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HYPERFINE STRUCTURE AND NUCLEAR MOMENTS
OF PROTACTINIUM-233 '

Richard Marrus, William A. Nierenberg, and Joseph Winocur

Lawrence Radiation Laboratory and Department of Physics
University of California, Berkeley, California

July 19, 1960

ABSTRACT -

By means of the atomic-beam magnetic resonance method using radio-
active detection the hyperfine structure of 91Pa233 (Tl/zz 27.4 days) has
been investigated. Three low-lying states are found to be present in the beam,
characterized by electronic angular momenta J=11/2, 9/2, and 7/2, and g
values g5= -0.8141(4), -0.8062(15), and -0.7923(15) respectively.. From these
results it is inferred that the gfound—state configuration of protactinium is
almost certainly ((5£)2' (6d)1 ((75)2. The nuclear spin is measured and found to
be I=3/2 and the magnetic dipole and electric quadrupole hyperfine structure
coupling constants are measured to be A=+ 595(40) Mc and B =42400(300) Mc
respectively. From a direct measurement, the nuclear moment is found to
be MI=V.+, 3.4(1.2) nm. From the hyperfine-structure constants and detailed

calculations ‘involving the electronic wave functions, the quadrupole moment

is inferred to be Q =-3.0 barns.
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HYPERFINE STRUCTURE AND NUCLEAR MOMENTS
OF PROTACTINIUM-233

Richard Marrus, William A. Nierenbervg, and Joseph Winocur '

Lawrence Radiation Laboratory and Department of Physics,
University of California, Berkeley, California

July 19, 1960

INTRODUCTION

"I~‘he subject“of the ground-state electronic configufations of the élements
after a.ctinium in the periodic table is of great interest, sinc.e they con.sé:itute
a series with transitioni—type electronic structure in the same sense as the
elements after lanthanqrh. : Té date, measurements by either optical spectro-
scopy o-r atomic bea;ns have establiéhed the ground configuration of all élements
from 90Th tov 96Cm with the exception of c)IPa, 1 . The measurements reported
here complete our knowledge for all elements in this range, and effectively
verify the 'large body of chemical evide'nce supporting the hypothesié of an
actinide transition_s.eries.2 Ta’ble I gives the ground-sfate configuration for
each element and the observed Value' of total angular momentum J character-
izing the ground state. |

From the poiﬁt. of view of nuclear physics, intéresi: in Paz33 vcénters
about the fact that the ground—stéte rotational band is characterized by
K=1/2. 3 Cal.culations b’ased on the Nilsson model indicate also that the
deformation 6 is positive, énd therefore Vthe charge distribution‘ abou-t the
nuclear symmetry axis is prolate. If these convsiderations are correct, vt.hen
the measured quadrupole moment should be negative.

The beta decay scheme of PaZ33 indicates that I = 3/2. 4 In addition,

there is evidence that the level scheme of Pa231 is simiiar to that of Pa233,
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hence these states are described by the same orbitals. Optical spectroscopic

measurements on Pa’> " indicate that I = 3/2. >

BEAM PRODUCTION

Production of Pa?"?'3 is via the reaction Th232+n ->Th233 ->Pa233+e-.

[T,=23.5 min.]
2

Two grams of thorium metalwere bombarded for 10 days at a flux of 2 ¥ 1014

neutrons/cmz-sec to yield about 50 curies of Pa. This quantity provided about
one month of running timé.

The initial attempt to form a Pa beam was by heafing irradiated thorium
in a small tantalum oven and boiling out the Pa. However, this procedure -’ .
yielded a molecular rather than an atomic beam. Carbon and lanthanum wefe'
then added to the oven in order to reduce the Pa.. . This reduction failed, appar-
ently because of interference from the Th. The Th was removed by an ion- "'
exchange method, aﬁd the separated Pa was oxidized and placed in a small
tantalum oven with an excess of carbon. - Removal of the Tl;l ensures the
success of the reduction, and at a tempefature of 3000°C a beam of Pa atoms
is forméd. ‘Incidentally, it is found that ovens made from a 90%.ta‘ntalum-
10% tungsten alloy give the best sérvice at these high temperatures.

Collection of thé protactinium beam is successfully accomplished by

condensation on freshly flamed, uncooled platinuih discs. The radioactivity

deposited is measured by placing the foil in a methane proportional counter.

EXPERIMENTAL DATA AND OBSERVATIONS

At low magnetic fields, i.e., at fields at which the nuclear spin (I) and
the electronic angular momentum (J) are tightly coupled to a total angular

momentum (F), resonances are observed at frequencies given by

@
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1

v{m [(gj.+gI)F(F+l)+(gJ-gI) {J(J+1) -I(i+1)} _ (,1)

) HOH
|5

where g1 is the spectroscopic splitting factor of the electronic system, .gI
is the nuclear g factor, H is the applied magnetic field, and (po/h) is the
Bohr magneton divided by Planck's constant. For Paz33 g turns out to be

about 1/700 gy and although its effect at low field may be neglected, the in-

fluence on the intermediate-field data is measurable.

~ Since none.of the parameters entering into (1) was known prior to this
experimenf? a search was made at a low field to detect all observable reso-
nances. The resonances were then observed at several fields up to a max-
imum of 20.8 gauss (Fig.1l). In all, eight trénsitions were observed. They
are most plausibly fitted to the assumption that three electronic states are
present in the beam, characterized by J=7/2, 9/2, and 11/2 and that the
nuclear spin is - I1=3/2. From the observed resonances intensities it is in-
ferred that the ordé.ring of the electronic energy levels is probably inverted.
All data taken at low magnetic field are given in Table II, along .with the mean

values of gy

HYPERFINE-STRUCTURE MEASUREMENTS

In order to obtain information about the magnetic-dipole (A) and electric-
quadrupole (B) hyperfine-structure coupling constants, the transitions in the
three highest F states érising from J = 11/2 and I = 3/2 were followed up in
field (see Fig. 2 for a hyperfine-structure diagram of the system). The data

obtained_were fitted to the Hamiltonian

+3/2 (T-7) - (I + 1)'J(J+1)]

/\ _ - . - l = =
M =41 Tem merTern LT D

- ngOJZH—ngOIZH , . (2)
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by means of an IBM 704 routine designed to give the best values of A; B; and

g5 for a fixed value of g In Table III we give the best values of gy A, and ¢
B determined from the routine for different values of gy and the value of |

XZ, which ‘is a measure . of goodness of fit. In Table IV, we give the fit to tﬁe
data for the best set of parameters, g5 = -0.8141(4), A = + 600(40) Mc,

B=+ 2400{300) Mc, and g = + 12.5(4.5)x 10—4. The errors quoted for A and

B are about th?ee times the rms error for the data. The error in'g.J is chosen .
to be 1 part in 2000, to allow for the possibility of systematic errors present

in the apparatuvs which are proportional to the magnetic field. The error in

g1 is chosen from Fig. 3 so that the probability of the true value‘ lying butsid_e

the stated error is less than 0.02.

ELECTRONIC STRUCTURE
On the basis of available chemical evidence, it has been postulated

1
that the ground-state configuration of Pa is either (5f)2 (6d) (75)2' or

91
(5f)1 (fnd)2 (75)2, No plausible fit to the data can be made with (5f)1t(6d)2'(7s)2
as the ground state. In contrast, if it is assumed that the ground-state con-"
figuration of Pa is (Sf)z(éd)1(7s)2, ‘the data are very well fitted by the same
model as has given agreement with the observed g7 and J values in other
actinide elements containing both 5f and 6d electrons. This model assumes
that the electrons in each shell couple independently to the Hund's Ruie ground
state, and that there is pure Jl-JZ coupling between the shells. The Hund's
Rule state for the configuration (Sf)z is 3H4 with g5 =-0.800, and for (6d)1 it

A

- is ,D3/2, also with gJ=—O.800. In the limit of pure Jy-J coupling between

2
shells, four levels are predicted, characterized by J=11/2, 9/2, 7/2, and
5/2, with gJ=-0. 800 for all of them. On the other hand, the calculated values

of the g factors for pure L-S coupling among all electrons are
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The observed g values deviate from those predicted according to the
simple model described above because of the spin-orbit interactions of the
Sf and 6d electrons and because of the breakdoewn of J of each of the shells
due to the ele(;trostatic interaction between them. The problem of determining
.the exact ground state would involve the diagonalization of the matrix of the
spin-orbit e.nergy plus eiéctrostatic energy for all terms giving rise to a
state with J = 11/2. Such a calculation would involve the determination of
several hundred integrals of the electrostatic energy.

We have attempted an alternative approach based on the J.

IF‘IZ scheme

as a starting approximation. In performing this calculation it is easiest to
detérmi‘n.e the”ene‘rgy i.n‘the 1.- S scheme and then to tr‘ansforrr\x the energy' .
matrix ;11'-1tov the Jl ,—v JZ écheme,
The L-S matrix elements of the electrostatic energy have thg form
5 :

e 1) LS4 LS 3
| up®Lisy ey ) - (3)

2
<(£1), Llsl’ 12, LS

where the subscripts 1 and 2 refer to the configurations (Sf)z' and (6(:1)1

réspéctively: Thus £y = 3 and £, = 2. The matrix element may be written

as the sum over the Slater radial integrals Fk(st 6d) and Gk(Sf, 6di:
2. — <
‘ o k _k A .
.<LS £ ,LS>: ) FE g G . (4)
, 12 k=2,4 .. k=1,3,5 .

The interaction among the (Sf)z electrons is independent of L. and S and

merely adds a constant term to Eq. (3).
A general expression for the coefficients fk and gk has been derived
7 :
by Judd for the case of a d electroninteracting with n equivalent f electrons.

For n = 2 these expressions become
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Foi2p, #1020, +1)6 (5.,5 ) |(2L. + 1)L, +1)| /2
1 2 1°° 1 1 1 |
' i
TR K g Lo+L | ke 4L kg, 0 ) [LokL]
1B [N 4 bt 1 ST TR VI |
x| | 1+(-1) - ' S, (5a)
\0 00/10 00 £ LILy (£, L g,
, - ,
. //zzk;zl S, +S, . ' a2
g =2(22+1)(22,+1) (-) (zsl+1)(zsl+1)(2L1+1)(2L1+1} .o
o 0 0 0 ‘ -
N '
1/21/2 512 2, 4,1y ,
) |
X | .? ﬂlk BZJ . (5b)
1/228 S| 4y L, L

In this calculation we concern ourselves only with the 3H ground term of the

. :
:L1:5 and S =S' = 1, only. Tables of

configuration fz. Therefore, L 1 1

1
the 3-j and 6-j symbol as well as the definition of the 9-j symbol are all found
in Edmonds.8 The coefﬁcieﬁts fk and gk for all quartet terms are given in * -
Table V. Coefficients for the doublet terms can be obtained frorﬁ this table
by leaving fk unchanged and multiplying gk by -1/2.

No experimental or theoretical values of the radial integrals are available
for protactinium. However, Racah9 has calculated the values of the radial
integrals which give best agreement with the observed optical spectrum of
Th(III). Another set of radial integrals has been obtained by us from the
re lativistic wave functions for the normal uranium atom of Cohen. = Since

there is ho preference for either set of integrals, we have calculated the

electrostatic energy from both and give the results in Table VI. It is encourag-

ing to note the similarity between the level ordering predicted from the two sets.

We now proceed to obtain the electrostatic energy in the Jl - J2 coupling

scheme. The LS - Jyd transformation coefficient is given by

2

n
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<(L1L2) L,»(SI.SZ)S, T(L8)) Iy, (L,S,) J,, ;r)>

= {(ZL + 1)(ZS.+1)(2J1+1)(2.'J2+1)} /2 (s S ).  (6)
J J

The smallest argument appearing in the 9-j symbol is S2 = 1/2. Therefore,
the formula for the 9-j symbol can be simplified to an expression involving .
the sum of only two 6-j symbols.

The 3H ground term of ((5f)‘f2 is split by the spin-orbit interaction into.
the levels J, = 4,5, and 6; the 6d ZD term is split into JZ = 3/2 and 5/2.
The electrostatic intéraction between these two systems gives rise to the
following states in the J,J,J scheme: 4(3/2)J, 4(5/2)J, 5(3/2)J, 5(5/2)7,
6(3/2)J, and 6(5/2)J. Neither the.electronic g-factor operator nor the hyper-
~ fine structure interaction operator couples the last three states with the
4(3/2)J ground state. Since they do not produce any first-order effects, these
states are neglected. Using formula (6), we find for the electrostatic energy

in the .]'1 - JZ scheme:

J=11/2" _
4(3/2) 5(3/2) 4(5/2) - 4(‘3/.? 5g3/;) 4(5/2_?
4(3/2)/-6455 1507  -2489 8768 1867 -3052
5(3/2)| 1507 -4513 . -1915 |. cm:' | 1867 . -6889.  -2681 |cm’

4(5/2) \-2489  -1915 -3287 -3052 -2681 -5159
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J=9/2

4(3/2) [/ -5290 865  -1174 /-,7689 1249 -1634 |

5(3/2) 865 -1011 296 — 1249 -1733 369 —

4(5/2) -1174 296 -3699 \-1634 369 -5633
J=1/2

4(3/2) 264 1213 -1574 104- 1955 -2413 \

5(3/2) 1213 646 1044 | cm’} 1955 1515  -1620 | cm’}

4(5/2 -1574 -1044 1284 -2413 -1620 2038

The matrices in the first column are calculated from Racah's values of the

radial integrals; the matrices in the second column are calculated from the

uranium radial integrals.

To complete the energy matrix, the spin-orbit energy must be added.

This is
4(3/2) 5(3/2) 4(5/2)
4(3/2) 0 ' (7)
S = 5(3/2) (5/2)a,
4(5/2) | (5/2)ag,
The matrix of the total energy may be written in the forfp
W =S +\E, _ , (8)

where W is the sum of the spin-orbit matrix S plus the electrostatic matrix
E multiplied by a parameter \. The justification for introducing \ rests on
the expectation that the ratios of the F and G integrals are approximately

correct even though their strength maynot be.

-
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. 2 . .
A more accurate representation of the J = 4 state of the f configuration
can be obtained if we allow for the admixtureé by the spin-orbit interaction of

terms diffe'rentfrom3H. The allowed terms of (f)2 that can give rise to a state

J, =4 are 1G and 3F. The matrix of the total energy has been calculated,

1

and is of the form

3y e ’F
3 ary1/2
H -3ag, -(10/3)7 "ag,
g -(10/3)1/2:;15f G (11/3)1/235f (9)
3 1/2 :
F (11/3) ag F+3/2 age

‘Where F and G, the electrostatic energies of the 3F and 1G term with
respect to the 3H terms, are given in Condon and Shor’cley.11 We have used
the values fo.r'the ratios }3‘4/F2 and F6/FZ from the uranhiumwave functions,1
and obtained in this way G-= 20.3F2 and F = 12,.3F2. It has been found that

F2 =153 cm_1 gives the best fit with the observed g1 of americium.lz We
have found by extrapolation that, for Pa, the value of FZ ought to be about
137 cm_l. For a;, we have used the value of 1300 crm_1 obtained by Judd

in fitting the energy levels of U(I.)7. For these values of the parameters we

obtain, for the ground state of fz,

| 7=4)=-0939 | 3m,) -0.323 | l6,) +0.095 ’ ’F,) (10)

The electronic g factor g1 is defined by

JmJ> | C(11)

-

gy mjy = <J m; 2 (71Z + gg sz)i
i ' ) B
Here 85" 2.0023 is the electron spin g factor; lz and s are the =z cgmpo—

nénts of the orbital and spin angular momenta. The g7 matrix in the JI—JZ

scheme can be obtained by a transformation of the diagonal g3 matrix in the
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L-S scheme using the transformation coefficients determined from formula

{(6). It can also be calculated directly by considering the angular momenta

as tensors of rank one, and using tensor methods.

of this calculation and state the result

gJ=11/2

gJ=9/Z

=7/2
g5 /

4(3/2)

4(3/2) 0.8185

5(3/2) | 0.0388

4(5/2) \-0.0572

4(3/2) 0.8211
5(3/2) 0.0586
4(5/2) \-0.0909

4(3/2) / 0.8260
5(3/2) | 0.0714
4(5/2) \-0.1266

5(3/2)

0.0388

1.0023

0.0586
1.0405

0.0714

1.1114

We here omit the details

4(5/2)
~-0.0572
0 (-1)
0.9363 ..

(11)

-0.0904
0 (-1)
0.9089

-0.1266
o | (-1)
- 0.8568 |

The eigenvalues and eigenvectors of the energy matrices W were calculated

on an IBM 704 computer. The gy matrices were then transformed with the

same unitary matrix which brings the energy matrix into diagonal form.

The elements occurring along the diagonal of the g7 matrix are characteristic

g factors.

Figure 4 shows how gy varies with \ for the lowest three J

states. The observed g3 values are indicated by the arrows, There is no
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single value of \ for which the observed and calculated g factors are in satis-

factory agreement. Thus it appears necessary to go to higher order and to

include those states not directly coupled to the ground state by the gJ, and
hyperfine operators. Since these states have larger gJ' values than the
ground state, it is expected that including them will improve the agreement

with the experimental values.

HYPERFINE STRUCTURE

The evaluation of the nuclear moments from the measured hyperfine
structure depends on the choice of the angular part of the wave function.
In the preceding section, we showed that first-order calculations employing

the J-J coupling model were inadequate to explain the observed electronic

‘g factors. However, there is much less need for an accurate wave function

for the hyperfine-structure calculations, since uncertainties introduced in-

_the values of <l; are expected to be larger in any case. Therefore, the
; . ST 8

wave function we use admits the same states as in the calculation of the ¢
values, with the J,;=4 state of the (f.)2 configuration assumed to be an admixture
of 3H and 1G only (Eq. (10)),. | |

The ground state is the eigenvector of the W ‘rné.trix forran apvpropriate
value of \. Judd has found that the observed spectrum. of U(I) lcan be fitted
if the radial .integi'lais of Racah are multipli;ed by \ = .1/2.. 7 Us::irigf this: va.l\;e

for protactinium, we obtain, for the ground-state wave function,

Ju=11/2) =-0.976]43/2)11/2) + 0.124 | 5(3/2) 11/2) -0.178 | 4(5/2) 11/2) .
- (12)

On the basis of this wave function, we now proceed with the calculation
of the nuclear moments. The magnetic dipole moment (p; ) can be obtained

from the magnetic dipole hyperfine structure according to the relation



Z14- ' UCRL-9315

A = _(l/IJ)HI <H> Jym_o =3, , : ' (13)
J
where H is the magnetic field at the nucleus due to the orbital electrons..

The quantum mechanical expression for this field is

T(s-7T) } ' ’ (‘14)
: i o

H-

'-‘l\/
|r-'
-_—
————,
|
]
o |
+
| W
—
|
1
—
=1

where [ and s are the orbital and spin angtilar momenta of the individual
electrons, and T is the ravdius vector. The sum is over-all electrons.
Trees has noted that this operator can be written in a form which better ex-
hibits its sphervica'l tensor character,
'I——I:-ZHO‘Z(—E)L{I}—._ 10 —Xi} ) | - ’ (1‘5)
i r : _
where X is a spherical tensor of rank one formed from the tensor composition

(2),

of the spin (s) with the spherical harmonic of rank two (C

m m : .
X = Z s 1 C(Z) (1 m,;
1 m-m 1

2m-m; |12 1m) (16)
1 . '

(lml; 2 m-m, ’ 121m)is the Clebsch-Gordan coefﬁcignt arising in Fhé
coupling of an angular momentum of one unit with another of t&o units to
form é resultént of one unit.

When this form of the operator is used, the theoriems concgrning the
evaluation of matrix elements of spherical tensbr operators méy be applied.
The matrix elements arising from the §vave function (12) have the form

1
<_]1 JZ Jm J\

matrix elements are:

_]1 _]2 Jm —J> For the wave function (12) the appropriate

k 2
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-<3H4 D3/, “/Zlﬁl%‘!2 11/>"—+*o 296<3\+3< >

T

1 1 1

< G, Dy / 11/2 |Hl D3-2 11/>_~-§H0 <_3 _3
6d

(17)

o 0
<3H 11/?- 'ﬁ' 3H'5-_- 'ZD” . 11/>_ B 34jz< > +19<
- Qoo an o e 2B Gy
6d

<3H4 11/2 ! \3 11/> ﬁp0<_3>

6d
<3H5 '2D3/z 11/2 l F'I‘3H4 2D.3/.2 “/2>= - 75 ;1 HLo<‘>

5

The values of<—3—> were obtained from the relativistic wave functions for -

uranium:

3
3.9/a0 for 5f electrons,

1 1. -2 ) . .
7 = . “r . FQGdr (18)
<r > 2"L’ao _ 3 -
= Z.O/a

for 6d electrons.

Thus, the value for the field is - 3.0 ¥ 106 gauss, and, from Eq. (13),
A =277 p,N(nm) Mc. Using the experimental value A = 595 Mc, we obtain

p,N. = 2.1nm.
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We have neglected in this calculation the effect on the magnetic hyperfine
structure of excitation of core electrens to excited s states. ‘Aithou.gh this
effect can be substantial, we take the agreement of the calculated moment
with the value obtained from direct measuremernt as evidence for.the essential
corréctness. of our as sufnpﬁons Cbncerning thé elec—tronic structure:.

Calculation of the quadrupole interaction proceeds from the formula

2 .S 2
B = -.e_.Q% (—r-g)i <3 cos _Gi' 1>J) m =T o | (19)

The evaluation of thé sum is easily accomplished by using spherical tensor |
methrod.s., An alternative approach is to expand the wave function (12) into the
_sing‘le—pavrticle‘ guantum numbers, and to evaluate B directly. However, the
spherical tensor method has the property of exhibiting the addition of two quad- .

rupole interactions B

1“a‘.nd B, arising from systems with two angular momenta

;Il and JZ" coupled together to a resultant J.

‘Thus:
-

[3(:1 (C1-1) -4 3(7, + )T (T +1) 4
T @7, - D23 22T F 3]

B = 1

. (20)
[3C2(C‘2—1)—4J2(J2+1)J(J+12@ .
T, (2 3, -1) (27 +2)(27 +3) 2’

-+

where C1 =J(J+1)+ Ty (J1 + 1) - JZ(JZ + 1),

C

5 = J(T+1)+ J, (3, + 1) - (T, +1).

Applying this formula to the diagonal matrix elements arising from the wave

function (VIZ) we dbtain, for the matrix elements of

, ' \
1 2 \

q = Z( ) <3COS 9 -1 -
Pt im/aymy=d
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3. 2 |3z N L 4 364 /1 1/ 1\
.<H4 D3/211/2‘ q| Hy D3/2 11/2> =-z 47’?<’?> +7<_3_/.
¥ /5¢ ¥/ 6d

402 /1N 1 /1 W
5 TI\3) t2(3) |
R F/6d)

1. 2 - ll 2 '
<G4 D3/211/2 q| Gy D3/211/2>

(21)
i -
3., 2 {3 2 _28611--1\
Qo 2os g mv2 o] Py 70,0 002) = 3 (83 -3(3) |
/ i
>f " 6d]
3.2 'i3z 4 2591 17 /1
Cote sz 1172 o] 1y "2 10/ -3 | GRS + 57 (3
_ 51 6d
3. 2 1'3 2 _ 24 [2 /1 '
<H4 D5/2 11/2 [ q| Hy D3/2 11/z> = - 35 N73 <:§>6d
3., 2 3., 2 52 [22 /1
<H5 D3/2“/21q‘ Hy D3/2“/2> =825 ‘1§<r_3‘>
51
The values of are taken from the wave functions for uranium:
T.
= 3.99/ag for 5f electrons,
%zf(}.«“2+c,2) —1§dr 5 (22)
r . . r = 2.39/a0 for 6d electrons.
The value for the quadrupole interaction is thus found to be:
B = 802 Q (barns) Mc. (23)

The sign of B is determined experimentally to be opposite that of A. Since
the A value predicted from the calculated magnetic field and the expe'rimentally
measured positive moment is positive, we take for B the negative sign and

Q = -2400/802 = - 3.0 barns. (24)
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SECOND-ORDER ELECTRONIC PERTURBATION
So far we have assumed that J is a good gquantum number. This assump-
tion is valid so ldng as the second-ordér contribution to the energy,.
+2
I<J¢ LIF m, | - B -4e® 3 {C(Z) (e)] ¥ /LYL lIJFm{>l (E;-Eg, ),
e (25)

is negligible in comparison with the first-order energy. If it is not, then the
second-order field-dependent energy terms, which can not be distinguished
experimentallyv from the first-order terms, affect the computefi value of g
and-- to a smaller extent—A, B, and g5 We will show, however, that for
Pa, the effect of this perturbatmn is neg11g1b1e

The second order .d1p01e and quadrupole interactions calculated by means
of the tensor method are, for J=11/2 and I= 3/2

3Zpghy

RGEE: mf‘-p.l .J Ime> —[F+8)- F)(F44)(F- 3)]
495 N 5 -

\

1/2

+3

| 2 ,
and T '
2 n (2) . ~(2) 8eQ [
QJ-I)I F m ‘ ~4Ie — [c(n) C(e)] l JIF mf> 4_(_—7——«5 5% L (F+1)- 33]
e
S 1/2 1N\ /1
[(F+8)(7—F)(F+4)(F-3):| 91/165 ¢ 3> . <—-3> .
- N N el

The matrix elements of the magnetic field interaction,

}HOH z
h

9‘)% = Zl -(zz + Zsz)i , may be wfit‘t"en:

: (-2, +_gssz)iH >"L0Hz/h

<J-.1 IF m.f“g%/rmag l JIF mf> = £(F, m,) <J-1v
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wheref o m, - / . ‘ 1/.2
‘(Flmf) =, (F+8)(F+4}(7-F)}{F-3)
4\) 165F(F_+})

There are no matrix elements of the hyperfine structure that are off-diagonal
in F.
It is not sufficient to calculate the matrix element in pure J-J coupling,

because it vanishes in lowest order:

CRP

We must therefore evaluate matrix elements between the ground state and

3 1N 12 _
4(;)—;}5 2 ey -5y =0

fz+8s 2)i

states that are admixed by the electrostatic interaction. These are

3. 29 i3y 2p
<H4 D3y 3 !%(—£z+gssz)i“v{b‘Hs Ds /, 2>_36J—€ (g ,+1) /55,

[N [Ne)

2 -

i

3. 2 11
Hy D5y >“(6/5)“/11 (gs*1),

3., 2
<H4 D32

3. 2 IN. 6
. Ha D3y ‘z}’"?‘s‘ (gg*1)

3., 2 9 || 5
<H5 D3/22 H% (-2,%8e%,)

<3H4 5/23 ’ zl (-2, +‘ g S.z)i!]_3H4 2D3/2_ 1—-2—1> = - (2/5) '\/—_ (g + 1).

The electronic wave function of the J = 11/2 state is given by Eq. (12).

For the J = 9/2 state, it.is (for \ = 1/2)

|J-9/2> 0.990 Q4(3 2> - 0.08115(%)%> +o.115]4(%) %>
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The coefficients {(F, mf) for observed transitions are

(7, m,) = 0.

£)
£(6, 0)<£(6, -1) = (1/12)(1/771)}/% |

and gy oy eni(4, 1) = (1/20)(6/55) /2

The separation of the J =9/2, J = 11/2 levels is calculated to be
700 cm_l. Using this value for the separation, and the above matrix elements,
we find that the second-order perturbation at a magnetic field of 500 gauss is

less than 100 cps for any state ¥, and may therefore be neglected;
e

 NUCLEAR STRUCTURE

Mottelson and Nils son3 have note(i that the similarity of the lowest
levels of Pa231 and Paz‘33 suggests that the spin of Paz33 is 3/2, and that the-
odd proton belongs to thé‘ orbital 1/2-(530). The irfegul'arities invth"e spacing
of the levels of the ground-state rotational multiplet suggest that they are
characféfizéd by K = '1‘;/2', and a fit to the spacings has been obtai.ned by
assuming for the moment of inertia —2—;— = 6 kev, and for tHe decoupliﬁg para-
meter d = - 1.3,

An expréésion fbr tl;1e nucleali dipole moment HN’ in terms ofv'tAhbe
coefficients a,A of the eigenvectors of the odd nucleon, has been given by
Nilsson. For K =1/2, it is

=1 1.y ,2 2 i I-=+1 1, 2
L S £ {(gs B gl) {Z Zz(ai 0" aﬂl) +(-1)" 2 ‘2._(I+—2—) % 3 OJ

4+t

o]
N

(o

+ (gg -ggr) et lz-)?dié."JrgR-».,I'n(IfJ?l') . -

For an odd proton, gg = 5.585 and g, ~ 1.0.. The g factor of the core ER’
is taken as Z/A = 0.4 for a uniformly charged nucleus. The nuclear moment,

ppo was calculated from the revised wave functions of Mottelson and Nilssomn.
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The results ford = -1.3 are
5 0_ 0.1 0.2 0.3

pp(am) o 2.09 2.32 2.63 2.77

where 6 is a parameter that characterizes the eccentricity of the nuclear
potential. The value of § may be estimated from the measured nuclear Q.
The intrinsic quadrupole moment Qo, is approximately

2

Qq = (4/5) Z Ry

1
§ (1 +58).

Here R, = 1.2X 10"13A1/3cm is the mean charge radius of the nucleus.
The relation between Q and QO is

_3KA- 1(1+1)
(I+1)(21+3)

Q QO .

For K=1/2and I =3/2, we have QO = -5Q. The measured Q is -3.0 barns;
therefore QO is + 1.5 barns, and § is 0.3. The predicted value of the nuclear
moment corresponding to 6 = 0.3 is ”ﬁI" = 2.77T nm. For a nuclear spin

I1=3/2, Athe measured Q can be negative only for K = 1/2. Thus the observed
sién and magnitude of Q are in agreement with the configuration assignment

1/2-(530) for the odd proton.
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Table I. Ground-state configurations forithe actinide transition-series elements.

Element Ground configuration . Ground-state J
90Th | (6d)2 (75)? o - ' 2
5 P2 (5£)% (64)* (75)% 11/2
3 1 2
92U {(5£)” (6d)" (7s) 3
93Np : - (5f)4(6d)1(7s)2 , 11/2
94PY . (5f)6(7s) : 0
. _ , 7 2 ,
g5Am (5f) (7s) | 7/2

56Cm | (55)7 (6)* (75)° | 2




Table II. Pa?233 low-field data
J H v(Mc)
(gauss) g5
F=7 F=6 F=5 F=4
11/2 2.819(30) 2.512(35)
0.810(11)
5.567(30) 5.582(50) 6.535(50)
o 0.813( 7) 0.812( 6)
10.865(30) 9.700(50) 10.912(35) 12.812(35) 16.112(50)
.0.8117(40) 0.8144(28) 0.8152(22) 0.8150(25)
20.755(30) 18.590(25) 20.812(50) 24.450(60) 30.800(60)
0.8144(11) 0.8132(20) 0.8145(20) 0.8155(16)
9/2 2.819(30) 2.400(35) '
0.811(11)
10.865(30) 9.162750) 10.412(35) 12.560(60)
| 0.8033(43)  .0.8055(27) 0.8058{40)
20.755(30) 17.575(30) 19.912(50) 24.000(50)
0.8067(15) 0.8065(20) 0.8060(17)
7/2 10.865(30) 8.425(50)
0.7914(48)
20.755(30) 16.115(30)
0.7924(15)

_vz-

gle6-TUON
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Table III, Pa>> data analysis
gx10* g a(Mc) b(Mc) X’
5.66 -0.81391 566 - -2086 3.85
7.65 -0.81396 574 2172 2.56
9.71 -0.81401 582 2267 1.68
11.84 -0.81406 592 -2370 1.26
12.39 -0.81408 595 - -2396 1,227
12,94 -0.81409 597 -2423 1,231
14. 06 -0.81412 603 -2483 1.34
16,38 -0.81418 614 -2608 1.99
© 18.83 ~0.81424 628 -2750 3.31
21.40 -0.81431 643 -2911 5.41
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Table‘ I.VJ ';Pa233 hfs data
D‘ata No. (giés). N VoBé, Vobs. “Veale, Transition
(Mc)

1 20.754(18) 18.590(12) 40008 | .
2 55.192(21) 49.470(50) +0.017 a
3 105. 804(24) 94,910(55) v-o..'ooz‘ a
4 156. 142(29) 140. 230(40) -0.010 a
5 225.371(42) 202. 770(40) © -0.009 a
6 318.227(58) 287. 010(40) -0.042 a
7 . 450.668(74) 408.120(30) +o—..031 a
8 149. 713(30) 150. 330{40) +0.018 b
9 207.147(39) 208. 025(40) +0.014 b
10 308.464(58) 309.840(30) -0.010 b
11 99.548(25)  147.800(25) .0.003 c
12 144, 665(30)  214.980(50) +0.011 c
13 207.147(39) 308.160(50) -0.006 c
14 258.908(48) 385.460(63) -0.018 c
T, -1 7, -2)

6, 0«6, -1)
(4,2« 4, 1)
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Table V.. Calculations of £ and gk for Pa.

fZ

2/21
-11/105
-1/9

0

52/315

f4

-4/693
8/231

-8/99
26/297

-26/693

1 3 | 5

g g g
-4/7 ~2/21 -10/2541
-6/35 -44/315 -205/7,623
6/3.5 -38/945 -1,975/22,869
-1/15 -88/945 -575/3267
3/245 316/6,615 -41,605/160, 083.
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- Table VI. Term energies in crn

UCRL-2315

From Th
-7976

-6219
‘-4091
-2460
~-2266
788
1196
3287
3460

6702

Frorﬁ U.
-10645
- 9267
- 6412
- 3612
- 3682

214
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Fig. 1. Three of the observed transitions in Pa
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Fig. 4. Calculated g, factors of the levels J=11/2, 9/2 and 7/2
of Pa as a function of the strength of the electrostatic
interaction.
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