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Need for remeasurements of nuclear magnetic dipole moments
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The need for a reassessment of nuclear magnetic dipole moments is prompted by recent experiments on the
ground-state hyperfine structure in highly charged hydrogenlike systems which are sufficiently sensitive to
probe QED effects. This work gives an overview of the magnetic dipole moments for the nuclei of interest, i.e.,
16%g, 18518Re, 203.205T|  207ppy  and?0%Bi. It is found that the present uncertainties in the nuclear magnetic
dipole moment limit the interpretation of the accurate experimental hyperfine structures for these systems.
[S1050-294{@8)06711-0

PACS numbds): 32.10.Fn, 21.10.Ky

I. INTRODUCTION resonancéNMR). Somewhat later, other methods, such as
atomic beam magnetic resonanéABMR) and optical
Recent studies of the ground-state hyperfine structurpumping (OP), have also been used. Several methods are
(HFS) in highly charged hydrogenlike systems point to thedescribed in the 1976 compilation by FullghO]; more de-
need for a reassessment of nuclear magnetic moments. Thailed treatments of nuclear moment determination can be
interest in these systems arises, since the recent experimeftsind, e.g., in the classic textbooks by Ramg$éy] and
[1-4] are sufficiently sensitive to probe QED effects, which Kopfermann[12], and in the works by Lindgrefl3] and
are about 0.5% for these systefBs-8]. To make use of the Nierenberg and Lindgrefi4]. The most recent tabulation of
attainable experimental accuracy, it is essential that tha@uclear magnetic dipole moments is the one in the 8th edi-
nuclear magnetic moments used are reliable and accuratéon from 1996 ofTable of Isotopedy Firestond 15]. This
Since the HFS is directly proportional to the nuclear mag-table was based on the 1989 compilation by Ragh&¥éh
netic dipole momeng,, any uncertainty inu, will directly ~ except for values which have since been updated in the
affect the comparison. In order to provide a critical test ofNuclear Data SheetsThe work by Raghavan was preceded
QED effects, the nuclear moment has to be known at least tby the compilation in the 7th edition from 1978 ®able of
a fraction of a percent. Isotopesby Lederer and Shirley17].
In addition, the HFS is sensitive to details in the nuclear The nuclear magnetic dipole moment can be written as
charge and magnetization distributions, the so-called “Breit-
Rosenthal” and “Bohr-Weisskopf” effects. Whereas the m=0il e,

charge distribution is, in general, sufficiently well known not whereg, is the nuclearg factor, | is the nuclear spingy

to disturb the analysis, the Bohr-Weisskopf effect is quite_ efi/2m, is the nuclear magnetore is the elementary

uncertain. In some cases, it may be useful to reverse thC arge/ is the Planck constant divided byr2 andm is

analysi_s, ar_1d use iqstead the calcu_late_zd QED effects as inp{fﬁe proton mass. It is sometimes practicable to use the quan-
to provide information about the distribution of magnetiza- '

tion in the nucleud3,9]. A reliable nuclear moment is, of tity
course, still essential. r_ | =
e . = =gimg/mg,
We review here the tabulated values for the nuclei of 9 =9k me=diMe My
interest, i.e.,'®Ho, '*>%Re, 2932971, 29%Ph and?*Bi,  whereugs=eh/2m, is the Bohr magneton and, is the elec-

together with the reference nuclefH, *Na, and ***Hg.  tron mass(Note that Refs[10,18—2] use an opposite sign
Section Il contains a brief discussion about methods to deconvention forg; .) In all measurements of nuclear magnetic
termine nuclear magnetic dipole moments. Section Il congipole moments an external magnetic figlglis applied, and

tains, for each nucleus of interest, the result and a discussiGfe measured quantity is always proportionalB,. In
about how it was obtained. Summarizing in Sec. IV, we findg g NMR measurements, the Larmor frequency

that the present uncertainties in the magnetic moment limit
the interpretation of the accurate experimental hyperfine v =uBo/hl=g,unBo/h

structures for these systems.
is measured, whereas in direct measurements using ABMR

the quantity 2j; ugBy is measured.
Il. MEASURED QUANTITIES

The HFS in the $ ground state of hydrogenlike ions A. Shielding of the magnetic field

arises from an interaction between the magnetic dipole mo- The external magnetic field induces a diamagnetic current
ments of the electron and the nucleus. Values for the nucleatensity in the electron cloud surrounding the nucleus. This
moments can be found in several tabulations, where manigads to an induced magnetic fiddd(0) at the nucleus op-
values have an origin in measurements carried out in thposing the external field, so that the internal field at the
1950s and 60s, often using the technique of nuclear magnetiwicleus becomes
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B=By—B’(0)=By[1—B’(0)/By]=By(1—0). TABLE I. Diamagnetic shielding factors, for atomic systems.
The values are obtained by three different procedures based on

We h introd tic shieldi tant. which nonrelativistic Hartree and Hartree-Fock calculatighHF) for
€ here introduce anagnetic shielding constamt, whic neutral atoms[23], the relativistic Hartree-Fock-SlateiRHFS

cannot be determined by varying the magnetic field beC‘ausaectron theory for closed-subshell systei?4,25, and the relativ-

of the proportionality betweeB andB,. To allow for this igtic random-phase approximatidRPA) for closed-shell systems
diamagnetic effect the observed nuclear magnetic dipole mq2g 27, respectively. In addition, values for neutral Na, Ho, and Tl
ment must thus be multiplied by (1c)*. A value of the  are also given in the RHFS column, these values are obtained from
nuclear magnetic dipole moment which is not corrected fokhe table of spherical average diamagnetic corrections for neutral
the magnetic shielding is calleshcorrected and will here  atoms, calculated by Lin, Johnson, and Feiock, and quoted in the
be denoted byu,, to differ from the corrected (or bare compilation by Fullef10].

value y, .
The problem of magnetic shielding in atoms was first con-System H/HE RHFS RPA
ts:gr?rgi(it%ulz%r:tiﬂ], who found that, for a spherical elec- Na 0.000 629 0.000 6451
Na* 0.000 64268 0.000 6322
Ho 0.007 56 0.010 65
B’(0) e Re’* .01 .013 3¢
. _ V(0). 0 ¢ 0.01356 0.0133
Bo 3meCZ Hg 0.009 65 0.015 87 0.01577
Tl 0.009 82 0.016 36
TI* 0.016 36 0.016 24

where ¢ is the speed of light in vacuum and(0) is the

electrostatic potential at the nucleus produced by the eleé?E2+ 0.00998 0.02055
trons. For a closed-subshell system we find P. 0.016 86 0.016 7&f
Bi%* 0.017 39 0.017 27

e . 1 ADickinson[23].
V(0)=-— 477602 (2]t 1)<F> ' BLin, Johnson, and Feiock, quoted by Fulfao].
Feiock and Johnsof25].

d
. . . Johnson, Kolb, and Huar@7].
where the summation is over all atomic subshellsFor eJohnsor(31].

- . _ 2 .
hydrogenllke systems we .f|nd—a Z/_3, where « |s_the 'Bagug et al. [46].
fine-structure constant antlis the atomic number. Using an

effective screening radius~a,/Z'? together with the The first term is essentially the Lamb correction, discussed
Thomas-Fermi model for electron densities, Lamb was abl@hove, with contributions mainly from the inner electron

to obtain an approximate relation~(—0.319x10 %) Z*% ghells. This part is thus expected to be relatively insensitive
In addition, he applied the Hartree model for a number ofig the chemical environment.
systems, and found shielding factors that are between 10% The second term is often called the high-frequency term,
and 20% smaller. In 1950, Dickinsdi23] used available and it is explained in terms of a temperature-independent
Hartree and Hartree-Fock calculations for a number of atomparamagnetism which is expected in molecules having ex-
and ions to obtain a table of values for neutral atoms. More cited electronic states close to the ground state. This para-
recently, Johnson and co-workd24—27 studied the mag- magnetic term is quite sensitive to the chemical environment,
netic shielding factors using relativistic wave functions, assince it is mainly caused by the outer electrons and can also
well as a proper relativistic operator. The use of a relativisticdepend on the concentration. It is difficult to evaluate except
operator was found to be the dominant effect, and led to afor simple molecular systems, since it depends on excitations
increase ofo by nearly 50% forZ~80. Their first calcula- energies in the molecule. For most elements, the chemical
tions [24,25 were based on relativistic Hartree-Fock-Slatershift seems to be of the order of 1D or 1074, but can
(RHFS wave functions for a number of closed-subshell at-sometimes be larger. Shifts up to 1.3% have been observed
oms and ions. In later work26,27, they included also cor- in Co compounds[12,13. When NMR results are used
rections from the relativistic random-phase approximationsolely for calibration, as discussed below, any chemical shift
(RPA) for a number of closed-shell systems. The results fofor the reference nucleus cancels. For ABMR and optical
the atomic systems considered here are denoted bgnd  pumping measurements performed on free atoms or ions, of
given in Table 1. course, no correction for chemical shift is needed, only the
correction for the diamagnetic shielding.

a

B. Chemical shifts

C. Reported quantities
NMR measurements are usually performed on molecules

in an aqueous solution. The magnetic field is then also An absolute determination of the applied magnetic field
shielded by the chemical environment, i.e., the moleculaBo is very difficult. Therefore, especially in the case of
compound and the water. The variation @fis calledthe =~ NMR, Bo may be calibrated by a simultaneous measurement

chemical shift Ramsey[28,29 found that the shielding fac- for a known nucleus, and the result is then often reported as
tor for moleculesg,,,, can be split into two terms: a ratio of Larmor frequencies for the nucleus of interest and

the reference nucleus. The value of an uncorrected magnetic
Om= OdiaT Ohi- (2)  dipole moment is then given by
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TABLE Il. Recommended values of the nuclear magnetic dipole moments discussed in this paper. The diamagnetic corrections (1
—o,) ! are obtained with use of the, values in Table I, discussed in more detail in Sec. Ill.

Isotope Method Ref. Measured quantity 'y lonization (I-0y) 1 ol ey
BNa ABMR [18] g/=0.8046108(8x 103 2.216 0872 0 1.000 63%5) 2.217 49911)
1850 ABMR [21] g/ =0.64299(80x 103 4.132251) 0 1.010 7620) 4.176753
18Re NMR [39] v/v(**Na)=0.85114(9) 3.1439) 7+ 1.0134913) 3.1863)%
18Re NMR [39] v/v(**Na)=0.85987(9) 3.176B) 7+ 1.013 4913) 3.2193)%
19%Hg OoP [36]  w(/pp=0.1782706(3) 0.497 86983) 0 1.016 025) 0.505 84726)
2037 ABMR [41] g/=17.375(14x 104 1.595213) 0 1.016 6321) 1.621713)
2057) ABMR [41] g/=17.549(14)x 104 1.611113 0 1.016 6321) 1.637913)
207pp ABMR [44] g¢/=6.314(15)x10* 0.579714) 0 1.020 9821) 0.591814)°
209B;j NMR [45]  v/v(?H)=1.04684(5) 4.039 1Q9) 3+ 1.017 576) 4.1104)?

aSubject to a chemical shift. It must be emphasized that the error can be larger.
bSee the discussion in Sec. Il G.

to be taken from the work by Feiock and Johngad,25
based on RHFS calculations. These values were used by both
where the subscrip refers to the nucleus under consider- Raghavarj16] and by Lederer and Shirley in the 7th edition
ation, b to a reference standard, ampdto the proton. The of Table of Isotope$l17]. No consideration of the chemical
value used for the proton moment is given in Sec. Il A. Inshift has, however, been applied in these compilations, ex-
ABMR measurements, a possible way to deternBgds to  cept for the case af=1, discussed below. The present sta-
measure a quantity depending @yB,, whereg; is the elec- tus of the nuclear magnetic dipole moments discussed are
tronic g factor, and the determination gf can then be re- summarized in Table II.

duced to a measurement of the ratiogjfg;, but the re-

ported quantity igy, . The value of an uncorrected magnetic A b

dipole moment is obtained by using the relation

M;:M;’)(Valyb)(vblvp)(la“p)y

The magnetic dipole moments for the proton and the deu-
m teron are given by Cohen and Taylor in the most recent up-
“y =g,’|—p,uN date of fundamental physical constaf§]. The number for
Me the bare proton moment ig,=2.792 847 386(63)y, and
where the proton-electron mass ratio isn,/m, that for the shielded proton moment ISk
—1836.152 701(37)30]. =2.7£_)2 775642(64),, where the latter is obtained fpr a
spherical pure water sample at 25°C, corresponding to
oh,0= 25.689(15K 10" . Raghavan[16] refers to this

value, whereas the 7th edition ®&ble of Isotope$l7] re-

The determination of the nuclear magnetic dipole mo-fers to an older valug32]. Cohen and Taylor also give the
ments for the nuclei®*Ho, 818Re, 2032077|, 20Ph and  formula for the magnetic shielding from the electron on the
20, is reviewed below in Secs. Il D—III H. First, however, proton in a hydrogen atom, in addition to Lamb’s correction
we discuss, in Secs. Il A=l C the nuclear magnetic dipoles?/3, obtained from Eq(1), this relation includes reduced
moments of?H, ?*Na, and'®*Hg, which are used as refer- mass, relativistic and radiative corrections:
ence nuclei in some cases. All corrected results are obtained
with use of theo, values in Table I, the RPA values are used
wherever available, and half the difference between the Mp(H) = pp
RHFS and RPA values for a certain system is assigned as a
uncertainty for the RPA value, since the dominant correc-
tions are assumed to be included in the RPA values. Other
corrections enter in higher orders of perturbation theory, and 6(My+me)?(1+ay)
are expected to be smallg31]. For neutral Na, Ho, and TI
spherical average diamagnetic corrections, calculated by Linyhere ay=u,/uy—1 is the proton magnetic moment
Johnson, and Feiock and quoted in the compilation by Fulleenomaly. This relation yieldsr,=17.7329<10"°, corre-
[10], have been used. In the case of results achieved by NMRponding tou,(H)=2.792797 861(63)y -
the corrected values are connected with an extra estimated The ratio for the magnetic dipole moments of the deu-
uncertainty of one part in £0to consider the unknown teron and the proton is given to be
chemical shift. It must be emphasized, however, that the er-
ror can be larger. md/mp=0.307 012 203661),

The results are also compared with the values in the 8th
edition of Table of Isotopegl5]. These values are said to be giving
“corrected for diamagnetic shielding wherever applicable.”
Although no table ofr values is given, they can be assumed uq=0.85743823024) uy -

lll. RESULTS

1 myMe

1—a? — e
3 2(my+me)?

2
N a“(my+3mg)meay, N
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According to Kaminkeret al. [33], in the case of NMR, the tribution of about 0.000 006 5 from thes3ralence electron.
ratio of the proton and deuteran factors is related to the Adding this contribution to the RPA value for the diamag-
ratio of the resonance frequencies by the formula netic correction for Na gives an estimate

9p/9q=vplvd1—(og—0p)], (1-o,) " 1=1.0006395).

in which o4 and o, are the deuteron and proton screeningApplying this correction gives
constants. Neronov and BarzakB4] give o4—op,=15.0

X109, yielding v4/v,=0.1535061041(26). This fre- p=2.21749911) uy,
guency ratio is used as reference in the NMR measuremen
of the nuclear magnetic dipole momentsa¥Pb and?°%Bi
and also in®*Na, which in turn serves as reference for the
nuclear magnetic dipole moments ¥ Re.

}fn updated calculation of the shielding factor for Na could
reduce the uncertainty in this magnetic moment determina-
tion.

C. g

_ The tabulated nuclear magnetic dipole momentitHg
95 based on a 1961 optical pumping measurement by Cagnac
[36]. The main result quoted in that work is a ratio

B. ¥Na

The two most recent measurements of the nuclear ma
netic dipole moment i**Na, were done by Lutz in 1967
using NMR [35], and by Beckmann, Baden, and Elke in

1974 using ABMR18]. The NMR measurement was carried wi (P"Hg)/ ] (F*Hg) = —1.107 4165).
out on NaCl in heavy water, and the result for a vanishing
concentration of the alkali salt was In the text, additional results are presented, including the

i
v(*Na)/v(?H)=1.72317464), e

[(*Hg)/u,=0.17827
which corresponds to an uncorrected #l 9)/pp=0.17827063),

with the remark that the diamagnetic correction is not in-
cluded, “which according to Lamb’s calculatiof22] is
.96%.” The ®*Hg nucleus has been used as a reference in

| =2.216 21685)uy .

Furthermore, the shift of the resonance line as function of th tical ing determinati f the Pb i
concentration was found to be small. The diamagnetic cor- € optical pumping getermination ot the magnetic mo-
rections obtained by Johnson and co-worki2d—27 for ments considered below, b_ut, for that purpose, the uncor-
Na* are 0.0006426 and 0.0006322 from RHFS and RpA®CIed value can be used diecty. -~

calculations, respectively. Assigning half the difference be- € diamagnetic correction for neutral Hg obtainec by

tween the RHFS and RPA values as an uncertainty to thgohnson and co-workef24—27 includes also relativistic
RPA value yields effects and is considerably larger than Lamb’s values. The

tabulated value in the 8th edition d&able of Isotope$l5],
(1- 0, 1=1.000632 652). m1=0.50588%H(9)uy, is based on the RHFS value fot,
giving 1/(1-0)=1.0161, corresponding to,=0.015 87.
This correction, and an assumed chemical shift uncertaintincluding RPA corrections leads to a slightly modified value
of one part in 18, yields a corrected of 0.01577. Assigning half the difference as an uncertainty

gives
m=2.2182) uy,

where the accuracy is limited by our knowledge of the

chemical shift. The nuclear magnetic dipole momenfiNa  and the corrected

has been used as a reference for various NMR determina-

tions of nuclear magnetic dipole moments, including those in w1 =0.50584726)

18518Re discussed below, but for that purpose, the uncor- . . . o
rected value can be used directly. where the uncertainty due to the diamagnetic correction is

The nuclear magnetic dipole moment in the 8th edition Ofabout 30 times larger than the experimental uncertainty.
Table of Isotopeg15] w,=2.217520(2)y is taken from
the compilation by Raghavdi6]. This value is based on the D. *®Ho
ABMR experiment yielding The nuclear magnetic dipole moment values ¥#Ho in
, 3 the most recent tabulations are all derived from the ABMR
9/ =0.80461088)x 10 ", result by Haberstroh, Moran, and Penseljd9], g,
=6.370(70)x 10" 4, corresponding to an uncorrected)
=4.094(45uy . This result was reevaluated by Dankwort
wl =2.216 0822) iy, . and Ferch[20], including thg jnfluence of higher fine-
structure levels and the deviation frobS coupling. The
In the ABMR case, the diamagnetic correction should begesult then wag, =6.423(42)< 10" *, corresponding to an
evaluated for neutral Na. Fullgt0] quotes a RHFS result by uncorrected u| =4.128(27uy. There is a reference to
Lin, Johnson, and Feiock:,=0.000 649 1, indicating a con- Dankwort and Ferch in the compilation by Raghavyas),

(1-0,) 1=1.016025),

which corresponds to an uncorrected
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and a diamagnetic correction of 1{lr)=1.0108 gives the since the sevend and & valence electrons of Re can be
corrected value 4.173(2z), . expected to be delocalized within the covalent bonding. The
The next reevaluation based on the experimental data afiamagnetic corrections obtained by Johnson and co-workers
Ref.[19] was done by Nachtsheifi21], and his result was [24—27 for Re’* are 0.01356 and 0.013 31 from RHFS and
RPA calculations, respectively. Assigning half the difference
g/ =0.6429980) < 10" %, between the RHFS and RPA values as an uncertainty to the

) RPA value yields
corresponding to an uncorrected

1-0,) 1=1.0134913).
! =4.132251) uy, . (1~ 0a) u3

) ] _This correction, and an assumed chemical shift uncertainty
Nachtsheim clearly stated that his value for the magneti¢ys gne part in 18, yields

moment is not corrected for diamagnetism.
However, after a long chain of indirect references, it is w1 (*¥Re)=3.1863) uy

this uncorrected value of Nachtsheim that occurs @&era

rected value in the 8th edition offable of Isotopeg15], and

taken from Pekef37], who in turn made a reference to

Burghardt et al. [38]. Burghardt et al. gave u, to be

4.132(5)y , with references to Nachtsheim and Haberstroh

Moran, and Penselin, but without any mention of diamag

wm(¥Re=3.2193) uy,

where the accuracy is limited by our knowledge of the
‘chemical shift. However, even with this relatively large un-

netic corrections. _ » certainty, the experimental results for the HFS in the ground
Assigning an assumed uncertainty 0k20™" to the av-  giates of18518Re’5 indicate that the magnetization is local-

erage diamagnetic correction for neutral Ho quoted by Fullef,oq ot considerably larger radii than the nuclear ch&gje

[10] yields unless the chemical shift for this many-valence system is
(1- )~ 1=1.0107620) significantly larger than assumed.
a . .
Applying this correction gives F. 203.2097|
1 =4.176753) The most precise measurement of the nuclear magnetic

dipole moments irf®Tl and 2°°T| were carried out by Baker
where the accuracy is limited by the experimental uncerand Burd [40] using NMR on an aqueous solution of
tainty. We thus suggest that this be the new recommende@H;COOTI. Their results were
value for the magnetic moment of Ho. 20 T
v(?%°T1)/v(*H)=0.571 391 464)

E. 185,18he and

The nuclear magnetic dipole moments'ffiRe and*®'Re
were measured by Alder and Y89] using NMR on an
aqueous solution of NaRgOwith the magnetic dipole mo-
ment in >Na as the reference. Their results were

v(?%5T/v(*H)=0.577 011 784),
which give the uncorrected

v(1¥Re)/v(?*Na) = 0.851 149) i (°T1) = 1.505 76811)

and and
120 —
V(187Re)/1/(23Na) =0.859 819) My ( 5T|) =1.611 46431)/.1,,\‘ .
This gives, by using the uncorrected NMR value foNa The correc_ted values in,the 8th _edi_tion Déhble of Iszootopes
given in Sec. Il B, the uncorrected [15] and in Raghavan’s cozrgpllat|0|ﬁ16] are w,(?°%11)
=1.622257 87(12)y and u,(?*°Tl)=1.638214 6112y .
u (*¥Re)=3.14393) uy These values include a diamagnetic correction of /63
=1.0166 corresponding to the RHFS valig=0.016 36 for
and TI* obtained by Johnson and co-workf?4—27. Including

RPA corrections, they found a slightly reduced value
0.016 24. Again assigning half the difference as an uncer-
tainty yields

| (*¥Re)=3.17613) uy .

The corrected values in the 8th edition Téble of Isotopes
[15] are u(**Re)=3.1871(3uy and u,;(**Re) (1-0,) 1=1.016516).

=3.2197(3uy. These values have been taken from the

compilation by Raghavafil6], where a diamagnetic correc- The slight modification ino, is negligible compared to the
tion of 1/(1-0)=1.0138 has been applied to these valuesassumed chemical shift uncertainty of one part i, hich
In the absence of calculated magnetic shielding constants fggads to the values

the ReQ molecule, the best approximation to the diamag- 20

netic correction is the one for the closed-shell systerhi'Re m(P%T)=1.6222) uy
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and (1-0,) 1=1.0209821)

i (Pl =1.6382) - (half the difference between the RHFS and the RPA values

_ o o has been assigned as an uncertaintyot). The optical
A more direct determination of the nuclear magnetic d'p°|epumping resul{42] was

moments in?°*TI and 2%Tl is provided by Fowler's ABMR

measuremerf41], giving ! (PO  u| (Y¥°Hg) =1.149604).
o/ (?T)=17.37514)x 10" * Combining this result with the uncorrected value f8fHg,
g given in Sec. llIC, leads to
an
! =0.572 35120) u
9! (2%°TI) = 17.54914) x 10~%, ! N
. for 2°/Pb. This optical pumping result is slightly outside the
which correspond to the uncorrected error bars of the recent, but less accurate, ABMR rdgdlt
i (P%T1)=1.595213) uy g/ =6.31415)x 10 %,
and which corresponds to the uncorrected
wl (3T =1.611113)uy . | =0.579714) uy .

The RHFS valueo,=0.016 36 for neutral Tl, quoted by Both these measurements are subject to the same diamag-
Fuller[10], coincides with the value for Tl, indicating neg-  netic shielding from the neutral Pb atoms. Applying this cor-
ligible contributions from the p4,, valence electron. Assign- rection to the optical pumping value gives

ing an uncertainty of X104, which corresponds to about

twice the size of the RPA correction for the Tl ion, gives #=0.5843612)
(1-0,) 1=1.0166321). somewhat larger than the tabulated value, for which ttfe Pb
shielding factor was applied. For the ABMR result the cor-
Applying this correction gives rected value becomes
wi (23T =1.621713) uy #=0.591814) puy .
and The NMR measuremei#3] is, in fact, reported as a mea-
surement of “the shielding of lead ions by water.” The value
i (P%TH=1.637913) uy of the shielding is given in the abstract but the value of the

S _ magnetic moment isot given there. This measurement was
where the accuracy is limited by the experimental uncercarried out on PINO3), in heavy water, and the result of
tainty. Ref.[43] is given as

G. 20%p v(*°'Pb)/v(°H)=1.358 882)

Recent tabulations quote two measurements of the nucleafter an extrapolation to vanishing concentration of lead ni-
magnetic dipole moment ir°Pb: A 1969 optical pumping trate. The result corresponds to the uncorrected
experiment by Gibbs and Whifd2], and a 1971 NMR mea-
surement by Lutz and Strick43]. In addition, a third mea- u =0.5825689) uy .
surement was performed by Brenridd] using ABMR, but ) ) ) )
its result does not seem to have had much impact. Both tabdPplying the diamagnetic correction for Ph
lated values include a diamagnetic shielding correction of _

0.016 86, evaluated by Feiock and JohnE2#] in the RHFS (1~0y) " '=1.017026),
model for PB”. The RPA calculatlor[31] gives a slightly . and an assumed chemical shift uncertainty of one partin 10
smaller valuer,=0.016 74. For the optical pumping experi-

; . gives the corrected
ment it would, however, be more appropriate to use the cor-
rection factor for neutral Pb, where the shielding is, in fact, 1, =0.59256) .
considerably more important. The RHFS value by Feiock
and Johnsofi25] is 0.020 55, indicating that the two valence The slightly different value in the most recehable of Iso-
electrons in the closed (§,,)? subshell significantly perturb topes[15], u,;=0.592583(9)y, is based on the RHFS
the inner electrons. No RPA value for Pb is available, but asalue for the magnetic shielding, and does not consider the
reduction of about 0.000 10, as for the?Pbcase, gives a chemical shift.
first estimate. The correction for neutral Pb may, however, It has been suggestdd3] that an absolute shielding of
be relatively uncertain: there is a strong mixing between thé®’Pt?* by D,O of about 2% could explain the large discrep-
closed (6,/,)? subshell and the nearby [6,,)2 configura- ancy between the NMR and the optical pumping values.
tion, and for neutral Pb we use Gibbs, in a private communication quoted in the compilation
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by Fuller [10], noted that the discrepancy “may be due to IV. CONCLUSION

large Interaction _of3P1-state with *Po-state” in the case of For the nuclear magnetic dipole moments discussed here
the optical pumping measurement. The ABMR result agreegnly those in 163Ho, 203297| and 20Dl are obtained by '
within the relatively large error bars with the NMR result, ji-c+ measurements. whereas those8h8Re. and2°Bi

but not with the value from optical pumping. A renewed 56 measured with NMR and are therefore subject to un-
analysis of the optical pumping results using adequal§nown chemical shifts. Remeasurements of nuclear magnetic

atomic wave functions might be helpful, as would more pre-noments would be worthwhile for all these systems, but is
cise ABMR measurements. This uncertainty concerning thenost important for'8518Re, 20320%7| 20%pp and2°%Bi. One

Pb magnetic moment, presents, of course, a serious compipssible method would be to perform the measurements on
cation in the interpretation of the accurate measurements @fiosed-shell ions in ion traps.

the 1s hyperfine structure in H-like Pb. The determination of nuclear magnetic moments was an
active field some years ago, in particular in the 1950s and
H. 209 60s. Recent years have seen astonishing developments of

- . both computing power and of techniques for precision mea-
The nuclear magnetic dipole moment fBi was mea- g, rements. In order to make full use of the accurate experi-
sured by Ting and Williamp45] using NMR on BINO3)3 in - ments on highly charged H-like systems—whether to test
heavy water, and their result was calculations of bound-state QED effects or to probe into
. nuclear structure—the nuclear magnetic moments must be
v(**Bi)/v(*H)=1.046 845), known with better precision. In some cases, refined calcula-
tions of diamagnetic shielding factors would alleviate the

which corresponds to an uncorrected
problem. Nevertheless, a remeasurement of several nuclear

u! =4.0391019) uy . magnetic moments with today’s experimental capacity and
! higher accuracy seems long over_due. _
The corrected value in the 8th edition Bable of Isotopes Note added in proofTomaselliet al. have in a recent

[15] is u;=4.1106(2uy. These values have been taken paper[47] presented calculations of the Bohr-Weisskopf ef-
from the compilation by Raghavaii6], where a diamag- fect with the use of the dynamic correlation model for one-
netic correction of 1/(+ ¢)=1.0177 \;vas applied to this hole nuclei. Our revised values for the nuclear magnetic di-

value. The magnetic shielding constants obtained by Johnsdif!€ moments "Tlfé’b?s%“d *°’Pb, and the possibility of a
and co-worker§24—27 for Bi3* are 0.017 39 and 0.017 27 chemical shift for=°> e, may modify their conclusions.
from RHES and RPA calculations, respectively. Assigning ACKNOWLEDGMENTS
half the difference between the RHFS and RPA values as an
uncertainty to the RPA value yields Several people have helped in many ways during the
course of this work. Walter R. Johnson kindly resuscitated a
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. L for the magnetic shielding constants, and allowed us to quote
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culation for o using Eq.(1) for Bi®* and B(NOy)s, respec-  ner, concerning the magnetic moments of Ho and Pb, respec-
tively, in order to investigate the effect on the valence electively, were made available to us by R. A. Haberstroh, Bonn,
trons and of the other atoms in the molecule. They found @and by P. Seelig and A. Dax, GSI. Ingvar Lindgren’s will-
correction of about 0.1% a¥, much smaller than the differ- ingness to share his knowledge about the field in many clari-
ence between the RHFS and RPA values. The chemicdying and helpful discussions is gratefully acknowledged.
shifts due to the solvent and the, term in Eq.(2) were, Useful comments on the manuscript from Thomas Beier,
however, not considered. The assumed chemical shift uncefhomas Kinl, Hans Persson, Sten Salomonson, and Per Sun-
tainty of one part in 1®dominates the final uncertainty, and hergren have been very much appreciated. Financial support

yields the corrected magnetic moment for this work was provided by the Swedish Natural Science
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