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Abstract

The hyperfine structure and isotope shift of the heaviest known
alkaline earth element radium (Z = 88) have been studied in both
the atomic Ra I and ionic Ra II spectra. The measurements, carried
out by on-line collinear fast-beam laser spectroscopy, yield the
hyperf ine constants A and B of the 7s and 7p1/2 states in Ra gI,
of all states of the excited 7s7p configuration and the 7s7d D3
state in Ra I. The data allow a consistent evaluation of the

! nuc lear moments for eight odd-A radium isotopes. In particular,

‘ a complete analysis of the hyperfine structure of the sp confi-
guration in the two-electron system provides a stringent test

of the validity of the semi-empirical medified Breit-Wills theory.

It is shown that the effective operator formalism is equivalent,

if relativistic correction functions are used to reduce the

; number of parameters. The semi-empirical hypeérfine fields are

i evaluated and found to agree generally with those from ab-initio
| calculations. The isotope shifts in the s-p, s?-sp, sp-sd transi-
| tions are analysed semi-empirically and compared with ab-initio
calculations. The consistency of the different analyses proves
their validity and classifies the spectrum of Ra I as a model

case for a simple and clean two-electron spectrum.
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1. INTRODUCTION

Radium is the only alkaline earth element of which optical
hyperfine structures (hfs) and isotope shifts (IS) remained
unknown until very recently [1]. Previous atomic spectroscopic
studies concerning the level structure of Ra I and Ra II were

performed only on the long-lived, doubly-even isotope 226Ra

(Ty/2
electric quadrupole moments from the measured hyperfine inter-

= 1600 a) [2,3]. The evaluation of nuclear dipole and

action constants A and B requires the knowledge of the hyperfine
fields at the nucleus. Similarly, the IS are related to the
isotopic changes in the nuclear mean square charge radii via

the electron densities of the states involved in the optical
transitions. The basis for an analysis of the hfs and IS can

be provided by systematic investigations in a number of states

of both the_peutral atom (Ra I) and the alkali-like singly-charged
ion (Ra ITI). A coherent description of the hfs and IS also
provides a test for semi-empirical models and ab-initio theories.
For the heavy element radium (Z = 88) they are particularly
sensitive to relativistic contributions and the finite nuclear
size effect. From the nuclear physics point of view there is

a special interest in the moments and charge radii of radium,

as experimental and theoretical evidence for the occurence of
reflection asymmetric nuclear shapes [4,5] has been found in

the region 86 £ Z2 £ 90 and 130 £ N £ 140,

We have measured the hfs in four levels of Ra I and two levels
of Ra II, comnected by the four transitions shown in the level
schemes of Fig. 1 a) and b). In Ra I the experiments yielded a

complete set of hfs parameters of the first excited 7s7p confi-

guration and those of the TsT7d 3D3 state. The 1P1 and 3P1 states

were excited from the 1S0 ground state by the strong resonance

o Q
line at 4826 A and the weaker intercombination line at 7141 A,
respectively. The metastable 3P2 and the 3D3 state were investi-
o . ;
gated in the 6446 A transition. In the alkali-like one-electron
. 2 2
4 line™ 7s S1/2 - Tp .P1/2 at

4683 A was studied, while the ultraviolet "D2 line" to the

Tp 2P3/2 state at 3814 A could not been reached so far.

spectrum of Ra II only the "D



The measurements include the hfs of 8 odd-A isotopes, and the

IS of altogether 19 isotopes in the mass range 208 £ A § 232.

The experiment has been performed by on-line collinear fast-beam
laser spectroscopy, which combines the features of high sensiti-
vity (reduired for the study of short-lived isotopes with low
production yield) and high resolution (required for the investi-
gation of hfs and IS with high precision). In discussing the
results, this paper will focus on the atomic physics aspect,

in particular on the consistent éescription of the hfs in

the two-electron 7s7p configuration in Ra I, Here, the modified
Breit-Wills theory (MBWT) [6,7] and also the effective operator
formalism (EOF) [8] have been applied. This parallel treatment

has been chosen for a couple of reasons:

i) The semi-empirical approach of the MBWT gives an adequate
description of the two-electron hfs in all known alkaline-earth
spectra including the subgroup II elements. This is due to an
effective inclusion of configuration interactions. The validity
of this approach in a strongly relativistic case is shown by
the comparison of the emerging nuclear dipole moments with

those obtained from the alkali-like Ra II spectrum.

ii) The effective operator approach in its original formulation
[8]'is é correct parametrisation of the hfs (includiﬁg relativistic
corrections and core polarization), as long as configuration
interactions are neglected. In particular, it neglects the fact,
that the radial wave functiéns ﬁithin one configuration differ
considerébly from one multiplet to the other, due to the exchange
interaction. The attempt of generalizing the effective operator
formalism by the assumption of different interaction constants
fof each multiplet, increases the number of parameters. In

the sp'configurations they exceed by far the number of input
parameters available from the experiment. Thus the application

to radium involﬁes certain simplifications. Nevertheless,
together with the interaction parameteré from recent ab-initio
calcﬁlqtions, it gives new insight into the hfs of Ra I and
elucidétes:the felaﬁiqistic corrections entering into the

semi-empirical approach.



The semi-empirical mixing coefficients, hfs fields and electronic
field shift factors which are essential for a quantitative deter-
mination of nuclear moments and radii are compared with ab-initio
values [9,10,11%,12]. The agreement is satisfying and supporting

both approaches.

In section 2 we give a brief description of the experimental

set-up and the extraction of the data from the optical spectra,
Sections 3 and 4 deal with the MBWT and the EOF analyses. Section 5
tfeats the hfs fields and sectioﬁ 6 the electronic field shift

factors and specific mass shifts.

A first interpretation of spins and moments within nuclear models
has been given already in [1]. It will be resumed in a forthceming
paper [13}, together with an extensive discussion of the isctope
shift of nuclear Mmean square charge radii and their relationship
to nuclear deformation. There the discussion will focus on the

possible existence of a stable octupole deformation. {see also.[14]).
2. EXPERIMENT AND RESULTS

The experiment has been performed using the set-up for collinear
fast-beam laser spectroscopy [15] which is installed on line with
the mass separator facility ISCLDE at CERN [16]. ISQLDE gives
high Yields of radium isotopes, from proton-induced spallation
238
of U
hitting a UC, cloth target (12 g/cm®) which is heated to 2200° C

to release the volatile spallation products. The evaporated atoms

. The 600-MeV beam from the CERN synchro-cyclotron is

are lonized on a hot tungsten surface (2400° C) and extracted

in the form of a 60-keV ion beam. After mass separation this

beam is bent into the axis of the laser bean and.transmittgd
through the set-up for charge—~exchange neutralization and flucres-
cence detection. With a kinetic energy spread of about 2 eV the .
tofal absorption line width is about 30 MHz. This is of the order
of the natural line width of the strong transitions-2 e

S = P
] ] 3 3 1/2 1727

SO-‘ P, and P2 - D3. The natural width of the weak intercombi-

nation line 150 - 3P1 can be estimated from the singlet-triplet

mixing coefficients to be about 500 kHz. Power broadening is



used to cover the Doppler profile by the homogeneous line width,
which gives the maximum fluorescence signal. Experimental details
on the collinear fast-beam laser spectroscopy on neutral atoms

3

are given in [15,17]. The metastable 7s7p “P_, level is populated

in the near-resonant charge-exchange procasszby using cesium

instead of sodium vapour as exchange partner (compare Fig, 1b),.

This procedure was first applied in the study of radiocactive

Yb isotopes [18]. A slight modification of the set-up for

studying the ionic resonance lines was used already for investi-
gations in the Ba II spectrum [1§]. The charge-exchange cell is
removed and the observation region is electrically insulated

to form a Faraday cage for the application of the post~acceleration/

deceleration voltage.

The light source was a commercial frequency-stabilized cw dye
laser with the dyes Ccumarin 102 (4683 E, 4826 E), Rhodamin 101
(6446 B) and Oxazine 1 (7141 E), pumped by an argon or krypton
ion laser. The dye laser is running at fixed frequency while
the frequency tuning in the rest frame of the fast moving atoms
is performed by a change of the ion energy. With a post-acce-
leration/deceleration of +* 10 keV, the Doppler~tuning range
amounts to * 30 GHz at 7141 E and * 40 GHz at 4683 E. The optical
resonances are observed by counting the fluorescence photons

as a function of the post-acceleration voltage. Fluorescence
signals could be observed down to isotopic yields of about

104 atoms/s. This sensitivity led to the discovery of the new

232

isotope Ra.

o
A typical hfs pattern in the 6446 A line is shown in Fig. 2

for 221Ra (I = 5/2). {(Corresponding hfs patterns for 223

Ra in
the 4683 E and 4826 3 lines obtained with a much better signal-
to-noise ratio are found in [1]). The hfs and the IS between
two isotopes is obtained from the respective resonance voltages
via the relativistic Doppler equation. For the odd-A isotopes

a computer fit yields directly the A and B factors and the
centers of gravity from the observed hfs patterns. The results

are compiled in Tables 1 and 2.



A special problem arises for the hfs of the 3D3 state which has

to be corrected for second order hfs contributions due to the
admixtﬁre of hfs components from a 1Dé state lying only 17 em™ ]
apart (compare Fig. 1b). This state has been assigned to the Tp2
configuration [3]. However, the hfs operator does not connect the
Ts7d and 7p? configurations. Therefore, we assume the perturbing
state to belong predominantly to 7s7d. Second-order perturbation
theory gives a contribution to the 3D hfs via the reduced off-
diagonal matrix element <7s7d 3D3|]f§;;[| 7s7d 1D2> for which a
fit of the disturbed experimental hfs yields 156(12) MHz, while

the theoretical estimate <T7s7d 3D3llgfé;;[| 7s7d 1D2> e~ %? c; a(7s)
[20] (with a(7s) taken from Table 3) gives 172(10) MHz. This good
agreement supports the assignment 7s7d to the 1D2 state at 32215
cm-1. The hfs parameters of 3D3 in Table 2 are corrected for

this effect.

The errors quoted in Tables 1 and 2 are the sum of systematic
errors, mainly due to 1-10"4 uncertainties in the acceleration
and post-acceleration voltages, and an one standard deviation
error from the fitting routine. Both uncertainties are of the
same order and yield the total experimental errors of about

1 - 10 MHz. A plot of the measured IS values in the Ra II

4683 E line, relative to the isotope 214Ra, is given in Fig. 3
which also shows the hfs of the odd-A isotopes. The corresponding
figure for the Ra I 4826 3 line can be found in [1].

3. ANALYSIS OF HFS WITH THE MODIFIED BREIT-WILLS THEORY

3.1 General Presentation

Breit and Wills developed a general formalism to decompose
the hfs parameters AJ, BJ of a pure two-electron configuration
with intermediate coupling into the contributions of the indi-

vidual electrons a b [21]. In central field approxi-

n&j* "nlj
mation the latter ones are given [22] by

1

a = (80/3) (2u upsém) (up/I) N(o)[2 F,

s (Z2.) (1-8) (1-¢)

/2



a (2p_pp/am) (up/T) {2(R+1)/73(3+10} <0755 0 Fo(2,) (1-8) (1-€) (2)

nk j

nk

. ) . . _3
(e2/4neo) QS [(2j-1)/(25+2}] <r 7> R .(zi) (3)

b nt 2j

nlj

The hyperfine fields arise from the (non-relativistic) electron
density |“10)|;S at the origin for an electron with & = 0 (contact
term) and from the radial integral <r—3>nl for an electron with
angular momentum 2 > 0. Eguation (2) comprises the orbital and
spin-dipole contributions to the hfs field withouf taking into
account the contact term which is produced by the spin polarization
"of the core (compare section 4). Core polarization effects are
.also omitted in (1) and (3). Fj(zi) and'jo(Zi) are relativistic
correction functions which take into account mainly the relati-
vistic enhancement of the electronic wave function close to the
origin. They were first given by Casimir [22,23] and later

improved by Schwartz [24]. The relativistic Breit-Rosenthal-Schawlow
correction (1-8) describes the flattening of the Dirac wave
function in the parabolic Coulomb potential inside the nucleus,
while the Bohr-Weisskopf correction (1-¢) takes into account

the spatial distribution of the nuclear magnetization. By

use of the well=-known semi-empirical Goudsmit-Fermi-Segre

formula, the electronic matrix elements can be related to

known spectroscopic quantities [22] by

25%5 dg

(0)]2 = = (1 - =]} (4)
Iy/ lns ﬂaén*a dn

-3_FGS _ 2 3_g3 1
<r 7> o = ZiZO/{aOn £(1+2} (e+1}} (5)
with the effective charges Zi and ZO, the effective quantum
number n*¥ = n-o and the quantum defect o. For & > 0, <P_3>n£
can be alternatively related to the fine structure splitting
Svfs by

-3 (fS) _ 3 2 1
<r 7> = dv._/{a] R a”(2+5) Z,H (8,20} (6)
HP(Q,Zi) is another relativistic cerrection.

The intermediate coupling is described either in terms of pure LS

»
. ) . .
wave functions P L >Lg or pure jj wave functions |S1/2’£j> by



3 _ 3 1
Pl = e L g e8| blPes
T Y |S1/2’“2+1/2> T2 IS1/2{”2-1/2> (7a)
1 . 3 1
|'L> = -8 | Licrg + o | Lo g
_ _ o (7b)
= C2 131/2’ Yarsa> = eq Isq 0 2 g 0>
with normalized mixing coefficients @, & and Cqys C respectively,

27
which are interrelated by '

o = ~% c., + L c B = A1 c % c (7c)
B 28+1 1 24+1 2! b 28+1 1 " 22+ 2

With the representation (7) the AJ and BJ factors can be eXpressed

in terms of the single electron hfs constants (1-3) [21].

The modification of the.original Breit-wills theory consists

in the allowance for different radial wave functions in the
singlet and triplet states. These are produced'by the strong
Coulomb exchange interaction between the two valence electrons.
In a region close to the nucleus (r < 3aé/z), Wwhere the hfs

and fs interactions are strongest, the gimple assumption

of a pProporticonality between the radial wave functions in
triplet and singlet states is Justified [25]. The reason

is that the shape of the wave funbtion in this region is
determined by the strong nuclear Coulomb field and the exchange
interaction only affects its amplitude wvia the normalization.
Following a suggestion by King and van Vileck [26], the renormali-

zation is accounted for by the two paramet ers AS and Ap defined

as
S TR (8a)
)\; = 1<‘r*_3> / 3<r’“3> (8b)

This modification led to a consistent description of the fs and
hfs splittings in sp configurations [6,7,27]. Obviously the
different single-electron hfs constants in the pure singlet

and triplet states and their off-diagonal matrix elements

{indicated by the double index 13) are interrelated as



13 3
a, = As a {9a)
1 13 2 3
o= . = . b
apJ Ap apJ Ap apJ {(gb)
1 13 2 3
b . = b . = A b .
pJ Ao pJ P Dj (9¢)

1as does not appear in the formulae, since the spins are

coupled to zerc in the pure singlet state.

With these definitions the MBWT equations read [7]:

3 3
(1/74) a  + {(3/4) ap3/2 (10a)

3
Al P2)

3 3_.
ag + [(5/12)—(5&/24)] 830 * (1/3) aB1/2}

2

AP = o {(1/4) 3

3

3
4p3/2

+ (2/3)0/2 aB{-(3/4)r  “a_ + [(5/4)—(5§/32)]xp

3 2 2 3
- (1/2)A apq/z} + B {[(5/6)+(55/2&)]Ap 2 3/2

+ (1/6)A {10b)

p
2 3
b 2p1/2}
3

br3se (11a)

2(1+2n)ks} 3p (11b)

— 2 — —
P.) = (1(;) {a[(1/2)=2n] + V2 aB(1 n)xp + B b3/

A(1P1) and B(1P1) instead of A(3P1) and B(3P1) are obtained by
replacing a by a'= -8 and B by 8'= a. In principle equations
(10b) and (11b) contain also off-diagonal matrix elements
a£+1/2,2_1/2, b2+1/2’£_1/2. In the frame of the MBWT they

are expressed in terms of the diagonal ones with the relativistic
corrections g and n. The apj factors for pure configurations

are related by the ratio of the relativistic correction functions
Fj(Zi) according to

/ = 5(1=§ ) (1=~
P

Y= ap1/2 ap3/2



3.2 MBWT Analysis of the Ts7p Configuration in Ra I

3.2.1 Mixing Coefficients and Relativistic Corrections

A semi-empirical determination of the mixing coefficients
is possible from the deviation of the fine structure intervals

from their LS-coupling 1limit [7] by

B/a = {8 /LE'® ) -C3p )-8 13172 \ (13)
with A_ = {[E(3P2)-E(3PO)] /3} - {E(3P1)—E(3PO)}. Inserting

term values from [2] yields o = 0.979, B = ~ 0.205 and ¢, = 0.398,
cy = 0.918. These values remain unchanged by the inclusion of
spin-other orbit and spin-spin interactions, because the corre-
sponding corrections to (13) cancel out [27]. The values are
well reproduced by a recent Multi-Configuration Dirac-Fock {MCDF}
calculation [9] in which the T7sTp configﬁration is constructed
from a basis of five jj-coupled states [731/2,7p1/2>, l751/2,7p3/2>,
f7p1/2,6d3/2>, ]7p3/2,6d3/2> and I7p3/2,6d5/2>, to include the
admixtures of the close lying 7péd configuration. For the eva-
luation of <, and c, these additional contributions are projected
back into the basis of the two 7s7p configurations which gives

th th

C

1 = 0.425 and s, = 0.905. In the frame of this analysis the

semi-empirical results will be used.

The relativistic and finite size corrections appearing ih
the different equations are taken from the standard formulae
and tables given e.g. in [22,24,28]. A complete list of para-

meters used is given in Table 3.

3.2.2 Determination of kp

a) Ap from the Fine Structure: The guantity Ap appears in

the fs as the ratio between the off-diagonal parameter 13 and
the diagonal parameter 3;'of the spin-orbit interaction [6]. A

simple approach starts from the experimental term energies as



H

13 3
Ap(fs) / 5 | , (14}

3

1 3 172 3
3 {a [ECP)-E(7P )-8 T} / V2LE(TP,)-E("P,)]
and yields Ap(fs) = 0.792. An estimation of spin-other orbit
and spin-spin interactions according to formulae (19.59); (33.32)
of ref. [29], leads to a correction of + 5.1 % in the fine

3P ) and a corrected ?\p(fs)C = 0.753.

structure interval E(3P2)—E( 0

b) Ap from the B-Factors: lp can also be determined from

the experimental B-factors. Adding up equations (11) gives

Ay (hes) = ([3(BC'P+BCE1/BCR,) - (1/2) + 2n) / [1+2n]}'/2

(15)
and the numerical value Ap(hfs) = 0.742(2). The error includes
only the experimental uncertainties of the B-factors. A variation

of 5 % in n would be reflected in a change of 1 % in Ap(hfs).

Both evaluations give almost identical Ap values. The systematic
difference between lp(fs) and Ap(hfs), already found in most
other alkaline-earth systems by Kluge and Sauter [7], has been
removed by the correction due to spin-other orbit and spin-spin
interaction. The consistency demonstrates that configuration

interactions are effectively included in the MBWT.

3.2.3 Determination of ls

The influence of AS onn the fs splitting is practically negligible.
However, through 1y%(o)|2 it affects the large contact contri-

bution to the magnetic hfs as well as the isotope shift.

a) As from the Isotopic Field Shift Ratio: Brix and Steudel {30,311

already ascribed the small difference between the isotopic

field shifts of the two resconance lines from the 1S to the

. 0
1P1 and 3P1 states to a different density ]?2(0)]2 of the

s-valence electron in the excited states, i.e. to As. However,
also the p electron contributes namely by its own Charge

density ]’}%(0)]2 and by interaction with closed s-shells



(screening). Semi-empirically we can account for the first
two effects (whereas the last one is accessible only to ab~initio
calculations). In this approximation the ratio of the field

shifts is

2
Frsoe 8100 | Ggns

j1826,7141 F7141 Af?40)1;141

(16)
lﬁko)lész - (A;IP%O)lgs + c? o) 7p1/2
[Fronlz . - (porfz  « cxlports g,

We take the assumption [W( 0)|;S = 1.8(2) [« o)[a which

is based on systematics [31] and confirmed by MCDF calcu-
lations [32]. The ratio HVO)]7 1/2/r710 TS = 0.07(1) is
calculated according to [19]. Insertlng the experimental
value fgj from Table 7 and the mixing coefficients < finally
yields AS(IS) = 1.03(2).

b) AS from ab-initio Calculations: The MCDF-calculations

of relativistic charge densities in Ra give direct theoretical
access to AS. In the five-configuration ansatz (9] the contri-
bution of the 7s electron to the total charge density is
calculated to be 807 a > in the singlet and 798 a’? in the
triplet state [32]. This gives AS(MCDF) = 1.01. The error

cf this result is difficult to estimate.

Due to the large'number of parameters in the MBWT description
of the magnetic hfs, AS can not be determined independently
from the experimental A-factors. Therefore we use the value
AS(IS) = 1.03(2).

3.3 Quadrupole Coupling Constants

With the mixing coefficients and relativistic corrections given

in Table 3 equations (11a y0) relate three experimental B.—factors

3

to only .two free parameters, Ap and “b This overdeterml-

p3/2°
nation offers the chance to prove the validity of the description.



The results of a fit of all 7s7p hfs with the single free parameter
3bp3/2 are given in Table 4, in comparison with the experimental
numbers. The agreement within the experimental errors is excellent.
For the sake of comparison the results of the original Breit-Wills
theory (Ap = 1) are also included in Table 4. They deviate from

MBWT and the experiment by about 30 %.

3.4 Magnetic hfs Constants

The set of equations (11) relates three experimental Aj—factors
to three one-electron hfs constants ag, ap3/2, ap1/2. Thus

the latter ones can be calculated unambiguosly, but there is

no overdetermination for a consistency check. With the parameters
o, B, kp, AS,‘f from Table 3, we obtain the agj factors listed

in Table 4. Although the magnetic hfs is dominated by the
s-electron by orders of magnitude, the small ap factors still

p1s2r 9 %

p3/2 ap1/2/ap3/2 = 17.3 is

considerably larger than the theoretical value of 11.8 given

are determined with reasonable precision (2 % for a
for a ). Note that the ratio v,
in Table 3., The difference is mainly due to the spin-dependent
exchange core polarization which is neglected in equations

(2) and (12); it will be discussed in the EOF analysis below.
Again the original Breit-Wills analysis (ls = Ap = 1) yields
distinctly different a-factors, although the change is not

as dramatic as for. the b-factor.
4. EFFECTIVE OPERATOR FORMALISM (EQOF)

4.1 General Presentation

The EOF was introduced 1965 by Sandars and Beck [8]. It gives

a correct parametrization of the hfs Hamiltonian in terms of
non-relativistic angular momentum operators with a and b factors
in which the radial matrix elements are free parameters.
Relativistic corrections are included in these parameters.

The theory also contains terms representing the effect of
exchange core polarization of the inner s shells by the valence
electrons. The effective Hamiltonians of magnetic and electric

hfs, for each valence electron k, are given as [8,33]:



(1) _ (k) 241 (k) (k)
off, ° [T /{u /I)]-{ - /10 (s,C, %) 215" * S, ag, (17a)
2) 2 2 (k) 13)2 (k) 192 }
T (Tn/eQS) {-ck boo + v3/10 U‘ + V3710 tf b,y (17D)
Here, TéT) is the magnetic dipole and T'°) the electric quadru-
pole operator which act on the nucleus. U(l‘])2 is a double

tensor operator of rank i in spin, J in orbital and 2 in
combined space, 02 is the second spherical harmonic. The

three terms in the wavy bracket of (17a) represent the orbital,
spin-dipolar and contact interaction. The two last terms in
the quadrupole interaction are of purely relativistic origin.
U(B)2 vanishes for £ < 2, All different effective hfs constants
aij and bij are related to the corresponding radial parameters

<r_3>ij or hfs fields according to

- -3 _ (0)
aij = (2uopB/4ﬂ) <r >ij (uI/I) = uO<Hij ) uI/I
_ 2 -3 _ (0)
bij = (e /4neo) <r >ij QS = e<q,_ 13>Qs
The parameters <r-3>.. are not related simply to empirical

1]
quantities, but accessible only by ab-initio calculations.

The effective hfs constants alj and b j in a particular con-
figuration are obtained from the experlmental A and BJ factors
by adding the contributions (17) for each valence electron

via vector coupling rules [33]. This leads to a set of equations
which can be solved only, if a sufficient number of inde pendent
AJ, BJ factors are known. Usually the influence of diff erent
radial wave functions for different multiplicities is neglected
(see e.g. [34]) because the inclusion of this effect strongly
increases the number of unknown parameters. This leads to
serious inconsistencies. They can be removed by including
additional semi-empirical [35] or theoretical {36] information

about radial wave functions into the formulae,.

4.2 Application of the EOF to the 7s7p Configuration in Radium

a) Hfs-Formulae and Reduction of Parameters: The effective

hyperfine hamiltonian for the configuration 7s7p is composed

of one term a?o due to the s electron, (the contact term)

{18a)

(18b)



=14

P,
1)
two bgj' The intermediate character of the coupling is again

and five terms due to the p electron, namely three a and
expressed by intermediate wave functions according to (7).
The different radial dependence of the singlet, off-diagonal
and triplet terms introduces altogether eight aij and four
bij parameters facing only three A and three B factors from
the experiment. The final EOF expressions for the hfs of

a nsnp configuration thus read {36]

aCr,) = (7w (Pad + 2 Pall - (2/5) 2P+ 2al}
A(3P1) = (uz/ﬁ) {3a?0 + 2 3a81 + 2 3a?2 + 3a20}
- (aB/V2) {13a?0 + 13a?2 - 13a11)0} + B° 1a81
5(°p,) = (2/5) b2, + (1//45) b
B3P, = (-a2/5) FoB, + (aP//T80) PP+ (aB//30) 6P,
(28°/5) "0},
A(1P1) and B(1P1) are obtained by replacing o by a' = -« B and
B by ' = o in (19b) and (20b). The superscripts 3, 13, 1, again

indicate triplet, off-diagonal and singlet matrix elements.
Since no ab-initio calculations are available, the number
of parameters is reduced by introcducing the semi-empirical
gquantities Ap = 0.742(2) and Ay o= 1.03(2) similar to the
MBWT approach. Still the three A factors depend on the four
3.8 3.p 3.p 3.p

aigr @g1r 8o aig and require another input

parameter. The safest choice is the ratio y of the relativistic

variables

correction factors Fj {cf, (11)). They depend mostly on the
simple, unscreened Coulomb potential close to the nucleus.
Furthermore, this ratio is obtained independently from two
different ab-initio calculations on the hfs fields, as

v = 11.0(6) [11] and vy = 11.7(2) [12], in perfect agreement
with the semi-empirical y = 11.8 [24]. We introduce the theo-
retical ratio between the orbital and spin-dipole coupling
constant which is related to the y factor by

(aP /a? = (2 + Y/5) /8y - 2)

01 2)

{(19a}

(19b)

(20a)

(20b)

(21)
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(21) is obtained from (12} and the general relations between
the single-electron hfs constants agj’ blj and the EOF para-
meters [33]:

3,172 = (1/3) {4 &b + 4 al, - al )}
83,0 = (1/3) {2 ab. - (2/5) al, + al )}
8p3s2,1/s2 = (1/3) {ag, - (1/2) af, - &P 3
bisse = (2/5) by, + (1//35) bl

bo3sa, 12 = (2/5) bgz - (1//780) b$1

where the suffix 3/2 172 denotes the off-diagonal elements.
)
(Note in deriving (21) that the core polarization term a?o

was omitted in the definition of Y by equation (12}.)

b} Results and Comparison with the MBWT Analysis:

With this input we calculate the EOF parameters as included
in Table 5. They may be transformed back into the usual apJ

and bpj factors by use of equations (22). The agreement with

those, from the MBWT analysis is perfect. This is not surprising

as the MBWT equations (10), (11) and the EOF equations (19),
(20) are now fully equivalent. The relativistic corrections

S and n, entering as fixed quantities into the MBWT, are
determined in the EOF as free ratios between the different
radial parameters to be_g = 1.08(4) and n = 1.41(6) in perfect

agreement with Table 3.

A closer inspection of equations {19a,b) reveals a direct

correlation between the two contact terms 3af0, BaEO and
the A factors: the former occur either as sum S = a?o + 3a$0
or as difference D = AS 3a$0 - Ap 3a?0. While these two quanti-

ties are well determined in the fit, the contribution of
the p electron contact term is Strongly dependent on AS and

Ap, especially as the ratio 3a?0/3a$0 is of the order 100.

In fact, the choice A = 1.06 instead of 1.03 makes 3a$0

(22a)

{(22b)

(22¢c)

{224)

{22e)



vanish whilst the dominating Ba?O changes by less than 2 %
only. Hence we conclude that the evaluation of the exchange
core polarization by the p electron remains rather uncertain
in a (s,p)-configuration. This is explicitely illustrated

in the second errors of the EOF hfs constants, as given in

the square brackets in Table 5. These represent the additicnal
uncertainties, apart from the purely experimental errors

ascribable to AS and Ap.

P
01

terms and, in particular, not influenced by these mutual

The third parameter a is not correlated to the contact
uncertainties. In conclusion the orbital and (through vy also
the) spin-dipolar a-factors are safely evaluated within the
frame of both the MBWT and the EOF theories; their accuracy 1is

mainly limited by the experimental errors of the AJ«factors.

5. Hfs~-Fields and Nuclear Moments

The magnetic hfs field H(0) and the electric field gradient
@ég) in a term J are traditionally defined by the relations

_ (0)
<H;(0}>/1J (23), B. = e<°Pzz,J>Q (24)

A J 3

J - IJI“o

which are also used to define the single electron hfs fields
from the aj, bj [22]. In the EOF analysis we use the corres-

ponding definitions (18a,b) instead.

5.1 Magnetic Dipole

a} Ra II Ground State:

The evaluation of <HJ(0)> is supposed to be most reliable

in the case of a clean, single-valence-electron contact s fterm
such as in the ionic ground state Ts 251/2. Here three inde-
pendent ab-initio calculations using relativistic many body
perturbation theory (RMBPT) are available [10,11,12], while

in addition the GFS formula (5a} can be used in a semi-empirical
approach. With the latter a charge density value of |V10)|$S

= 10.15 a;3 is found using the corrections given in Table 3
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and the effective quantum number n¥* = 2.316. This corresponds

to a magnetic hyperfine field of B(0) = 1285.(65}) Tesla. The
error of 5 % is based on empirical evidence from numerous
analogue cases, where “I is known from independent sources.

The number agrees with the different RMBPT calculations which
include many-body effects as well as the finite size corrections
(1-8) (1-¢) (see Table 5). The remaining difference is much
smaller than the many-body effects, namely, the core polari-
zation and correlation terms. These contribute about 33 %

to the total hfs field according to the RMBPT calculations
[10,11,12]. We conclude that the GFS procedure effectively

takes into account these effects, though it certainly does

not pretend to do so. The reason for that is not quite clear.
The aim of the GFS formula was only to calibrate semi-empiri-
cally the density of an one-g¢lectron wavefunction Within

the core. The accidental inclusion of many-body effects indicates
that they should scale with that density, or, in other words,
that the inner part of the wavefunction is mainly responsible
for these many-body contributions. Thus one could account

for the many-body effects in an one-electron calculation by

the introduction of a simple renormalization factor for the

hfs interaction.

2

P State:

b) Ra II 7p 1/2

The hfs field for the excited Tp °P. . state has been calculabed
semi-empirically from the fs splitting and the p- electron GFS
formula. The two resulting magnetic moments show a systematic
deviation of about 10 % to higher values (compare Table 5).

This fact can be ascribed to the neglection of core polarization
contributions, which are similar in the other alkali-like spectra
(e.g. in Ba II, Sr II). Due to the lacking A(2P3/2) factor they
cannot be accounted for. The admixtures from higher np states,
which are due to the strong spin-orbit coupling in high-Z
spectra, have also been disregarded because of the limit ed

knowledge about these levels.
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The ab-initio results from RMBPT include both effects and
thus show complete consistency with the results from the

jonic ground state (compare Table 5).

¢) Ra I 7sT7p Configuration:

The a-factors of the Ra I 7sTp configuration have been tested
for their applicability to the determination of nuc lear moments
via a semi-empirical evaluation of the corresponding hyperfine
fields.

In case of the s electron the relation from section 3.2,
> 3 2 . . .
lﬂg(0)| g2 = 1.8(2) |1g(0)|787p is used again, taking for
|YS(O)|752 simply twice the value calculated from equation (4).
With n* = 1.6054 and (1 - d07/dn) = 1.059 one finally obtains
3 2 ) -3 . )
1‘{'5(0)|7S7p = 7.97(80) a_~. This leads to g = 0.267(27)uy

in perfect agreement with the ionic values (compare Table 5).

For the p electron, the semi-empirical hyperfine field can

be evaluated from the corrected fs according to (6) or from
the p electron GFS formula (5). The application of the latter
to the two-electron system leads to a value of <HJ(O)> about
15 % smaller than from the fs. In addition, both numbers

fail in the evaluation of B4 from the MBWT ap factors, and
yield a result, which 1is about 10 to 25 % smaller than from
the ionic a factors (compare Table 5). In a check of the
lighter two-electron systems by using the complete MBWT data
from [7,37,38,39] a similar discrepancy igs found in the case
of Ca, Sr and Cc, while only Hg gives consistent results [40].
In Ba no complete MBWT analysis could be performed, due to

the missing A-factor of the 6s6p 3P2 state. This more or

less general failure in the extraction of b from the MBWT

ap factors seems to be due to an errorneous approach in the
determination of the p electron hfs field from thefs in tbe
two-electron system. The consideration of spin-other-orbit

and spin-spin interaction contributions to the fs according

to [29] slightly increases the discrepancy by 5 %. {The earlier

used Wolfe correction [41] is not adequate in the MBWT approach.
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Thus the deviation of “I is ascribed to the insufficiency
of only one identical parameter <r"3>p for the magnetic hfs

of the p electron as well as the two-electron fs.

As already mentioned, this simplification is dlscarded in
the EOF formalism where ab-initio calculations of the radial
parameters avoid the 1ntroduct10n of empirical quantities.
MCDF calculations of the radial EOF parameters <r'3$ij have
recently been performed by Blttgenbach [42]. Using a simple
basis of only two jj- coupled configurations f731/2, 7p1/2
|7s1/2, 7p3/2> glves the preliminary results for the hfs
fields which are included in Table 5. The uI—values calculated
from the orbital a81 factor is identical with the result
from the MBWT ap faccors, while the contacc and Spln—dlpolar
terms unfortunately deviate strongly, up to 30 %. These dis-
crepaHC1es show that satlsfactory ab-initio descrlptlons for
Ra are not yet avallable Reliable results are expected from
RMBPT approaches and refined MCDF calculatlons from complete
basis systems which include effects like core’ polarlzatlon

and correlatlons in the two- electron systems

For the tlme belng we choose for the magnetlc ‘moment a reference

value of u ( Ra)w:26o(5n% Wthh is the welghted average of
the four values calculated from the idnic ground state. Its
accuracy is expected to be of the order of 2 '%. The moments
of the other 1sotopes glven 1n Table 6 are then calculated
by the ratio

Y o= P2 ((ar2) Xaos (R23y xq),

where & is the A factor of isctope x and *I its spin.

Here a possible hfs anomaly is neglected as it is known to

be smaller than 0.5 % (compare [17).

5.2 Electric Quadrupole

As no quadrupole splitting has been measured in the single-
electron Ra II specbrum, We have to rely entirely on the MBWT
or EOF analysis of the 7s7p configuration of Ra I in extracting

QS; Both approaches have turned out to' be reliable enough to

(25)



give safe single electron b-factors or 3b02’ respectively,

3
pp3/2
from the three B factors measured. The semi-empirical evaluation
of the quadrupole hfs field <¢ZZ(O)> according to (24) implies

3<r-'3>p as used for the

the same p electron radial parameter
magnetic interaction. Due to the disagreement of up to 25 %
between <r'—3>p from GFS formula, fs and magnetic hfs we have
three different choices. In the analysis of the lighter two-
electron systems Ca I, Sr I, Ba I, Cd I and Hg I usually the
value from the fs according to (§) has been used for the
electric hfs. Hiuhnermann has shoﬁn explicitely that this
choice of <r"'3>p yieids QS values in good agreement with the
ones obtained from the c¢lean single electron B factors from
the ionic one-electron system [43]. In this way the assumption
of identical <r~3s> for fs and electric hfs and a slightly
smaller value for Ehe magnetic hfs seems to Dbe justified.

223

We thus rely on this approach, which yields QS = 1,47 for Ra.

In the ab-initio MCDF calculations a preliminary value 3<r-3>02

= 4,84 a63 has been evaluated for the radial integral of
the quadrupolar term [42]. Inserting this into (19b) and
using the effective 3b02 factor from Table 5 gives Q_ = 1.9 b.
There is a discrepancy of about 30 % with the semi-empirical
value of QS, which is again ascribed to the simplifications
involved in the constrained two-configuration MCDF ansatz.

It is similar in size and direction as the deviation of the

contact and spin-dipolar term in the magnetic hfs.

The polarization of the electronic core by the quadrupole
field of the nucleus [44] is accounted for by the Sternheimer

correction:

QCOI" _ QUDCOI"/(.] - R )

s s Tp (26)

For the radium 7p levels Sternheimer has estimated a correction
factor RTp - - 0.24(5) from systematics [45]. The corrected

QS values obtained from the semi-empirical approach are listed
in Table 6 for all isotopes under study. The confidence level
ascribed to these numbers is about = 10 %, due to the uncertain-

ties in the radial parameter (5 % - 10 %) and the Sternheimer



correction (5 %). A more reliable and precise value for Q

is expected from future measurements of the ioniec B(2

consistently within 3 % by the semi-empirical as well as

the ab-initio method.

P3/2
factor. Here the radial parameter <r_3>p can be obtained

The results ropr QS as derived independently from the analysis of the

Ra I hfs agreé very well with the preliminary ones [1].

Wwere calibrated with reference tq QS = 2.9 b for the strongly
deformed nucleus 229Ra. In the sﬁrong-coupling limit this
spectroscopic quadrupole moment corresponds to an intrinsic
quadrupole moment of Qo = 8.0 b which is extrapolated from

a series of Qo values from the neighbouring even isotopes

222 228

sition strengths with an accuracy of 5 %. The agreement of
both results gives conf idence into the Present semi-empirical
evaluation of QS as well as the validity of the strong-coupling

projection formula for the heaviest Ra isotopes with deformations

of about 82 Y 0.2.1)

6. Isotope Shifts in Ra II and Ra I

The IS of up to 19 isotopes has been measured in the four
transitions. For isotopes with mass A and A' it is conventionally
expressed as a sum of the field shift (F3) and the mass shift
which again is decomposed into the normal mass shift (NMS),

represented by the constant Ni = vi/1836.1, and the specific

mass shift (SMS), represented by Si:

AA' ALY \
svi = F, + {N, + 5.} (a'-8)/n4

1) The extrapolation of Q, from 228Ra to 229Ra is still
@ bit ambigous, in parficular since some discontinuity

towards larger deformation values is expected around
N = 142 (corresponding to 23%9Ra) [13]. By comparison

with the isotonic 232Th (Qy = 9.7 b [46]), one is also
tempted to assume a Q, value of <29Ra slightly larger

than 8 b.

Ra - “%"Ra. They are known from measurements of B(E2)

(27)



The field shift is the product of an electronic factor Fi
T
and the nuclear parameter AAA which differs from the (usually

discussed) change in the mean-squared nuclear charge radius

6<r2>AA by a correction for higher radial moments [47]
AR 2 AAY Cn on_ AR
A = &<r™> + E T 8<rt> . (28)

1

The following discussion is confined to an analysis of (27),
whereas the nuclear physics interpretation will be given

elsewhere.

6.1 Ra IT Resonance Line

The well-known semi-empirical approach f48] is applied to
the alkali-like s-p transition of Ra II. F(4683 A) is written
as

F(4683 A) = ag/Z {a|W(0) £(Z,8) (29)

13
4683
with the (non-relativistic) change of the electronic charge
density in the transition and the parameter f(Z,A). The latter
contains relativistic corrections and the influence of the
finite size of the nucleus on the electronic wavefunction.
A recent recalculation of this quantity has been given by
Blundell et al. [49]. The change of the electronic charge
density A[?ﬂ0)|2 during the optical transition is given as

a fractional part of the dominant charge density in the s-state

S

(o |®y g, = B WO (30)

Ab-initio calculations of the screening factor B have proved
to be reliable. Recent Dirac-Fock (DF) calculations in Ra II

give B = 1.039 for the Ts- 7p1/2 transition [9]. With the
-3

use of the semi-empirical charge density IYTO)]T = 10.15 a,

(cf. Section 5.1), F{4683 A) is determined to be

F(4683 E)Se - - 49.2 GHz/fm?
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for the isotope pair Ra Ra (with £(88,225) - Cunif/lunif

= ~ 120.95 GHz/fm?). The DF calculations of Torbohm et al, [9]

give an ab-initio value of
[+
F(4683 A)pp = = 39.5 GHz/fm?,

For both values the mass dependence as given in [49] has to be
considered for the further evaluation. Due to the lack of an in-
dependently determined magnetic moment in radium, - the third possi~
bility for a determination of F(4583 E) from the hfs formula (4a)
has not been used. The two different F values show a disagreement
of about 20 %. In the other alkaline earth elements the discre-
pancy between ab-initio and Semi~empirical values of F is of the
same order (e.g. for Ba: 25 % and Sr: 21 %), always showing the
same direction with smaller ab-initio values. The reasons for this
disagreement are not yet understood (compare the discussion in
‘[9,15]); Thus the ultimate choice or F, necessary for the deter-
mination of absolute §<r2> values, will be left over to the forth-

coming publication on the nuclear physics of radium,

6.2 Ratios of Electronic Field Shifts

In a comparison between different optical transitions i and J the

field and mass shifts can be separated by a King-plot, Baszed on

the linear dependence of the field shift SVFS on the nuclear para-
i

t
meter AAA one derives

Apr

AAY
ij,King (Fj/Fi)Gvi,King + Sj - (FJ./Fi)Si {31)
between the transformed IS
1] ]
Sver = ov*E (anrs(aron))o . (32)

King ~

Pletting (31) for all pairs measured and Fitting a straight 1line
to the data yields the ratio of the FS as the slope

fij = Fj/Fi (33a)
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and the difference of the SMS as the abscissa

Dij Sj - gij Si . (33b)

The King plot for the 4826 ® lise in Ra I against the 4683 A

line in Ra II is given 1in Fig. 4. It perfectly reproduces

a straight line for all 16 data pairs within their extremely

small errors of about 3x10"4. The experimental error bars

are shown in the inlays with an enlargement of a factor 100.

The two other plots between the 4826 A line and the 7141 A

and 6446 A show the same precision. The results for g ; and

Dij are listed in Table 7.

This table also includes theoretical values for 9ij from

the DF and MCDF calculations [9]. The theory perfectly repro-
duces the experimental ratio §(4826, 4683). For the ratio
¢(4826,7141) there 1is only a slight discrepancy of about 3 %.

The experlmental ratio ¢ (4826, 7141) > 1 indicates slightly lar-

ger charge density in the singlet state 7sTp 1P than in the trip-

]
let state TsTp 3p (compare the discussion on A ), while the

1

theoretical prediction postulates the contrary. This discrepancy
shows that so far the LS dependent many- -body effects are not
perfectly reproduced by the MCDF ansatz. A theoretical value

for §(4826,6446) is not available.

6.3 Differences of Specific Mass Shifts

The differences of the SMS factors Dij’ as given in Table 7, are
all consistent with zero within their errors. These errors amount
to between 10 % and 40 % of the normal mass shifts, Therefore no
direct conclusion about relative dlrectlon or magnitude of the
specific mass shift parameters S can be drawn. Theoretical cal-
culations of mass shifts in radlum are missing completely. How-
ever, the small spec1flc mass shift differences between ionic
4683 A and atomic 4826 A lines and also between the atomic 4826 A
and 7141 R lines are well within the range usually observed for
s, p, s® and sp configurations [48]. One assumes, therefore, that
also their total specific mass shift is smaller than the normal

one.
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With this assumption we conclude that also the 7s7d 3D3 state has
only a small specific mass effect. On the other hand, transitions
involving states of a np(n—j)d configuration show huge specific
mass effects {8113'100 Ni) which indicate strong correlations bet-
ween the electron momenta. This is a characteristic phenomenon

of inner d and f shells, but seems to vanish already in the next
higher-n shell, For the evaluation of AAA' in Ra uncertainties

of the specific mass shifts are of minor importance. A change in
the SMS value S. of about Ni would result in a variation of less
than 1 % in all AAA' values.

N

7. Conclusion and Cutlook

The hfs and IS in one Ra II and three Ra I transitions, involving
all low lying sp states, have been studied, The hfs of this con-
figuration is well-described by the semi-empirical Breit-Wills
theory in its modified version as well as by the effective operator
formalism, Even though large relativistic corrections are involved
due to the high Z value of fadium, there are no indications for

a limit of the semi-empirical approach. The application of the
effective operator approach to the 7s7p configuration of radium

so far involves different simplifications in the ansatz as well

as in the ab-initio calculations of effective radial parameters,.
While semi-empirical as well as ab-initio calculations of hyper-
fine fields for the single electron spectrum of Ra IT are completely
consistent, discrepancies of about 20 % are found in the case of
the p-electron hyperfine field of the two-electron system Ra T.
This quantity cannot be determined with satisfactory precision

by semi-empirical methods. Refined ab-initio approaches might solve

this problem.

The independent determination of QS and “I will be possible

via two additional measurements, which are being prepared:

a) The nuclear gI factor and thus the magnetic moment pI
will be measured directly by Larmor Precession in an external
magnetic field by comparison with the precession frequency

of a species with known &1 factor [50].
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b} The optical study of the ionic 7s °g - 7p 2p transition
o 1/2 S 3/2

at 3918 A will give the pure pr/2 factor of Ra II and

thus allow a direct determination of Qs-from the one electron
spectrum as well as further comparisons with the hyperfine
parameters discussed in the present paper. This transition

in the near UV will be accessible in the near future by

the use of the frequency-doubled light of a cw ring dye

laser.

The complementary information obtained on the IS of the transitions
under study confirms the results from recent MCDF calculations,
especially their relative size and extends the experimental

basis for an improved theory for the field shift in general.
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Table 1:

208
209
210
VAR
212
213
214
220
221
222
223
224
225
226
227
228
229
230
232

Isotope shifts in the lines under study,

in MHz.

211Ra. All values

4826 A

8485.( 8.)
8313.( 8.}
6003.( 6.)
5522.( 4.}
3256.( 3.)
2167.( 3.)
0.
-21904.( 8.)
-25945.( 8.)
-28827.( 8.)
-32453.( 9.)
-35123.( 9.)
-38888. (10.)
-41124.(11.)
-43937.(12.)
-46950. (12.)
-50066.(15.)
~-53634. (15.)
-59585.(17.)

BvZM’A {MHZ)

4683 A

11950.

8449
7770

4583.
3049.

-30808.
-36496.
-40552.
-45657.

-49411

-54710.
-57852.

-61811

-66050.
-70432.
-75456.

( 8.)

.( 6.)
.(4.)
(3.
(3.

(14.)
(14.)
(14.)
(16.)
.(16.)
(18.)
(18.)
.{19.)
(20.)
(22.}
(23.)

relative to the isotope

7141 A 6446 A
3303.( 5.) -887.( 4.)

0. 0.

- 7001.( 7.)
-29253.( 9.) 7781.( 4.)
-32934. (10.) 8762.( 6.)
-35644.(11.) 9481.( 5.)
-39465. (12.) -
-41733.(12.) 11102.( 6.)



Table 2:

A(*Sq/2)
A(*Pqy/9)
A(*P;)
A(3Py) -
A(GP2)

A(*Dj3)

B(*P:)
B(3P;)
B(spz)

B(3D3)

Spins and experimental A and B factors for the odd

the levels under study. All values given in MHz.

209 . 21
5/2 5/2
- 6624.8
(1.0)
- 1299.7
{0.8)
-656.5  -668.4
(1.2) (0.9)
135. 162.
(5.) {4.)

213

1/2

22920.
(6.)
4525,
(5.)
-2314.8
(2.5)

t

221
5/2

-1345.0
{1.8)
-266.3
(1.5)
136.3
(0.8)
-475.8
{1.4)
278.6
(0.9)
213.3
(0.6)

669.6
(3.0)
-747.6
(2.6)
1103.8
(3.9)
117.8
(4.4)

223

3/2

3398.3
(2.9)
667.1
(2.1)

-344.5
(0.9)

1202.1
(0.6}
699.6
(3.3)
535.6
(4.6)

421.5
(1.6)
-470.2
(1.2)
688.5
(4.0}
73.9

(3.0)

225

1/2

-27684.
(13.)
-5446.
(7.)
2796.5
(2.5)
-9793.9
(4.3)

isotopes in all

227

3/2

-5063.5
(3.1)
-996.2
(2.3)
512.5
(2.3)

531.
(5.)

229

5/2

3789.7
(2.3)
743.9
(1.2)

-382.7
(1.4)

1042.
(5.)



Table 3:

Spectroscoplc parameters as’ calculated

and réla-

tivistic and finite size correctlons for the Ts7p

conflguratlon in the modified Brelt Wllls Scheme,
taken from [22,24,28],

F31/2

{1-56/6n}s

Z;(s84,5)

6}51/2

{1_6}31/2

5

1/2

i

n

it

n

0.979

1.03(2)

A

pi1/2
FP3/o
Pis2)
{1-68}

pt/s2

{1'€}p1/2

<S\"so

-0.205

0.742(2)

2.75

0.95

0.99

1.40

1.29

3800.cm

-1



Table 4: Comparison of experimental and calculated AJ and BJ
factors from the modified and the original Breit-Wills

theory. The values are given for 223Ra (in MHz).

Factor Experiment F it of the B factors
mod. B-W orig, B-W
A =0.T742(2 A =1,
p T42(2) p
3, . 3 :
B(p,)=% 5, 688.5(4.0) 693.6(1.5) 514, (32.)
B(3P1) _470.2(1.2)  =469.7(1.0) _331. (21.)
B(1P1) 421.5(1.6) 421.4(2.5) 588. (37.)

Calculation of the A factors

mod. B-W orig. B=W
=00 4 2 A =1.
Ap T42(2) 0
a_ 2668, 2736.(8.) 2908. (44.)
2)

1) evaluated from A(281/2) of Ra II wvia the ratio
of electronic charge densities.
2) not determined from Ra II, due to uncertainties

. . . -3
in core polarization and <r >p factors.



Table 5: Compilation of hyperfine constants and fields in
Ra II and Ra I and the nuclear moments derived
for 223Ra.
Term and Exp. value <HJ(0)> Method, Ref, “I/“N
hf's factor [MHz] [Tesla]
Ra IT 7s 3398.3(2.9) 1285. (65} GFS  this work .260(13)
1293. (40) RMBPT [10] .259(8}
> 1304.(65) RMBPT [11] .26(1)
A 31/2) 1266.(13) RMBPT [12] .264(3)
Ra IT 7p 667.1(2.1) 229.(23) GFS  this work .287(29)
214. (22) fs  this work .299(29)
A(eP ) 246.(12) RMBPT [11] L270(14)
1/2 243,(3) RMBPT [12] .267(3)
Ra I 7s7p
3as 2736, (8) 1009. (50) GFS  this work  .267(14)
3 1 /2+3a 32 392, (8) 129. (13) GFS  this work  .240(24)
p p 141.(15) fs this work  .213(21)
3afo 2747.(4) [50]1 1585. MCDF  [42] .34
3. p
a01 79.(1) [5] 66, MCDF [42] 237
3a§2 178.(3) [12] 115, MCDF  [42] 304
3_p
310 -41.(12) [40] =14, MCDF [42] -
=3 -3
B factor [MHz] <r > [ao ] Qs [b]
Ra I 7s7p
3b3/2 688.5(4,0) 3.85(20) fs  this work  1.20(6)
3b82 2193, (5) 4.84 MCDF [42] 1.56
3P -1265. (18) - -

11

GFS £ Goudsmith-Fermi-Segré formula, fs 2

fine structure formula



Table 6: - .Nuclear spins and momentS‘uI and Qs as derived from
. the hfs in Ra I and Ra II. For the Qs‘values the

Sternheimer correction is applied.

A 209 21 213 221 223 225 227 229
I 5/2 5/2 1/2 572 3/2 1/2 372 5/2
uI/uN .832(16) .850(16) .592(11) =.174(3) 262(5) =.713(13) =~.391(8) .487(9)

o bl .38(4) .46(5) - 1.90(20) 1.19(12) = 1.50(15) 2.96(30)



Table 7: Ratios fi.j of electronic field shift factors Fi and differences in spe-
cific mass shift factors Dij‘ Theoretical %.Dpvaiues from- [-é"] a‘re

included. For'the sake of comparison also the normal mass shift fac-

tors. Nj are given.

DF D N

Transitions f’ij f-ij ‘ i j
i - ' j (GHz) (GHz)
Ra },S,-1p, Ra Il,231/2—2P1/2 1.4062(2) 1.403 -28(30) 349,
(4826 A) (4683 A)
Ra 1,1S4-2P, Ra l,’jSof::'P; 1.0131(8) 0.986- -155,(130) 229,
(4826 A) . (7141 A)
Ra 1,2Se-2P, Ra |,3P,-3D, -0.2681(5) - 28(88) 253,

(4826 A) (6446 A)



Figure Captions:

Fig. 1: a) Part of the energy level scheme of Ra II,
b) Part of the energy level scheme of Ra I,

The transitions under study are indicated, Note the
3p
3

and the neighbouring 1D2 state, giving rise to strong

second order hfs pertuqbation. On the right hand side

enlarged inlay to show the closeness of the T7s74d

the ionization energy of Cs (-3.89 eV) and Na (-5.14 eV)

is indicated.

Fig. 2: Experimental resonance pattern for the isotope
2215, (1 = 5/2) in the 7sTp “P, - TsTd 3D3 transition
(6446 E). The total angular momentum of upper state
and lower state, Fe and Fg are given at the individual
hfs components. In addition the center of gravity

is indicated by the arrow.

Fig. 3: Positions of the observed resonances relative to
214Ra in the 4683 R line. Position and length of the
horizontal lines represent position and strength of
the hfs components for the odd isotopes, while

the dots indicate the centers of gravity.

Fig. 4: King plot of the 4827 A line (horizontal) against
the 4683 A line (vertical). The inlays show the

error bares enlarged by a factor of 100.
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