and this fact also
supports the present theory.

The quadrupole moment § can be also related to the

wave function and the deformation as follows:

2 3k2 - I(I + 1)
£

- I
Q = %éICK T+ Dor + 3y % (6-16)

The Q value are calculated for the ground states of 4580,

75As and 77Br, and compared with the experimental values.

These are tabulated in Table 6-6. An oversgll accordance
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is seen, which means the present wave function for each

nucleus i1s sufficiently adequate.

Table 6-5. Theoretical intrinsic quadrupole moment Qq
compared with that of doubly-even-mass
nucleus.

Nucleus Present theory Experiment (ND65)

(in barn) (in barn)

*ose 0.45 0.60¢*"ca)  0.90¢*%Ti)

e 1.56 1.78( " ee)  2.17("%se)

79Br 2.17 1.9u("8se).

Table 6-6. Theoretical and experimental quadrupole
moment Q.

Nucleus Present theory Experiment
(in barn) (in barn)

45

Sc -0.10 -0.22 (Fr59)

Tops 0.28 0.29 (ND66a)

79 0.40 0.31 (ND66b)
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CHAPTER 7. SUMMARY AND CONCLUSION

We have studied the nuclear structure of some off-

71As 73 75 77 77Br 79Br 81Br

magic isotopes, , As, As, As,

81Rb, 83 45

b 2 >

Rb, Sc and u7Sc. Here, we have considered that

each nucleus is composed of a doubly-even core plus an
unpaired quasiparticle. Furthermore we have assumed that
the core subjects a quadrupole distortion and the unpaired -
gquasiparticle moves in the quadrupole field under the
background of pairing force. Then we have introduced a
non-adiabatic model, where the motion of the quasiparticle
moving in Nilsson's deformed orbital is coupled by a
Coriolis force with the rotational motion. It was found
that the quasiparticle formalism leads to a reduction of

the off-diagonal part of H as well as a compression

coup
of the low energy spectrum, when compared with the single
particle picture.

In order to kﬁow about the quasiparticle motion, one
quasiparticle energy and the wave function, we determined
accurately, at first, the single particle energy ¢, and the
wave function “8> for N = 3 shell and then the chemical
potential X and the energy gap A.

We have used Nilsson Hamiltonian to represent a single

particle motion in a quadrupole field. This Hamiltonian

has four parameters, di,((,}k and Q. Among them, a

reasonable value for &k has been obtained by taking the

- 129 =



root mean square radius for all the nucleons to be equal to

%,1_2.A 1/3 ~1/3

nuclei. We determined other two parameters [k and K for

fm, which gives ?&%= 41 A MeV for all
N = 3 shell, referring to the obsérved single particle level
spectrum of 57Ni isotope which is composed of doubly-magic
core plus one nucleon. The obtained values of K and M are
0.034 and 0.284, respectively. We then calculated the
eigenvalues £, and eigenfunctions [¥)» as a function of 7.
These results are presented in a figure and a table.

Two parameters X\ and & were determined by introducing
a pairing strength G and a true particle number n. Here
the constancy of G for the same A have been assumed and the
value of 19/A MeV has been chosen according to Kisslinger
and Sorensen. They obtained the value by applying the.
following three methods to nickel isotopes: first, a
comparison of the experimental odd-even mass diffefences
with the theoretical ground state energy differences between
odd- and doubly even-mass nuclei. second, a comparison of
the theoretical with the experimental energy levels for
odd-mass nuclei; third, similar comparison for doubly
even-mass nuclei. The final results of these parameters
N and A are shown in figures for the present groups of
isotopes; arsenic, bromine, rubidium and scandium. It was
found that N changes rapidly but & slowly with /.

We could then calculate the present model spectra by

diagonalizing the Coriolis interaction with the rotational
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wave functions built on a number of intrinsic states. These
statés are attributed to the motion of a single '"quasi-

proton" in No. 15, 16, 17, 19, 20 or 26 orbital for so called
Py/o OF f5/2 shell nuclei and in No. 10, 12, 13 or 14 orbital

for so called f7/2 shell nuclei. These calculations were

2
done by using only two free parameters v and g?, which

were determined by the best fit procedure between the

calculated and the observed level locations.

Among arsenic isotopes, the 75As level scheme has been

75As Coulomb excitation and 7SGe and 75Se

75As was done with and

well established by
decays. The level calculation for
without Coriolis interaction and/or pairing force. It was
found that only the calculation including both Coriolis and
pairing forces can reproduce the experimental level scheme.
A characteristic feature in this calculation is that

several levels locate«: neaﬁ}y one another and seem: to form
apparent groups. For instances, four levels of 17 = 3/2 -,
3/2 -, 1/2 - and 5/2 - appear:: at low excitation energy

and three levels of I" = 5/2 -, 3/2 - and 7/2 - at a little
higher excitation energy. This feature is distinctly

found in the experimental level scheme. The order of the
lower four levels is dependent strongly on the deformation
and slightly on the rotational constant. The best agree-
ment with experiment was obtained for 7 = 6 and 3§;= 60 keV.
Previous theories can not reproduce the 75As level spectrum,

but the present theory explains rather well both spins and

locations of the low-lying odd-parity levels. The exception
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is found for the 468.8 keV 1/2 - state.

For 73As and 77As, the spin and parity assignment has

been done to only a few levels and we can not execute the
best fitting procedure. We present here only the tentative
level spectra calculated using a set of parameters 9 = 2.7
and-%ﬁ-= 60 keV and a set of f§ = 6 and §§;= 60 keV, |
respectively. The ground state in 71As has been known (5/2
-), which suggests 1 smaller than 2.5 according to the
present model.

Among bromine isotopes the level scheme of 79Br has

been established, and so we carried out a least-squares fit to

this nucleus. The best agreement was obtained for 4 = 7.5
o . "

and ng = 60 keV. As previously noted for As, the three
levels form an apparent triplet. The similar but not so
clear feature is also found in the 5/2 -, 3/2 - and 1/2 -

79

states of Br, but the level order is different from that

in 75As. We found that this grouping feature is clearly
reproduced by the present theory, and other higher states
are fitted, .too, within the root mean square deviation of
about 20 keV from the observed levels. For other nuclei
of bromine, we presented only tentative theoretical level
spectra.

83Rb level scheme

One of the distinct features of the
is that the ground state is 5/2 - and at only>5 keV above
the ground state the 3/2 - level is located. This feature

was reproduced by choosing n = 6 and é%?= 60 keV.
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Furthermore, other levels with lower spin values could be
fitted very well with the corresponding observed states
within about 40 keV deviation. However, the levels with
higher spins, i.e. 7/2, which appéar in the calculated
spectrum, are not found in the lower energy region of the

experimental scheme.

For u580 and q7Sc isotopes, the best fit was obtained
2
for a set of the parameters /] = U4 and %L-= 170 keV and for

7 = 3 and §§,= 240 keV, respectively. Previous shell model
or other models cannot account for the low-lying levels, but
the present model predicts rather well all these levels.

The 7/2 - ground state was found to belong mainly to K = 1/2
band. ‘The trend of each parameter is reasonable, when one
compares their 3/2 + first excited states with the filling
779 neutron shell.

In order to check the validity of the present wave

of 1f

functions, weinvestigated in detailthe reduced electfic
transition probability B(E2). This probability is enhanced
many times over the single particle rate by the deformation
of nucleus, and is also dependent upon the wave function of
individual nﬁclear state. Therefore, the comparison of
the experimental with the theoretical probability is one

of the most valuable methods.

We presented the general formula to calculate the B(E2)

value. It was found that the pairing effect diminishes the
contribution of quasiparticleé and almost of the E2 transition

probability comes from the collective part. Since the
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experimental B(E2) value is generally extracted from the
Coulomb excitation experiment, we also carried out the
experiment using nitrogen ions as projectiles and obtained

the vaiues for usSc and 75

As. In the extraction procedure,
it is necessary to know the stopping power as a function of
projectile energy. Since the stopping power data have
" been obtained only for a few combinations of projectiles
and targets, we present a semiempirical method to evaluate
the stopping powers.

finally, we compared the experimental with the theoreti-
cal B(E2) values, and obtained an overall agreement. For
a few levels, the theoretical valuesiare smaller than the
éxperimental ones. This probably implies that real states
may mix more strongly with one another owing to other
interactions—— rotation-vibration or neutron-proton interactién.
Since the éalculation has been done without using effective
charges, the overall agreement seems worth noting.

The nuclear deformation is reflected on the values of
intrinsic quadrupole moment Qg and electric quadrupole
moment Q. We calculated them using the defdrmatioﬁ and
the wave functions obtained by the present theory. We
compared the calculated QO and Q with the experimental QO
values for the nearest doubly even-nuclei and the experimental
ground state Q values, respectively, and a satisfactory
accordance was found. |

In conclusion, we have studied the nuclear structure of
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As, Br, Rb and Sc isotopes from the point of deformation.
The quantities we calculated are level energies, B(E2), Qé
~and Q values. As for thelevel energies, we obtain satis-
factory agreement between the calculated and the experimental
results. The B(E2) values are predicted well for most of
the transitions, but the prediction is poor‘for a few cases.
This means that some of the théoretical wave functions are
not always correct and additional interactions must be
considered as higher order perturbations. The obtained Qo
and Q values, which do not depend so much on the wave
functions, are reasonable.

To confirm the present model more, the experimental

informations about the properties for'7lAs, 73As, 77Br, 81Br

and Ble nuclei are expected. The expérimentai B(E2) values
for the transitions of unstable nuclei are also necessary to
refine the interaction Hamiltonian.

Some nuclei in the isotopes such as Ge, Se, Kr, Tc, Rh,
Pd and Ru probably suffer incipient deformations but they
have been hardly treated theoretically. In'future, we

intend to apply the present model to the odd-mass nuclei of

these regions which locate away from the closed shells.
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APPENDIX COMPUTER PROGRAMS

PROGRAM NILSR computes the eigenvalues and eigenfunctions
for Nilsson Hamiltonian (3-3). This program calls JAC
and VCCOEF.

FORTRAN IV SUBROUTINE JAC diagonalizes the real symmetric
matrix. This is prepared by Hitachi Ltd.

FUNCTION VCCOEF computes the vector coupling coefficients
<J1M1J2MZIJM>' This function calls FACTO.

FUNCTION FACTO is called by VCCOEF to compute the
factorials x!.

PROGRAM QPFEEG computes particle numbers and pairing
strengths for given sets of chemical potential and
energy gap.

PROGRAM CORIOJ computes and diagonalizes the Hamiltonian
(2-11) with rotational wave functions which are built

on a number of intrinsic states, for given sets of
deformation and rotational constant. This program
calls JAC and VCCOEF.

PROGRAM COBE?2 reads the wave functions calculated by
PROGRAM CORIOJ and computes the reduced quadrupole
transition probability by Eq. (6-2). This program
calls EXVR2 and VCCOEF.

FUNCTION EXVR2 computes the radial matrix element

(N'1'[ % N1).
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CPFCSTENNCT L) WHESSTGNINCT, JCI—=1 0G0 TO 4306

FOR SAME SLOM  DIFFERENT GLAON AND STGON

CELS=0 . 5HSORTCCSLAON (] y JLD=GLAON (1 JCI IXCSLONCY g JCOFGLADON (1, JCI+1..0)

G TN 4305

b 306

4305
.MC»

e B30T

4302

SLONM= AnAX?(QITP%

WRITE(K,4203) . o e e e A1 3 o st et
PECGLADN (1 g JL) NESGLADNC(L ,JCI=1.)GN TO 4302
FECSTGANCE, JLY SNESSTGONCI 3 JCIHFT )G TO 4307 e ciaie s oo
FOR SAME SLON DIFFERENT GLAON AND S{GON

~ELSE O.rﬁg(?T(CSLQN by JLOFGLADN C(1y JCII¥CSLONCE 3 JC=GLAON (1, JCIET D)

6N TO 4309
RITECG,4203) : e e et ettt e e
LFCARSCSLNNCE, JL)=SLONCI,JC) ) WNEa24)G0 TO 4308

D FCGLAMN (L g JL D) WNE GGLADN (I g JCI DGO T 4308 o e i o i

SLONL=SLON (L, JL)

SSLONG=SLAN (L, UC) e , e
g SLI MC)

=SLONMAR ¢ JNCTMNNT T D SLIINMAT g ) ) wrrrrire smisessm s oo s ot st

ERS=SARTCCTNNT (1
VOA= =SLON (1, JC)

VCF“%Lr”(i,JL)

r VO TG L AN G g 0 ) o o i i e e b i e e

VCY=0o

CNCZEVEY e . . e st 4 e 5 1 B e 1

VCAX=0

~NMCZZ2=0.

4308

4007
e b006

4204

4205 |

4206

EY2N=SQRT(54/44/% 41415926%( 2 %S Lﬂh(i?JC)+1 )/CZe%SLDN(l,JL)+1.))%
TVCCNEF(VCA,VCX, VCR, VCY,VCC, VCZ)YVCCDEFCVCA VCXX, VCB, VCY,VCC,VCZZ)
ACdL, JC)*—ETA(JD)%4 /J.%QQRTcz 1413926/5 )XERS%EYZU-Q KELS=SMUCIED
LISEELL s R - e s e e e
CONTINUE -

CONTINUE - ..

quTF(6,4204>(%LPw(i,J) GLAﬂv(I,J) SICDN(I J) J= 1 JS!)
FORMAT(TH p 7HSMALL L, F1045,5X%,11HLARGE. LAMDA F10. 95Xy SHSLGMA, F10.-
15) ’

WRITECS, 4205) . . e et i
FORMAT (1M 41HDiArnNAx AND NFF DIAGINAL MATRIX FLF«ENTS)
WP!TFCC,APOU)((A(JL,JF),JF 1, JSE), JL=1,d81)

FORMATCIH ,8F1547)
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1

N 4010JL=1,J81
DO 4011 J0=1,.J81
. ACIL, g00=ACd0; JL)
4011 CONTINUE
4010 CONTINUFE :
CALL FIGTCA, U, Ny EPS, TTHMAX, IND)
: WRITE(G, 4217)
4217 FORMATCOTH g1 200EGEN VALUES) :
e G n(4309 A309, 4310 4111 4321),J8! B
4309 ”RuTF(6y4“O7)((A(JL,JC>,JF~!,JS!),JL:i,JSl)
GO THh 4318 ) U
4310 WRITE (674?08)((A(JL JCYyJC=1,JS10,JL=1,U81)
. G070 4318
4311 WRETF(G,A?OO)((A(JL,JC) JC=1,J81 ), JL= 1 Jst)
. .GO TO 4318
4321 WRITE(H,4218) ((ACIL,J0),JC=1,451),dL=1, JS!)
S....G0 TN 4318 :
4207 FORY AT(W” 2F15.
4208 FORMAT(4H ,3F15.
4209 FORY AT(TW ‘
LART8 FORMATIIH 5715,
4318 WRITE(6,4210)
4210..F0 P“ATC1” » 2BHETGEN VECTOR SMALL A L LAMDAD ..
GO TN (4312,4312,4313,4314,4322),JSI ' 4
4312.WR!TFC694207)<CUCJL,J0),JC:1,Js:),Jsz,JSL)W;wWWWWw”meMwwam”mww

-
~
Iy
—
o
.
~N I

60 TN 4319 |
L4313 URITE (ny4?08>C(WCJL,\C) JOTT 3 JST ) JLTTy IS T e
G0 T 4319 o
4314 WRITE 6, 42000 CCUCIL, J0 )y JO=T 5 IS Yy LTy IS Do oo

G0 T 4319

322 NMRITE(6,4218) CCUlIL,JC), Jc_,,dgl),Jqusty)qw,_,WWWWMHWWMM¢WWWMWWW

4319 WRITE(G,4228)

e A228  FORMATCIH. g P8HELGEN. VECTOR LARGE Al LAMDA D ot o e ot e

DO 4008 JL=1,J81 :
D3 4009 J4C=1,JdS81. e e s s s e
AL(H‘(J&,JC)WU(JL JF)/U(1 JC)

SAQOSLCONTINUE. . . . e A e i ke R e B P

4008 CﬂNT?NLM
GHHTHC4S1G 4
4207

U ¢ 13 4316, 4317, ﬂ3?3)?JSI
4315 WRITE(S,

315, .
) CCALLON CIL,JC Y, =1 581 ), JL=T,d81)

o LGN T 4320 e -
4316 WRITE(6¢4208)((ALLDN(JL JC)yJC=1,d81),JL=1,d81) _

GO T 43200 L e oot o e s i
4%17 WR!TE(D 4209) CCALLONCJL, JC), JC 1,JS!) JL 1 JCI)

43?7 WR!TE(G 4?18)((ALL1%(JL,JF) JP“T JSI) JL*‘ JS!)

4320 WRITLC6, 4211 N, FPS, | THAX, [ND

4211 FORMAT(IH 94N NOF F1G1,I9 3X, 3HEPS, FQ 3 SX 5“1T AX,I9 3x 3#1&0,:9)
~ WRITE(G, 4212) : e
4?1? FORMAT(C 1! ,AOIFALFULATIHN rnP THIS DCFDRMATIHN |s ﬂVE?//)

4000 -CONTINUE- R st s e

WRITECG, 4213)
- 4293 FNRMATCTH 5 40HCALCULATIAN FOR-THIS N AND-NMEGA- 1-S-BVER//) o om i o
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4002 GONTINUE
WRITECG,4214) o
4214 FRENMAT(1H ,26UCALCULATION FOR MU 1S NVER//////)
4001 CONTINUE T
4301 STOP
END

C¥JAC

LYNOGOEE. . , HADP R e e e
FUNCTITN VOCNEF(VCA, VY, VOB, VCY, YO0, VCZ)
CDLUMENSION . YES(99) ’ e o e e e
cnM 1ﬂN Vo1 (99)
] FE N CA VPEwVPC LT a0 w0000 T IO T D072 o oo et e s s s ensieme
!f(y BJMCP VPA¢L|.~O 00001)0 TN 201+
!f(V\A VPX.11.~O OOOOT)CW 0 2012
A F (\/pq....v Yol Te—0e0000% )(‘p B T & T T
! “(VCC~V0ZLT«=0.000012G TN 2012
1 ECABS (VOXHVEY=VCZ) «6T «0400001 )G TH~201 2 o
Vel (1)=0,
=D 2001 TV=1, T
VGl (lVF1)“VPI(Iv)+1.
200 - CONTINYF , « v e i o o o e e e
A JH~VFA+MFB~VuC
AXMEVOA—=VYEX O OO
%(’“VLB—VbY
v ATV OORVOZ -
CZM=VCC—VCZ
e ABDASVOARVOBHYCOHT . o e e e e
ABM P VCA—-VCB+VCC .
CAMBOTVORAVOC—VCA ‘ , . e e e o e e e e i
X“VCA¢VCX
L BYZVORSVOY , e e bt e o s e e
SJVCP— ORT((?.VVPF+1.)MrAFTﬂ(ABFb)%FAPTPCAXM)KFACTO(BYu)VFACTO(CZ)
M(‘rl(rwJ/(H\FTU(/\WM)V{M‘Tﬂw\ar\m)><f-‘!\m‘fj(;mBF)VFACTF)(AX)%"w.vm_.w
?rAF;ﬂ(RY)))
VS d)=0v- - e o e e e e - e e 1 e R e i 1
¢P A V(\ P_ 0 ° :
i Y 2000 JV= : Ce e e i A 3 S b e e
: AXS=VCA+VC XFVC%(JV
~BCXﬂQ\”VCB4VCC —\OY~-VCS{JV) e e : . e

,MAX, “;Vhp—V(X —VCS 4V e et e et e et e e e
074 SM=VCC=VC Z=VCS {UV)

L BOMXS=VCR—=VCCHVEXEVES (V) e e e e e e e e
I F(CZMSHM oL T «—0.00007)G0O T0O 2011
PRCAXMSH o LT «—0.00001)G0 TO 2011 e
IF&BCMXS.LT.~O¢OOOOT)GU TO 2017

L SMYCP=SMVE PR L )N (VCS UV IFVCA=YOX I¥FACTS (AXS)MFACIQLBCX“SM)/

1(FACTN{S )V‘ACTHCAX“QM)YFACTU(FZWSN)*FACTDCBC IXS))

L2017 . VOS{IVE1 )=V eS UV I+ o B . B e e e e e
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CYFAGTN

CONTINUE
VCCNEF=SOVEPAESHMVEP
GO TO 2013
VCCMNEF=0.
RETURN
END

HARP
FUNCTION FACTOCVE)
CAMMON VC1(99)

,‘.'\(“'Tﬂ lo

IrfARQ<vr),lr 0.00007)60 TN 4007

L EVF L LT-=0200001)60 TN 4007

DO 4003 V= 1 99

4003
el 20 G

4007
4202

4007 RE

FACTWKFACTW¥(VF“VCE(EV>)

FFOVE-VCT (V) oL Te1.00001)G0 TN 4001

CWNT(NUE -
iTFCé,A?O?)FACTH

fﬂ% AIATCAN g B0HFACTO. REPEATED. TND MUCH

GO 70 4001

WRITECG, 42000VF . . I
FORMATCIH ,35HTHIS ARGUMENT IN FACTO IS INVALID. ,Ex7 8) :

TURN
FND
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YQPFEEG HARD
S MRITECA,5201) R R e
5201 FARMATCII, 6OVGCALCULATINON NF FERMI ENERGY AND ENERGY GAP FOR QUASI
L PARTICLES///) S i
CIMENSION DTACID),Lu(99), TNNT(99), °WNi(99)9ENU(99),i RI (99 ),
L TENEGPC99), zn!MFxOU) A%hH(UU),SKAP 959, AN 699>Amwww~‘,, el
DN 5001 K= .

w5101.

}7)
R?“”()?%:UTJK y 1S

TRMATC215)

READCH,5T04 TS KAPIK, KDY, KN=T 3 KS) . i
FROKSLEG =106 T 5304

Pﬂ )OO( 5..’-'."6;ir">
READTS,510200TACIE D, .
FORMATOETO A.;’y‘ 5D e i e s e e s e A e
D“) 5003 1=9,18

CRE (;\ 5 )1>>L° {1 ) T\z'(k |) SEM - ) e e s e e S g e £ 4 St
F\RAATK 3,?riU.>)

OIS N U e o e - o e L i B e A S50 i AR A 3 e s e
B0 5004 EA:1,98

e READ (5, 5104 VAN CEA ) g TERM |, FERMF y FERMN y ENEG Py ENEGPF 5 ENEG PN
5104

-cy

5203

5204

--5005 -

-~ 5205

I‘R‘\r\'(/[§047> )
~UPPER VARFABLES EXCEPT AM-ARE GIVEN N UNLTS TF MEV g i i

FECAMUTA D) oLF a=1 «0GI T 5303

Vhf.r’w,5203)AM(lA),DTAC|F> - e
FORMATOIH 5 T1HMASS NUMBER, 9X, 1 3-7 1)X ?J*Dﬁfﬂhnmlfﬂw ARA”ETER 0T
~AAGFTI5 T /1H  , T2HLEVEL NUhﬂiR,HX ?6[5A3M31? SO0SCHLLATOR-NUMBER2X, 25~
QHFfUFNVMLbLQ OF FUNCTION Ry2Xy 20HNTLSSUON LthL EVERGYy 2Xy WZHLSFUUD
3L14G K)o R

D0 5005 = 1?ss
;w“g»zNT\T N CEHD) )+ R RSP SO
LuJ(s>“41./Ara!A>%%o.33333%<1./<1.~4./3.%DTA<!E>%%2~
A1 6. /2T HDTACIE 3 IXX0 1 6666 THCTNNT CED+T o 5I4+SRN (0%
H%KAP(k,<i))
RiTr 65204 LN CTD, THNICL), °<M£&t) UG ) SKAPCK KD e i e
Fﬂ Ar’i‘ s DOy Fi5e73 13X, F1567, 12x F1547, 9X,F75.7)
CONTINUE IR e e s et e e

FERMOT )= FF”H
Dﬂ 5006 LI=1,98
WRITE(G, 57 O“t

.

)
FNERGY LAMDA,F15e7/5% 51 0HENERGY.-GAR, 5%, 1-41PA] -

RvCLL
fﬂ’“A|(§” g THHEFRRAM
TQ!V ENERGY,1X,1SHPARTICLE NUMBER) .
CAENEGPCAZENEGP! . o R A
LDQ 0 ‘
. DO-5007 LD=1,98 , , O .

: U. 5008 1=1,18

LDS=LD S+
CPARNOCLD)=0.
PATREI =D .

PATRETI=PATREI+(14/SQRTCCENUC] )= rL 3 (LL D D¥2+HENEGP(LD )%2))
PARND (LD )= PAan(h_)+1.~CENUC§) ERMCLL)DZ. . e

1@0R1((ENU(?) FFRM(LL))%N?4ENFGP(LD)*%?)
5008 .CONTINUE..

PATRECLD)=2./PAIRET
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007
301

206

006
302
207

004-

303
208
002

209

CNEGPCLDHFII=ENEGRILD ) HENEG
FFCEMNEGPILD+FT) oGT W FnFUPF)Gﬂ TN 5301

CANTINUE L
WRITE(H,5206)CENEGPILD ), PAIRFCLD), PARN ﬂ(LD) Lp= 1 1LDS)
r”“1AT<1“ s H5(F5e2,F8. 4,;10 4)) . .

*\M(LL!1)”FF< CLL)+HFERMN

.lF("lRV(LLii) GTFERMFIGH TO 5302 e e e

CONTINUF ‘
WRITF(6,5207) o e

FORMAT(IH ,36HCALCULATINN FOR THIS NUCLEUS 1S OVER/////)

CONTINUE - o et e

WRITE(S,5208)

FORMATCTH 5 401CALCULATION . FOR THIS DEFDRMATION- A S-DVERL/LL//1177 )

CONTINUE

MWRilr(h,J?OQ)

FﬂRmAT(1 ,41“FALCULATIHB FOR THIS 1S PARAMETER I\ GVER//////////)

304 STOP f
o BN e e e
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(CNRY

211

C1GLANTC15),8R01(15
¥
3,05015), SUMASCT5), SASUNACTS), PL¢<1)> FOMNUCT5), EPANGCTS) A (]
C
»5EVFG”(19) NINOGCO9Y, SUMII (15D, EAMNI (1 5)

:M{éd

.27

.53

123

e} Dl

2]

I A

213

~RFAD(5, 1°6)AH(IA) INCTAY, QKAP(!A),!SRCIA)

nJ HARP
WRITECH, 211)
FORMAT(1HT, 23HCHT
DIMENSION A“(1Q)

IOLTS - COUPLING MODEL///)

M(19),1B1 (19D, rTA(o) TMN!(15) nvn!(1>) 7“Ml(
| HJ(1>,/) GLAW (15, 7),SlFﬂM(1>,7) AlLﬂ\(1%
15,7, JInC1 °“%l(x5) RNOT(15), Rﬂ<<1%> M (

b
9

.
'3

,/

4

‘4‘

),
PSALLANC(15,7),0dNN (1

A e
N ot N N
- ;

LU O IR S

5
4nrrm€(1 Yy vrbn<1>) ud1s ,16),A1(1> 13) CLLCT15), S<AP<19) FERA 9

DIMENSIOAN NINORCI9OI,NNINCI9), TNNIR(99),0MN !R(99) z N!RC99)

~16LANR(99) ,SLONR(99,7),6LANR(99,7), QlGDR(99 7Y JSRC99),!SR(99)

28RANTRC19)

FURMAT(]J)

DO 53 N=1,IN

READ (5,121 ININAR(ND), JSR(N)D, TNNIR(N) DdNIR(N) ZNNIR(N) GLANR(n

JSI=JSRIN)D

_BEADCS,120)IN S, : et <o et o e o et e e e 1

FORMAT(215,F540,F5e1,2F540) - AR

CREAD(5,122) (SLONRIN, J )y GLAORCNy J)y STGORIN Iy J=T 9 IS b oo o

FﬂR?AT(A(?FS 0, FS.T))

LONTINUE o : e s e e, R i et 0

DO 11 TA=1, 19

FURMAT(SFJ.O,IS)
A FCAMCIA) oFR a0 )BT TH 1110 <o v oo v ame s

SKPP=SKAP(IA)

IS=1SRCIAD .
READ (5, 1/4)(¢NIN(!),S—“,IS)
FIYRMAT ( RO S —

WﬂlT[kB,(T”)AMk!A) ZN&IA) S(AP(IA)

FORMATCIH - 5 1THMASS NUMBER,9X, F1647/1H 31 3HATOMA C-NUMBER y- 7X4-F 167/~

1“ s SSHMSTRENGTH PARAMETER ﬂF LQ COUPLING K,F1547)

Dﬂ 12 -1E=1,9
READ(S, 1?))FTA(JF) FFRM(!F) FNEGP((E)

FORMATC3F1045) R ——
PFCETACIE) W Eo.~1.>en 0 1109

mWRITECHy 213)ETACIE) g FERMCIED) yENEGPCEE )
FORMATCTH 4 21HDEFORMATION PARAMETFR 99X,y F16.7/1H ,18HFERM! ENERGY L
1AADA 12Xy F16e7/1H. 4 1OHENERGY.-GAP, 90x F16.7)

READCJ,126)(°RNIR(I),1”1,IS)

e R e EORMATCTF1 0 05 e ‘ , R

DO 55 1=1,18

e D56 N1, AN s R — I

e READ (55 126 Y CALLON Cly 10 Yy 1= g IS8T ) oo

I FONINORON) oNE o NNIN(l))CD TU 56
S USCI=ISRNDY - R —

Jsi=J4s(1)

TNNTCEY=TNNTRCND

el PN B C Y2 IMN FRON ) e i i e o e

e G LANT G ZELANROND i e
e NA MG G IENNEN G Y i e i e e

ZNNT L )=ZNNIRIN)

CSRNECE)=SRNIRCL)
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DN 57 J=1,J481 ,
~SLNN (] g J Y=L ONR (N yJ ) L B et e e e e ot i e 2
GLAON (1, J)=GLANRIN,J)
e S TRAN (O 9 Y=S i GNR(N v J ) R, B S O
57 CONTINUE :
- 55 CONTINUE .
i WBITELS ’ 238 e i e oot e
238 FORMAT(1HO,33HNILSSON MODEL WITH QUASI PARTICLE)
. wAw,nf 1 % z::1 ,x S L e e s e oo o
WWmewMJQz:JS(I) . ]
thF(6,P14)TNNt(I) HMNI(I) 7sz(|) GLA“I(I) SRN!&I) NINDCC)
e 2234 FDRMAT(1HO,THN, F9..3, BX,DHDPFGA FOe3,3X,8H SMALL NZyF9e3,3X,11HLARGE.
1 LAMDA,F9.3,3X, THSMALL RyF1245,3X, 11HDRBITAL ND.,IS)
DO 16 Jw1,JQI , - e e e e
SUMAS (] )= SUNAS(I)+ALLUN(!, J XD
e 2 G6OCONTINUE e e i B e
SOSUMA (1 )=SQRT(SUMAS (1)) :
e D0 =T, JS e vererere e oo e B e e
: SALLHN(I,J) ALLHN(I,J)/SQQUMA(I) .
v WRTTE (6 9 21 5ISLONCE 5 J ) g GLADNCE 3 J )y STGANCL g d )y ALLONCE 5 J) 5 SALLAONCE 4 d)-
?15 FDR%AT(1“ g THSMALL L,F9.3,3X, 11HLARGE LAMDA,F9.3, 3X, 54SIGMA F9e3,3
U — 7JALLAMDA F12e5,3X, 13H%MALL ALLAMDA ,F1.2. 7)
17 CONTINLF

e SIONCE 1)ZSLONCT 1) 4005 o —
DN 18 K=1,JSI -
i G ON Oy K0 i o

DO 19 J=1,J8I '
woermerrmerarmmreree] FCSLON (g J Ve EQ « SUONLL y K)=0.5)G0..TO..1 111
FFCSLONCE 4 J) WNEW SJON(I,K)+O 5)Gn TO 19 ,
O B B e VCA SLONCEgd) e e R . e
X=GLAONCl 4J) ‘
ﬂm_wmm,wvca 0..5. e e e oo et e e
VCY= SIFON(I,J)
EEPURUNIRRUIN, | £ 02 =110 1811 8 € F0R1 |6 S PN .
VeZ=NMNT ()
e GIAN (1 KIZCION.CLy KI+HSALLON (1 JI¥VCCOEECVCA, vcx NCB 4 VCY.yVCC o VCZ Do
19 CONTINUE
e IRLTE (69 2173 SUON (L K 5 CIONC 14K o
217 FURMAT(1H y THSMALL JyF943,3X, 8HSMALL CJ F12.7) : ,
- meC;JnNCl,KH) SJDN<1,<>~1.WWHWW. ; -
FF(S JQN(I,K+1) LT UMNi(I))Gﬂ TD 1112 ‘
e 18- CONTANUE - - R . —
1112 CLS{!)=0.
e D20 KT IS
DO 21 J=1,JS! :
s WWH!F(FLAQN(I,J) NE «GLAMN(
CLQP-qlrnN(l,J)%GLAﬂh<l
b FCSLON G gd ) oM ESLANCT,
CLLCI)=CLLCI )HSLONCT 4 J) SLHN(!,J)41.)*SALLDK(I,J)X%Z
e} 34 B L ECGLADNC Ly J ) o NEWGLAON (1 3 K)4+1 & )60 -TO 4114 R
CLSP=0,5%SQRTC(SLONCL , J >—GLAUA(:,J))%(SLDNCI,J)+GLADN(|,J)+1 ))

[yK))GT TA-1113
yJ

K
%
1y

K
)
6N TH-1113 -~
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A4 4 P FCOLANN G, d) WNESGLAON (T K)=1 )G TO 1115 —
CLSP=0 .)YGQRT((GLHM(I,J)FCLAHN(!,J))X(QLWN(I,J)—GLAHN(!,J)+1.))
3115 CLSCE ) =CLS A DHCLSPHASALLONCL  KIXSALLON Clgd D B
21 CONTINUE

- 20 CONTINUE N
ENMNUCT )=41 . JAMCTAIN0 0 33333% (1 o /(1 o=d o /3 ¥ CSKPPHETA (I E))*XZ—

=116 /r7.>Co(PP(ETA(IE)’%V3)¥¥O 16667 TNNI(!”+1 5)ESRNTLCI D
2SKPP) '
15-CONTINUE. e e et s e o et
READ (5, 1 )l '
3 ) (H
)

1

NWREADC%
RFAD(),

AT OFDRNATC
!

]

IS
BICIH),3H~1,;uq) R N
IS

DN 43
—SUMJJC
JS1=J8¢(
IR 0 T3 B0 B 14 =1,J81 - e et e e -
SuM JJ(I)”QUMJJ(I)+CJUN(I, )%¥?YSJHN(I,K)*(SJGN(I,K)+1 )
R ..,52n(‘ﬂ N T | ;\1 U E . ot - e
EOMNJ (1)= FﬂfNUCI)FSUMJJ(!)“”BI(IH)<1.
e CEPONUCE)=SQRTCCENMNI CI ) =FERMCLE ) DX 24+ ENEGP OB e e e
WRITEC(6,218)EPONUCT ), SKAPCIA)D
~218 FORMAT(1H ,85HEPSIRAON. OMEGA NU,RELATIVE GROUND..STATE. ENERGY-JN. MEV-
1 NOT CONSIDERED DECOUPLING rACTDR 3X,F17. 7/1H y 4HSKAP,F12.5) .

e B G CONTENUE - . - -
READ(S, 118)(Rﬂ!(li),ll“ ,IIS)
118 FORMATC7F10. 5) . e e
' DO 44 [H=1,1HS
A,A_.__wm,____M.._\ra,fm_T.E(6,247)1--!8!(l,H),.,w e -
DO 22 11=1,118
e e ROKCAD)=ROLCE LD v e e

WRITECH, 219)R0ICI 1)
-.219 FORM AT(1 .9 21THSPIN OF NUCLEAR LEVEL,3X,F1747)

247 FORMAT(1H ,19HRUTAT10NAL CONSTANT, 5X F17 7)
CNEQL e - e, SR,

| DO 39 I1=1,18 |
DD AD I g S

AB(1,J)=0% ’ .
SAQLCONTINUE o S S S . e
39 CONTINUE ,
e DOL23 KEE L5
DO 24 1=1,18
L edS1=JS L) e ot e
_ !F(GHVI(!) EQ. RDK(K))CH Tﬂ 1118
i A FLOMNT (1) NE =ROKCKIIGH TN 1119 . e e et et e et e eren e
1118 Nz=N-+1
e DB LY =HB L CPHDX¥CROTCT I )¥CROT (1 )41 0 )=2. ¥RQK(K)%¥2)+EPDNU(x)
| FCABS{ROK(K) ) WNELD5)GO TO 1120 ;
JUERURRUPEON b X 04 010330 G1 0 F=1 0 YRS OO e+ s vt g - ot
DO 25 1C=1,JSI
e DCCOE (LI = DCCDE(|)+(—1 )X%(SJDN(I,lC)—O 5)%CSJDNCI,LC) 0.0 S)%CJQN(J%
11 CI¥%2

25 CONTINUE.
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AB(1,1)= ABC!,!)‘IBI(I‘)XDCCDE(I)%(~1.)%%(RDICKl)+0.5)*(RD!(II)+O.5

) . . —
1120 DO 26 J= 1,38
eV FCOMNT (Y ) o GTLROKCIIIGT TD 26 e
JSJ=ds(d)
o JLECROKCK) oGT o0« 0G0 TO. 11 21 . e oo
PFCIMN T (U)o EQ e =(RNOK(KI—1 &« ))GN 0 1102
e L ECOMMNE (D o FQ o= CROKCKIHFT ¢ D IG TH 17 23 smmmnmmiimsnsmsos s

!r(Aa%(nahl(J>+Rﬂ<(K)> NE o1 )rn T0 1124
- 4-4-22-VCEA (1-I=0 o - -

no 27 J4c=1, JQI
U § o1y Y=g W O S

DN 28 JD 1 JQJ

— e JDD=J 0N+ o e s st it

| FCSIONCJ, D). FO.SJHN(!,JF))GH 0 1125
e 28 CANTINUE - - - -

I FCJC. EQ.J%I)FU Tﬂ 1126
P FCSJON (5 JdDD) NESSIONCL 5 JCIIGN - T 27 -

:1?5 VEON C1)=VEEO (L MCIDN C1 5 JEI¥CION (U4 JDD)%M.>->Lx<h'm'<|"{>—-o 5>—w—sgm<<

1SJUN(!,JC)+RDK(K))X(SJOQCI,JP)—RDK(K)+1 )Y

27 CONTINUE

-31-26- AB(!,J)-*HBi(lH)XSQRT((ROICIl)+ROK(K))*CROI(IXJ—RDK(K)+1.))XVCCD(L

1)
.60 TO 26

~1123 VCCU(I):O.
emrmnene D) 29 0T g IS e e e e

JDD=0

e D30 JDTY 5 IS e e

JDD=JDD+1

CVFCSINN (D)« EQSJONCT,JC))GO TO 1127 -

30 CONTINUE

e | FAIC o FQ0dS106GO TO 1128, . e e e e o

FCSUNN(Y,JDD) . NF.SJGN(I,JC))GD TD 29

A127.veendl o= VCC](I)4FJHN(I,JF)VFJHNCJ JDDIX(=1. I¥%RCRO T CLID)=0 e 5)%XSQRT(L

18JnN (L, JC)— RﬂK(K))%(SJDN(I,JC)+RDK(K)+1 )
.29 CONTINUE

1128 AB(!,J)”~‘BI(IJ)¥§QRT((R01(If)~RDK(K))¥del(ll)+RDk(k5+1'))%VCFH(I

- A . -
1124 60 TO 26 '
1121 L FCORN T (UD)WEQ W ROKCK)+1 4060 T 1129 -

FFCOMNT () WFQLROK(KD)=1 )60 TO 1130
~Mwmmvw+lF(ABS(UMN!(d)—ROK(K))1NE;T.)GDWTOM1131

1129 VCCD(I) Oe

SRS § § B IR 3¢ (U X et 1 JS1L.. e e e e @ aes i B e e et S AR
JDD=0 :
...DO 32 JD=1,JSJ

JDD=JDD+1
e L ECSINN (I JD ) «EQ « SUDNCT 4 JCIIGO . TO. 1132

32 CONTINUE
i LEL I G o EQ o« JSE DGO TO 1133

LFCSINNCJ,JDD) JNELSJONCI,JCIIGO TO 31

1132 veeo )= VCCD(I)+FJDN(3,JC)YCJUN(J JODI¥(—1 « 3% (ROI LI I)=05)%SQRTCL.

18Jnh<l,JC)—RDK(K))%(SJOh(l,JC)+R0K(K)+1 ))
.31 _CONTINUE. . .
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1133 %B(I,J)“ HB T CHH)¥SQRT (RO CL )= RDK(K))¥(RDI(Il)+RDK(K)+1 ))VVCCﬂ(t
T _ , - 2 e it e N
GN TN 26
A130.veen (i )=0. . e e e e
DN 33 JC=1,J8!
e D=0 . o et oot ottt ot et e et e
DA 34 JD=1,J0S8d :
e dDD=JDDT N
PFCSJINNCD,JdD) . FQ.SJH&(I,UC))GH Tﬂ 1134
e BACONTINUE
FFCUCLFQedS I)GU Tﬂ 1133
— e L ECSINN (Y IDDD WNESSJINNCL ,JCIIGO . TO. 33 . e e N
1174 veeodl )= VCFU(I)+PJON(I,JC)“CJHN(J JDD)%(—1 )¥¥(R0i(ll)~o 5)X€QRT((
et 19JnrC!,Jr)+1ﬂK(K>)/CSJUN(1,JC)«RDKCK)+1 D FE— o s
35 CONTINUE ,
MMmqnsswéaﬁj,J):fHBL(LH)%SQRTC(le(iL)+RDKCK))*CROLLLL):ROKLK)&i»)J%MCCUCLﬁ
1
e A B B T P e e e
26 CONTINUE
e 4D GO T 24 e
24 CONTINUE
R e RO K CRAL YZROKC ) =2 g o
[ FCABS{ROK(K+F1)) oGTe RDK(1))GG TU 1136
i 2 B GON T NUE
1136 EPS=0.,001
IND=1
e D35 N UTT g N o e e e
DO 36 JU=1,N , :
et e e i U( l U s JU ):O,._ e et et e e e e et et e s+ e e < e - S
ACIU,JU)=0.
e By g OTYN T N U e somsermtn i s s bmeoms e s - e s e ot e
35 CONTINUE
DO 37 1 1,! ' :
e L FCAB (g 1) e EQ @00 dGO- TN 37 v i,
NI=NT4 ' ,
SRUSUNN | N ¢ ) T NI B e et e et e
: A(N!,N!) AB(I,I) '
i CMRITECG, 220 TNNTCE) yOMNECE )y ZNNTCED G ABCE, 1) - S
220 FDRMAT(1P s THN FOe3,3X, SHOMEGA F9e3,3X, 8HSMALL NZ F9 3 3X 35HENERG
e Y- OF  LEVEL- b =N UMEGA NZ IN.-MEV,F16. 7) — S
37 CONTINUE
JRASISHSHos I  EO e JRN PO [
, DO 38 J=1,1S - :
__WMWWMMM|F(AB(1,J_.EQ.o.)Gangusg,qmm,,VWHWMLMMWWMmm" : —
—W (J )
wwﬁwwwnﬁwaw(; 3. e
: A(N!,NJ) O SYAH(I,J)¥(SQRT((1 +(EDMNJ(I)~FERM(!E))/EPDNU(I))X
e L @ CENMNI CII=FERMCIE D)) ZEPONUCI I )+HSQRT (€1 a=( EOMNJ.CID=FERMCLE ) e
2)/EPDNU(|))X(1.—(EDMNJ(J)«FERM(!E))/EPUNU(J))))
-38--CONTINUE - - S e - - -
41 CONTINUE :
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CWRITFE(6,235) S —
FORMAT(1H 41”DIAGUFAL AND OFF DIAGONAL MATRIX ELFMENTS)'
CWRITECH, 236) COACH 90Dy d=1 pN D g 1= 0N oo
FORMAT (11 ,15F8.4)

o
N
o

SN
W
=

S D045 I=1,N S o s e e e e e o e e e
DO 46 J=1,!
e AT 5 );:A (Jyl) : e e a5 o e e 5 e -
46 CONTINUE ‘
B CONTINUE - e e e et i e R e

CALL E£161CA,U,N,EPS, | TMAX, IND)
. WRITE(6,230)
230 FORMATCIH , 4411LEVEL ENERGIES CONSIDERING CORIOLIS COUPLING)

e .WRlTE(6,231)((A(!,J) JZT,N) S I=1,N) oo ) .
231 FORMAT(1H ,15F844) :

e D MRTTECG, 232) . i -
232 FDRWHT(1H ,PS!E!CFN VFFTDR LARGE C K NU)

i MRTTECE, 2330 CCUCT 5 d ), 11, N) J=T,ND e e e et et e e e

233 FF]RMATHL »15F844)
e WRT TEC6, 234N, EPS, | TMAX, IND e
234 FDRMAT(1H 9HN OF E1G1,19,3X, 3HFPS F9 3 3X JHITMAX,I? 3X 3HIND,I9)
———— 12 s B =N 2g1) . —
221 FHRHAT(1 y 33 HLALCULATIHN UF T!!S LEVEL !S DVER//)
it D D OIINT LN U B s e e - . , —
WRITE(6,248)

e D48 - FORMAT (M- ABHCALCULATION FEDR-THI S« ROTATLONAL--CONSTANT-1.S DVER//)W
44 CONTINUE
w..._..W,,_,m.;...‘_wm‘rr((, 222 - . s i

222 FDRdAT(1H ,AO‘CALCULATlUN FﬂR TLIS DEFURMATIDN IS OVER//)D
1109 VR!TE(6 22q)

~ww~€23wFBRMAT(1Hw136HGALGULAT+DNwFDRWTHLSMNUGLEUSMLSMBVER//)
11 CONTINUE
4 0= WRITECE y 224w e s o | -
224 FORMATCIH ,19HCALCULATIDN s OVER//) |
J— - STAP -
END

¥VCCDEF

Y¥FEACTO.
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YCORRE?2 HARP.
WR1TE (6,3201)
3201 FORMAT(1HT,88HREDECED TRANSITION PRORABILITIES DEDUCED FROM CORIOL
11S COUPLING MODEL N UNITS 0OF E2FM=4///77)
_ DIMENSION AM(19),7M(19),00019),SN(5),ETAC19),RETACI9),ROLECI9),
TROITKE(20,10),ROCKE(20,10),SLONEC(20,10,5),GLAONEC(20,10,5),
o 2SIGONE(20,10,5), TNNTE(20,10),LP8(20),1CS5(20,10), ALLONE(20,10,5)
3, rrmm<19) ENEGPC19),FOMNUC20,10),EPONUC20,10),S5RN1(20,10),
WM4N NOC20, 10),°KAP(19) HR1(19) .
DEMFM%!(N NINCZ9), LC%N(%9) TMNT (39), ROIK(39),SLON(39,9),
. 1s8160N(39,9), rLAnM<%9 9), LRSN(39) NNIN(39) SRN<39) ALLDN(?QLQJLWWM
PENER(20)

— _READ(5,2101)1IN
2101 FURMAT(IS)
e DD._2001 N1, AN

READ(),?102)NIN(N) LCSNCN), TNNTCN ), ROTK(ND
2102 FORMAT(215,F5404F5¢1)_ o _
LS=LCS N(“)
o READ(5,21030(SLONCN L, GLAON (N L), SIGONC(N L)y L =1, LS)
2103 FORMATC(4(2F5.0,F5¢1))
2001 CONTINUE
DO 2001 1A=1,19
. __READ(5H, ?101)AM(!A) ZNCIA),SKAPCIA),LBSNCIA)D
3101 FORM AT(BFS 0,157
I F(AMCEADLEQ. ,,Q,_.)._C.‘zﬂ T0_3306
SKPP=SKAP(IA)
LS=LBSNC1A).
READ (5, 3102 Y(NNINCL ), L=1,LS)
_..3102_ FDRNAT(7!10)
WRITEC6,3202)AMCIAD,ZNCIA)
_M_BZQZWFOR&AT(1dﬂ,11HwAss NUMBER F12e5,17X313HATOMIC NUMBER,F12.5//)
HOMW=2 . %(1.,05443)%%2 /0., 41/1 67239/1 60206%AMCTAI¥%(14/30)
DD 3002 1E=1,19

READ(5,3103)FTA(!E) FERMCIE),ENEGP(IE),HBIC(IED,LAS
o 3103_FORMAT(4F1045,15) '
IFCETACIE ). EQ.“4 GO TO 3301
o _READ(5,31042(SRN(L),L=1,18)
3104 FORMAT(7F10.5)
D0 2003 L=1,LS I

DO 2004 N=1,iN
_miF(NIN(h)aNF NNINCLD))YGO TO 2004

NLCS=LCSN(N)
,ﬁBEAD§§131O4)CAgLDN(L,LC),LC:1,NLCS)

2004 CONTINUE
2003 CONTINUE . .

BETACIE )=da /3. %SQRT(301416/54 YXE TACIE Y¥SKPP%(1e=44 /3 ¥ (ETACIE I
o ASKPP)¥¥2=164 /2 Te¥CETACIE IX¥SKPPI¥X3IX¥( 1o /60

QOCIAD=0. BXZNCTAIR(T o 2%AMCTA I RH0 4 3BB3B3)NH2% 30 /4 %SQRT(5/3.1416 0%
o ABETACIE)*(1eH045%SQRT(50 /31416 I%¥BETACIED)

WRITE(6,3203)ETACIE ), BETACIE),FERM(IE ),ENEGP(IE),SKAP(TAY,HET1 (TED
W«WEZQEWFDRMAT(1H 920HDEFOR. PARAM. ETA .EOHDEFDR. PARAM. BETA _ ,20HFERM

11 ENE. LAMDA MEV,20HENE. GAP DELTA MEV ,20HHLS STRENGTH 92
o _20HROTATIONAL CDNSTANT /1H ,6(F1245,5X2)
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WRITEC,3212)Q0(C1A)
__3212_FORMAT(1H ,25HINTRINSIC QUADe MOMENT _ ,F12.5)

WRITE(6,3211)
3211 _FOURMAT(1HO,33HNTLSSON MODEL WITH QUASI PARTICLE?D
DO 3003 LA=1,LAS
o _READ(5, 311A)RDtE(LA) ENERCLA)
3114 FDRMAT(2F1O 5)
e READ(5,3104)CRNCKECLA,LB)LEB=1,L5)

DO 3004 LB=1,LS
DO 3005 N=1,IN

PECNENCN D). NF NNINCLB))IGO TO 3005
C_LBSCLAD=LBSN(CIA)D

TNNiE(LA LRO=TNMNI(ND
RO1 KE((A,LB) ROTK(N)D

SRM T (LA,LB)Y=SRN(LB)
LLCSCLA,LBI=LCSNCN )

CNINODCLA,LBI=NNIN(CLB)
_LCSAB=LCS(LA,LB) .

SALL=0.
_.DD_2005 LC=1,LCSAB

SLONE (LA LB,LC)”SLDM(N 1c)
CLADPE(LA LEB,LC) ”GLADN(N LC)

. STGONE CLAL LB, L0 Y=SI1GON (N, LC)
 SALL=SALLHALLONCLB,LC)%X2

2005 COMTINUE
D0 2006 LC=1, LCSAB

ALLONE (LA,LB, LC)"ALLDN(LB LCY/SQRT(SALLY
2006 CONTINUE

3005 CONTINUE
3004 CONTINUE _

3003 CONTINUE
MWRITE(6,3204)ROVECT)

3504 FORMATCIH ,28HNUCLEAR SPIN OF GROUND STATE,9X,F12.5)
DO 3006 LA=2,LAS

REbER“ENER(LA)—ENER(1>
o WRITE(6,3205)ROIECLAD,RENER
3205 FDRNAT(1H 344HNUCLEAR SPIN AND ENERGY OF THE EXCITED LEVEL,2F12. 5y
_ LBS1=LBS(1

LBSLA=LBS(LA)
QP=0.

QPC=0.
__SN(1)=—2.

SN (2)=—1,
__SN(3)=0,

SN(4)=1.
SN(5)=2._

DO 3007 N=1,5
QK"O.“

QKI=
QKC”O.

DO 3008 LB1=1,LBS1

lF(ROKE(T)“RdIKE(1 1.B1)eLT.—~0.00001)G0_T0 3008
EOMNU(T,LB1 )=41. /AM(!A)X%O 33333% (10 /(1 e=4s /3 %(SKPPRYETACIE) )32
1=~16+/27. *(SKPPXFTA(1E>)**3)**O 16667*(TNN|E(1 LB1)+1.5)+

2SRN1(1,LB1I%¥SKPP)
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__EPONU(1,LB1)=SQRT((EOMNU(1,LB1)—FERMCIE ) )%x*2+

T 1ENEGP (JE )%%2)
DO 3009 LBL=1,LBSLA

iF(RD!T(LA)*RU!KE(LA,LPL) LT.—0.00001)G0 TO 3009
o EOMNUCLALLBL)=41 o /AMUI A ¥%0 4 33333% (1e /(1 e—4e /36 % (SKPPHETACIE) )%¥2
1=16./27. *(SKPPéYTA(IE))X*J)%%O 1666 T*(TNNIECLA,LBLY+1.5)+
_2SRN1CLALLBL)¥SKPP)

EPDKU(LA,LPL) SQRTC CEOMNU (LA, LBL)=FERMCTE ) )*X2+ENEGP (1E )%%2)
I F(ABSCRDIKE(1,LB1)-ROIKE(LA,LBL)=SN(N))eGT.0.00001)G0 _TO 3303

QL=0«
_Lcs1B=LCS(1,LB1)

LCSAB=LCS(LA,LBLY
~_._VD_,,D__,3.0_1,0__L(‘i:{fLC_S1_,B,,A,.

DO 3011 LCL=1,LCSAB
P IF(ABS(QLDNE(lA LBL,LCL)—SLONE(1,LB1,LC1)).GT.2.2G0 TO 3011
!r(ABS(@lGOhE(LA LBL LCL)*SEGDNE(? LB1 LC1)).GT.0.00001)60 T0 3011
IFCABS(GLAGNEC, LB1 LC1)~GLADNE(LA LBL, LCL)~SN(N)) GT.0.00001)

160 TOo 3011
__VCA=SLONE(LA,LBL,LCL)

VCB=2,
_ VCC=SLONE(1,LB1,LC1)

VCX”CLADNE(LA LBL LcL)
__VCY=SN(N)

VCZ=VCX+VCY
VCXX=0.

VCYY=0.
_VCZZ=0.

CRZN=TNNIECLA,LBLY
ROLP= SLDME(j_LB1 ,LC1)

R2L=SLONE(LA,LBL,LCL)
”wmeL“QL+EXVR2(R?N R2LP R2LI¥SORT((2.¥R2LA10 ) /(2 ¥R2LP+1 4 ))*

1VCCOEF(VCA,VCXX,VCB, VCYY VCC,VCZZ )¥ALLONE(T,LB1,LCT )%
_2ALLONE (LA, LBL LCL)%VCCDEF(VCA VCX 4 VCB,VCY, VCC VCZ)

3011 CONTINUE
3010 CONTINUE
UV=0.5%(SQRT((1.+(EOMNUC1,LB1 >~FERMCIE D)) /EPONU(1,LB1T ) )%
1 +(EOMNUCLA, LBL)—FERM(!E))/EPDNU(LA LBL)))=S QRT((1.—(EDMNU(1 LB1

2);§%§ML!E))/LPDNUC1 sLB1I)%(1.—~(EOMNU(LA, LBL)*FERM(!E))/EPDNU(LA LB
3L

VCA=RO!Z (LA)D
B VCB=2 .

VCC=ROIE(1)
VCX=ROIKECLALLBL)

VCY=S8N (N )
VCZ=VCX-HCY

QK=QK-+ROCKE (LA, LBL)*¥ROCKE (1,LB1 )%VCCOEF(VCA,VCX,VCB,VCY,VCC,VCZ )*
AUV, )X%(SN(N)*(RDIE(1)*O 5))¢(1. +ZN(IA)/AM(|A)%%2)*H2MW%

S o2QL)

lF(NlNG(1 LB1) NE NlND(LA LBLYIGD TO 3303
. OKC= QKC+RDCKE(LA.LBL)%RDCKE(1 LB1)#VCCOEF(VCA,VCX,VCB,VCY, VCC VCZ)

1%Q0C1A)
.,FEUCCVTVCQDEF(VCA VCX,VCB,VCY,VCC,VCZ)
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U WRITE(6,3221 )OKC, ROCKE (LA,LBLY, ROCKE (1,LB1), FEQCCY
3221 FORMAT(4F12.5)

3303 1FCABSCROTKE (1,LR1 )=(—ROIKE(LA,LBL ~SN(NY)).GT.0.00001 IGO0 TO 3009
e QLI=0.. . R

LCS1B= LFQ(1,[B1)
_LCSAB=LCSCLA,LRLY

DO 3012 LC1~1 LCS18
D0 3013 LCL= !FQAR

lF(ABS(SlBNE({A LBL,LCL)~SLONE(1,LB1,LC1)).GT.2. G0 10 3013
iF(ABQ(Q!GDNF(lA lBL LCL)+S|GDPE(1,!R1 LC1)).6T.0,00001)G0 TQ 3013
1 FCABS(GLAONE (LA, LBL,LCL)+GLAONE (1,LB1 LC1)+SN(N)) GT.0.00001)
_....1GD 7O 3013

VCA=SLONE(LA,LBL,LCLY
VOB=2 .,

VCC= SiDNC(1 LB1 LC1)
QMVCX”GLAGNF(LA LBL LcL)

VCY=SN(N)
VCZ=VCX+HVCY

VCXX=0.
__NCYY=0.

VCZZ=0.
R2N=TNNITE(LA,LBL)

R2LP=SLONE(1,LB1,LCT)
R2L=SLONECLA,LBL, LeL)

QLI“QL!+EXVR?(R2N,R2LP R2L)¥S QRT((Q.*32L+1.>/(2.%32LP+4.>5%
_1VCCOEF(VCA,VCXX,VCB,VCYY,VCC,VCZZ )¥ALLONE (1,181 ,LC1 )%

2ALLDNE(LA,LBL,LCL)*VCCDEF(VCA,VCX,VCB,VCY,VCC,VCZ)
3013 CONTINUE

3012 CONTINUE
___VCA=ROIECLA)

VCB=2.
__VCC=ROI1E(1)

T VCC=ROTE(Y)
_ VCX=ROVKE (LA,LBL)

CVCY=SN(ND
_NCZ=VYCXHVCY

Uv=0. 5¥(SQRT((1 +(EDMNU(1 LB1)—FERM(1E>)/EPUNU(1 LB1) )%

2);5)R”(!»))/&PDNU(1 LB1))*(10”(LDMNU(LA LBL)*FERM(!E))/EPONU(LA LB
- 3L

QK 1=QK 1 +ROCKE (LA, LBL)%ROCKE (1,LB1 )%VCCOEF(VCA,VCX,VCB,VCY,VCC,VCZ)
1%CUV*#(1. +ZN(tA)/AM(|A)*%2)*H2MW%QL)*(—1 )**(SN(N)*(RDIE(1)—O 5)+

22 %ROTKE(1,LB1)+0, b+TNN|E(1 LB1)+R0|E(1))
3009 COMTINUE

3008 CONTINUE
QP=QP+QK+QK 1 +QKC

QPC=QPC+QKC
3007 CONTINUE

BE2=5. /164 /3.141592%QP%¥2
BE2C=54/160e/3.141592%QPCHX2

WRITE(6,3206)BE2,BE2C
3206 FDRMAT(1H ,56HRFDUCED TRANSITION PROBABILITY BE2 IF IN UNITS OF E2

1FM—4,10X,E17.8/1H ,23HCOLLECTIVE CDNTR!BUTIDN 43X,E17.8)
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- 3207

3006

U END
¥EXVR2

3302

....5208

3002

3301

3209
_.3001
3306

WRiTE(6 3207)

FGRMA|(1H , 43HCALCULATION FOR THIS EXCITED LEVEL uéMUVEQIJW””

CONTINUE )

WRITE(6,3208)
FDRMAT(?H.141HCALCULAIIDNWEUBHTHlﬁmDEEQBMATIDN 1S OVER./)

CONTINUE

WRITE(6,3209)
FURMAT(1H 37HCALCULATION FOR THlS "NUCLEUS TS OVER.)

_CONTINUE

STOP

HARP
FUNCTION EXVR2(R2N,R2LP,R2L)

32501

...G0.TO_3502
3503 IF(R2LP.NE.R2L+2.)G0 TO 3504

[F(R2LP.NE.R2LIGO TO 3501
EXVRZ2=R2N+1.5

GO To 3502
1FC(R2LP.NE.R2L=2,)G0 TO 3503

EXVR2=SQRTC(R2N—R2L+2¢ I%(R2N+R2L+14))

e EXVR2=SQRT((R2N=R2L )¥(R2N+R2L+3, ))

3504 EXVRZ=0.

GO TO 3502

3502 RETURN

END

YVCCOEF

_YEACTO.

-~ 1585 =



RETERENCES

Af67 _ 0. F. Afonin, A. P. Grinberg, I. Kh. Lemberg and I. N.
Chugunov, Yad. Fiz. 6 219 (1967)

Al56 K. Alder et al., Rev. Mod. Phys. 28 432 (1956)

AleL D. G.‘Alkhazov et al., Izv. Akad. Nauk. SSSR, 28 1683

‘ (1964)

Bas7 J. Bardeern, L. N. Cooper and J. R. Schrieffer, Phys. "
Rev. 108 1175 (1957)

Ba60 M. Baranger, Phys. Rev. 120 957 (1960)

Beb59 S. T. Beliaev, Mat. Fys. Medd. Dan. Vid. Selsk. 31
No. 11 (1959) | ‘

Bj6u I. H. Bjerregaard et al., Nucl. Phys. 51 64l (1964)

Bo52 A. Bohr, Mat. Fys. Medd. Dan. Vid. Selsk. 26 No. 1lu
(1852)

Bo53 'A. Bohr and B. Mottelson, ibid. 27 No. 16 (1953)

Bob58 A. Bohr, B. Mottelson and D. Pines, Phys. Rev. 110 936
(1958)

Bo58a  H. L. van den Bold, H. C. Geijin and P. M. Endt,
Physica 24 23 (1958)

Bob62 A. Bohr and B. Mottelson, Lecture on Nuclear Structure
and Energy Spectra (Inst. for Theoretical Physics and
NORDITA, Copenhargen 1962) '

Bob6L E. C. 0. Bonacalza, Arkiv. Fysik. 26 141 (196u4)

Bub8 Buchner and Mazari, Revista Mexicana de Fisica 7 117
(1958)

Cl69 F. M. Clikeman, V. C. Roger and L. E. Beghian, Bull.
Am. Phys. Soc. 1k 55 (1969) '

Co67 S. Cohen et al., Phys. Rev. 160 903 (1967)

Cr60 M. de Croes and G. Backstrom, Ark. Fysik. 16 567 (1960)

Do68 D. P. Donnelly, J. J. Reidy and M. L. Miedenbeck,

Nucl. Phys. Al12 145 (1968) ~

Ed61 W. F. Edwards and C. J. Gallager, Nucl. Phys. 26 648

(1961)

~ 156 -



En67
Et68

Ev67
Fa63
Fr59
Fr63

Tub7

Grol
Halg

Heb5Y
Imb65

Im67
Imb9
Imb69a
Im70
Jobb
Kab?2

Kebb

Ki60
Ki63

Kig?7

P. M. Endt and C. van der Leun, Nucl,iPhys. Al05 1 (1967)
R. C. Etherton, L. M. Beyer, W. H. Kelley and D. J. Horen,
Phys. Rev. 168 1249 (1968)

K. R. Evans et al., Nucl. Phys. Al02 237 (1967)

V. Fano, Ann. Rev. Nucl. Sci. 13 1 (1963)

G. Fricke et al., Z. Physik 156 416 (1958)

M. S. Freedman, F. T. Porter and F. Wagner, Phys. Rev.

© 152 1005 (1966)

F. Fukuzawa, N. Imanishi, M. Sakisaka, K. Yoshida, Y.
Uemura, S. Kakigi and H. Fujita, Bull. Inst. Chemi. Res.
Kyoto Univ. 45 363 (1967)

E. P. Grigoriev and A. V. Zolotain, Nucl. Phys. 22 689
(1961) _ .

0. Haxel, J. H. D. Jensen and H. E. Suess, Phys. Rev.
75 1766 (1949)

. N. D. Heydenburg and G. M. Temmer, Phys. Rev. 93 906 (195u4)

N. Imanishi, M. Sakisaka, F. Fukuzawa and Y. Uemura,
J. Phys. Soc. Japan 20 2100 (1965) |
N. Imanishi, F. Fukuzawa, M. Sakisaka and Y. Uemura,
Nucl. Phys. Al0l 654 (1967)

N. Imanishi, H. Nakahara, M. Ishibashi, I. Fujiwara

and T. Nishi, J. Inorg. Nucl. Chem. 31 2284 (1969)

N. Imanishi, M. Sakisaka and F. Fukuzawa, Nucl. Phys.

A125 626 (1969)

N. Imanishi et al. (To be published)

K. W. Jones and A. Schwarzshild, Phys. Rev. 148 1148 (1966)
H. Kamitsubo, J. Phys. Soc. Japan 17 252 (1962)

A. K. Kerman, Mat. Fys. Medd. Dan. Vid. Selsk. 30 No. 6
(1956)

L. S. Kisslinger and R. A. Sorensen, ibid. 32 NO. 9 (1960)
L. S. Kisslinger and R. A. Sorensen, Revs. Mod. Phys.

'35 853 (1963)

L. S. Kisslinger'and K. Kumar, Phys. Rev. Lett. 19 1239

(1967)

- 157 =



Ko65 J. B. van der Kooi and H. J. van den Bold, Nucl. Phys.
ZE Ly9 (1965)
Ku60  T. Kuroyanagi, J. Phys. Soc. Japam 15 2179 (1960)
Ku6l T. Kuroyanagi, ibid. 16 2363 .(1961)
La66 H. Langhoff, L. Frevert, W. Schott and A. Flammersfeld,
Nucl. Phys. 79 145 (1966)
Lag7 H. Langhoff and M. Schumacher, Bull. Am. Phys. Soc. 12
| 129 (1967)
Mak3 M. G. Mayer, Phys. Rev. 75 1969 (1949)
Mab?2 V. Maxisa, W. H. Kelley and D. J. Horen, J. Inorg. Nucl.
Chem. 24 1175 (1962)
Ma66 F. B. Marik and W. Scholz, Phys. Rev. 150 919 (1966)
Mcéou J. 0. McCullen, B. F. Bayman and L. Zamik, Phys. Rev.
"iﬁi B515 (196u4)
Me62 = F. R. Metzger, Phys. Rev. 127 220 (1962)
Mo59 ' B. Mottelson and S. G. Nilsson, Mat. Fys. Medd. Dan.
Vid. Selsk. 1l No. 8 (1959)
ND65  P. H. Stelson and L. Grodzins, Nuclear Data Al-1-21 (1965)
ND66 S. C. Pancholi, K. Way and Ikegami, ibid. Bl-6-47 (1966)
ND66a 8. C. Pancholi and H. Ikegami, ibid. Bl-6-79 (1966)
ND66b A. Artna, ibid. Bl-L-49 (1966) ‘
ND66c A. Artna, ibid. Bl-4-125 (1966)
Pa56 M. A. Papineau, Compt. Rend. 242 2933 (1956)
P165 H. S. Plendl, L.’J. Defelice and R. K. Sheline, Nucl.
Phys. 73 131 (1965)
Po66 F. T.rPorter, M. S. Freedmann, F. Wagner and K. A.
Orlandini, Phys. Rev. 146 774 (1966)
Pr67 S. Prawirosoehardjo, Phys. Rev. 157 995 (1967)
Rab66 P. V. Rao and R. W. Fink, priv. comm. (1966)
Ragégéa P. V. Rao, D. K. McDaniels and B. Crasemann, Nucl. Phys.
81 296 (1966)
Rab7 P. V. Rao and R. W. Fink, Phys. Rev. 154 1208 (1967)
Rebl K. R. Reddy, A. S. Johnston and S. Jha, Bull. Am. Phys.
Soc. 9 17 (196u)

'

- 158 =



Ri60
Ri62
Ro6l
Ro67
Ro67a
Sck5
Sc66

Scb7

Scb7a
Sc67b

Sh59

S165

Sobi
Sp68
Teb6

Thb5
Vatg?2

Yt60

Ynoh

R. A. Riceci, R. van Lieshout and H. J. van den Bold,
Physica 26 1014 (1960)

R. C. Ritter, P. H. Stelson, F. K. McGowan and R. L.
Robinsén, Phys. Rev. 128 2320 (1962)

R. L. Robinson, F. K. McGowan and P. H. Stelson,

ORNL 3582 112 (1964) |

R. L. Robinson, F. K. McGowan, P. H. Stelson and W. T.
Milner, Nucl. Phys.AlO4 401 (1967)

R. L. Robinson, F. K. McGowan, P. H. Stelson and W."T.
Milner, Nucl. Phys. A96 26 (1967)

A. W. Schardt and J. P. Welker, Phys. Rev. 99 810 (1855)
J. J. Schwartz and W. P. Alford, Phys. Rev. 149 820 (1966)
W. Scholz and F. B. Malik, Bull. Am. Phys. Soc. 12 66
(1967) |

J. J. Schwartz, Phys. Rev. Lett. 18 174 (1967)

J. J. Schwartz, W. P. Alford and A. Marinor, Phys. Rev.

153 1248 (1967)

. E. N. Shipley, F. J. Lynch and R. E. Holland, Bull. Am.

Phys. Soc. 4 404 (1959)
L. A. Sliv and I. M. Band, Alpha-, beta-, and gamma-ray
spectroscopy ed. by K. Siegbarn (North Holland Publ. Co.

- Amsterdam 1965) 1639

R. A. Sorensen, Phys. Rev. 133 B281 (1964)

K. H. Speidel et al., Nucl. Phys. All5 421 (1968)

G. M. Temmer and N. P. Heydenburg, Phys. Rev. 104 967
(1956) '

S. Thulin, Arkiv Fysik 9 137 (1955)

J. Varma and M. A. Eswaran, Phys. Rev. 125 652 (1962)

C. Ythier and R. van Lieshout, J. Phys. radium 21 476

(13860) .
I. L. Yntema and G. R. Sachler, Phys. Rev. 134 B976 (1964)

- 159 -



