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Direct measurement of the fine-structure interval of 2’Al in its ground 2P state
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The J=32—1 fine-structure transition in atomi¢’Al in its ground 2P state has been detected in the
laboratory by far-infrared laser magnetic resonance. The fine-structure interval has been measured accurately
as 3359.62287) GHz or 112.064 9%) cm *. The spectra show the hyperfine structure associated with a
nuclear spin of for 2Al. The splittings are well reproduced by the hyperfine parameters determined earlier by
atomic beam methods. The analysis of the laser magnetic-resonance spectra casts doubt on the published value
for the Zeeman parametgg,, also from the atomic beam measurements. Although the value determined in this
paper is intrinsically much less accurate, it is in better agreement with the value obtained by a completely
independent theoretical calculatidi$1050-29479)10307-X]

PACS numbefs): 32.30—r, 32.60+i, 32.10.Fn

. INTRODUCTION surements. The best available value is 112.061
+0.010cm'?, determined by Eriksson and Isbdrt]. Al-

The aluminum atom Al shows a regular fine-structurethough aluminum does not appear to have been subjected to
splitting in its ground®P state, which arises from thes®p!  anab initio theoretical study, Veseth reported some calcula-
electronic configuration. In this paper, we report a directtions of the ground-statg; factors for several light atoms
laboratory observation of thé= 3« 3 fine-structure transi- including Al [11]. Rather surprisingly, his value fgr, does
tion, which is magnetic dipole in character. The observatiomot agree very well with the experimental vali&.

is made by laser magnetic resonan¢éR) in the far- In our program of determining the fine-structure intervals
infrared, and yields an accurate value for the splitting offor light atoms directly, we have been motivated in many
3359622.81.7 MHz. cases by the potential importance of these measurements for

The fine-structure intervals of most first- and second-rowastronomers. The fine-structure transitions are commonly
atoms(including iong in their ground states fall in the far- used to monitor local physical conditions in other parts of
infrared region of the spectrum. A program to measure theseur galaxy[12,13. This is not the case for aluminum which
intervals directly and accurately by LMR spectroscopy hashas a low cosmic abundanceX30 ° relative to hydrogen
been established at the Boulder laboratories of the Nationgli4]). Despite this, the atom has been identified in stellar
Institute of Standards and Technology. In these experimentatmospheres, including our own sun from optical transitions
the atoms are generated in the gas phase by either chemi¢ab,15.
reactions or electric discharges. The design of the far-
infrared laser in our spectrometer has been improved to in-
crease its efficiency at short wavelengths; the short-
wavelength limit of its operation is currently about 4n. The principle of the LMR experiment is the detection of
Most of the fine-structure transitions which fall in this acces-an atomic transition through the tuning of its frequency into
sible range have now been measuisek, for example, Refs. resonance with a fixed-frequency laser by application of a
[1-3]), including some metallic atoms. Aluminum is one of variable magnetic fielflL6,17. In the far-infrared region, the
these. radiation source is a fixed-frequency, optically pumped laser.

Aluminum in its ground?P state has been studied quite The lasing gas is excited to a chosen vibrational level by
thoroughly by atomic beam magnetic resonance methodsumping with an appropriate line of an infrared laser, usually
[4—8]. These measurements are very accurate and determiaeCQ, laser; in this way a population inversion is created.
the nuclear hyperfine parameteréAl has a nuclear spin of The molecules chosen to provide the gain medium therefore
%), and one of the twa factors @s,). Hyperfine splittings have absorption bands in the 1®a region.
have also been measured for aluminum in excited electronic The far-infrared LMR spectrometer used in this work has
states by optical spectroscopy, and are summarized in theeen described elsewhef8], and the details are not re-
review by Chand8]; see also Refl9]. However, the fine- peated here. We have improved the sensitivity of the appa-
structure splitting in the groundP state has only been mea- ratus by raising the Zeeman modulation frequency to 40
sured indirectly from comparatively inaccurate optical meakHz. We have also modified the spectrometer to enhance its

performance at wavelengths shorter than 180 by reduc-
ing the inside diameter of the polished copper pump tube

*Author to whom correspondence should be addressed. FAXfrom 50.8 to 19.1 mngfrom 2 to in.). This provides a much
(44)-1865-275410. Electronic address: jmb@physchem.ox.ac.uk better overlap between the pumped lasing gas and the far-

II. EXPERIMENTAL DETAILS
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TABLE |. Details of the far-infrared laser lines used to record 88.95 pm

magnetic resonance spectra®®l in its ground ?P state.
-5/2 -3/2 -1/2 1/2 3/2 5/2

Lasing gas CQ@pump line Wavelengtlium) FrequencyMHz)

13CH,0OH 9P (44) 88.95 3370404%
CD;OH 10P(20) 89.67 33433607
13cp,0D 10R(24) 90.15 3325304%

#Measured for this work with an accuracy of 1.0 MHz. A | | | |
bReferencd20], accuracy 1.0 MHz. 0.45 04 sy Y
‘Referencd21], accuracy 1.0 MHz.

FIG. 1. Part of the far-infrared LMR spectrum of the Al atom
infrared radiation field within the laser cavity, and many recorded with the 88.9xm laser line of*3CH;OH in perpendicular
more short-wavelength laser lines can be made to oscillate @larization. The output time constant of the lock-in amplifier was
a result. 0.1 s. The six-line pattern arises from the nuclear hyperfine struc-

Some newly discovered far-infrared laser lines were usedire for the?’Al nucleus (=$). The transitions obey the selection
in this work. The frequencies of these laser lines were meatle AM,=0; each line is labeled by the value b involved.
sured by mixing the far-infrared radiation with a pair of ap- ) ]
propriately chosen, stabilized G@ser lines on a fast metal- Of the fine and hyperfine parameters. All of the observed
insulator-metal diode. The GQines are chosen so that their Signals obey the selection ruleMg=+1 induced by per-
difference frequency is close to that of the far-infratgtR) ~ Pendicular polarizationg,, B, for magnetic dipole transi-
laser; the resultant beat frequency in the microwave region i§ons). Transitions which obeyAMg=0 are also allowed
measured directly. The far-infrared frequency can be meaWith the correct orientation of the oscillating fiek,, but
sured in this way to a relative accuracy ok10 8. How-  are hot observed in practice because the transitigns
ever, the main uncertainty comes from finding the center of= * 2+ = tune too slowly(4.67 MHz/mT) for them to be
the gain curve of the FIR lasing medium. That uncertainty ig’€sonant with the laser lines used and with the maximum
+2x 1077 of the frequency; hence a second setting to theavailable laboratory field of 20 T.
center of the gain curve has an uncertaintyxdx 10~ of In addition, on the 88.9%m line, five weak, nuclear
the laser frequency. spin-forbidden lines were seen; they are shown in Fig. 3.
The aluminum atoms were generated in the sample regiohhese resonances obey the formal selection rulés,
with a new microwave discharge source which has been de= +2 andAM,=—1. They are observable because they oc-
veloped specifically for the production of ions and other tran-cur at fairly low magnetic fields, and the nuclear hyperfine
sient species. The details of its design and construction wer@teractions are large for'Al,
given elsewher¢19]. The aluminum atoms were formed in The details of the observed resonances, including their
the gas phase by dissociation of aluminum trimethyhmeasured values and assignments, are given in Table II.
Al(CHg), entrained in helium gas, in the discharge. Under
optimum conditions for production, the pressure of helium
and AlCHs); were 67 and 3.3 P€.5 and 0.025 Tojrre- 4 3/2
spectively; the discharge was a deep red-violet color. / s
The magnetic flux densities at which the resonances oc- —— —
curred were measured as accurately as possible, typically 2P —
0.01 mT for B less than 100 mT andx110~*B over 100 —
mT. The magnetic field used in the experiment was stabi- %2
lized with a rotating coil fluxmeter. This system was cali-
brated from time to time using a proton nuclear magnetic
resonance probe.

A
|

89.67 um

Energy (THz)
[
[

88.95 um
90.15 um
I1l. RESULTS AND ANALYSIS

The fine-structure transition between the two spin compo-
nents of the?P ground state of Al has been observed with
three separate far-infrared laser lines near the expected zero-
field frequency(about 90um). The details of these lines are ol 12
given in Table I. The spectra were readily identified as be- 2p, 112
longing to 2’Al because of the sextet hyperfine structure on | | |
eachM transition, associated with the= 3 nuclear spin. An 0 - d; sity (T) 2
example of this hyperfine structure is shown in Fig. 1. The wedensiy
excellent Signal-to-nOise ratio is testimony to the very hlgh FIG. 2. Energy-level diagram for the Al atom in its grouﬁﬁ
sensitivity of the LMR experiment. An energy-level diagram state, at zero field and in the presence of an applied magnetic field.
which shows all the observed ; transitions is given in Fig. The Zeeman splittings are exaggerated for the sake of clarity. The
2. The spectra were readily assigned with the known valuedetected transitions are indicated at the observed magnetic fields.
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These measurements in the LMR spectrum have been ana-

3/2« 5/2 1/2«=3/2  -1/2<1/2 -3/2<-1/2 -5/2%—-3/2 . . . . .
lyzed with a standard effective Hamiltonian appropriate to a
MWWWWW\(WMW Russell-Saunders atom in an isolated electronic state, as first
described by Radford, Hughes, and Beittzopez[22]. The
effective Hamiltonian consists of four terms:
1 | 1 [l 1 1
300 320 340

Flux density (mT)
Her=HisT Hmprs T Hquad+ Hzeems ()

FIG. 3. The five nuclear spin-forbidden resonances observed in
the far-infrared LMR spectrum of the Al atom. The spectrum was . .
recorded in perpendicular polarization with the 88/@8-laser line ~ Where Hy is the fine-structure termid s represents the
of 1*CH,OH; the output time constant was 0.1 s. All the resonancednagnetic hyperfine interactioy .4 represents the nuclear
obey the formal selection rulAM,=+2; each resonance is la- €lectric quadrupole coupling, andlze., represents the Zee-
beled with its M, quantum numbers. The increase in intensity man interaction. There are, in general, electron spin-orbit and

across the pattern is consistent with theoretical expectation. Thesspin-spin contributions tél;, but, within the confines of a
lines are predicted to be almost two orders of magnitude weakeRussell-Saunders state, we can assign eigenvﬂgmas His
than the allowed transitions shown in Fig. 1. corresponding to the energies of the unperturbed fine-

TABLE Il. Observed resonances associated with tRg,-2P, fine-structure transition of’Al.

Transition
J M; M, v (GHz) By (mT) Obs.-calc(MHz) Tuning rate(MHz/mT)

3/2—1/2 3/2— —1/2 3/2«5/2 3370.4048 301.66 -0.8 32.7

1/2+ 3/2 311.74 0.6 32.7

—1/21/2 322.63 0.5 32.7

—3/2+— —1/2 334.53 0.6 32.7
—5/2+ —3/2 347.97 -0.9 32.7
3/2+—1/2 —5/2« —5/2 3370.4048 453.75 -0.4 23.4
—3/2« —3/2 460.03 -0.2 23.4

—1/2 —1/2 464.73 0.1 23.4
1/2+1/2 468.44 -1.9 23.4

3/2<3/2 471.14 0.5 23.4

5/2—5/2 473.25 1.6 23.4

1/2+— —1/2 5/2«5/2 3370.4048 713.94 0.1 14.0

3/2+3/2 732.75 -0.5 14.0

1/21/2 752.74 0.7 14.0
—1/2+— —1/2 774.37 -0.5 14.0
—3/2« —3/2 797.56 -0.4 14.0

—5/2« —5/2 822.43 2.4 14.0
—3/2+— —1/2 —5/2+ —5/2 3343.3607 685.37 -0.7 —-23.4
—3/2— —3/2 692.16 -0.5 —-23.4
—1/2+— —1/2 697.74 -1.1 —-23.4
1/2—1/2 702.55 -0.7 —23.4
3/2+3/2 706.75 -0.8 —23.4
5/2+ 5/2 710.48 -1.2 —23.4
3/2—1/2 —1/21/2 5/2«—5/2 3343.3607 1110.58 -0.3 —-14.0
3/2<3/2 1130.55 0.8 —-14.0
1/21/2 1150.93 0.3 —14.0
—1/2+ —1/2 1171.93 0.5 -14.0
—3/2+— —3/2 1193.52 0.1 -14.0
—5/2«+ —5/2 1215.83 0.0 -14.0
—3/2+ —1/2 —5/2+ —5/2 3325.3046 1459.94 1.9 —23.4
—3/2+ —=3/2 1465.36 1.1 —23.4
—1/2 —-1/2 1470.44 0.4 —23.4
1/2—1/2 1475.22 -0.4 —23.4
3/2<3/2 1479.82 0.2 —23.4
5/2«5/2 14841.4 -1.0 —23.4
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structure levels. The magnetic hyperfine structure term can be written compactly in spherical tensor notation as
4
Hinbie= 2018 TH(1) | (=) THL) + 955 [ (O)TH(S) ~ (10 Pgs(r %) 2 TH(s:,CH) 1 )

where the summation is over all open-shell electrons, and the other symbols have their usual meaning. The three contributions
described in Eq(2) are the nuclear-spin—electron-orbital interaction, the Fermi contact interaction, and the dipole-dipole
coupling term, respectively. The electric quadrupole term has the form

Hquad: _eTZ(Q)’TZ(VE)- (3

wheree T?(Q) is the nuclear electric quadrupole moment operator,Eaigithe electric field at the nucleus arising from all the
surrounding electronic charges. Finally, the Zeeman interaction is described by

Hzeen= {9 THS) + 9 usTHL) — g un(1— o) T} THB) — 3 x/B2— xa- TA(L,L)T4(B,B), (4)

where o is the nuclear diamagnetic shielding constant, andbeam values, was disappointingly poor with some residuals
X1 andy, are the isotropic and anisotropic diamagnetic susgreater than 10 MHzan order of magnitude larger than the
ceptibilities, respectively. The matrix elements of the threeestimated experimental uncertaintyrhe fit was improved
operators in Eqs2)—(4) are easy to evaluate for an atom in significantly by allowing the otheg, factor, gs,, to vary

a state with well-defined values for the quantum numters also. The Optima| value for this parameter 133&8]Na5

S andJ; they have been given by several authors; see, fogjgnificantly smaller than the value of 1.33434 deter-
example, Cooksy and co-worke[ra3,24]. mined from the atomic beam measurements of R&df.The

The experimental measurements for Al i’ state de-  quality of fit now corresponds to the expectations of experi-
pend on the fine-structure intervalEs, 1, the magnetic  ental uncertainty.

hyperfinﬁ an(: electri;: qurz]idrupolle pzTramenelr@, Agz, and The intrinsic accuracy of the atomic beam measurements
B, and theg, factors for the two levels concernegl,, and is three orders of magnitude better than that of the far-
d2. The observed resonances also depend very slightly Ofy¢areq | MR measurement. Furthermore, we noted in ear-

::r:)emOfgg;%g?fl :ﬁ/ F())?rILnees;err??z/azh#/é’telIrr;k\llrv]i?ht?r?etvgzcipTion lier work [3,25] that systematic errors can arise in the deter-
P ) P P mination ofg; factors in the LMR experiment if the atoms

of the fine-structure interval and orgy factor, gy, have are formed(and detectedon the fringes of the far-infrared

Eneeeansu(:gi[ermgg C;] m.lrjﬁg trrr:rc;ree ri(;c%r;tiilyﬁ bgrf?rgzm';rgria}madiation field, in a region where the magnetic flux density is
T 9 yp P slightly smaller than the value in the center of the field gap.

eters are linear combinations of the three radial expectatiopn normal circumstances, therefore, there would not be any

values in Eq(2): justification for the reduction in the value of tlg,, men-
4 . tioned above. However, a completely independehtinitio,
A1,2=§g,,u3,u,\,{2(r‘3>|+gs(r‘3>s— ?gs|\lf(0)|2}, calculation of the_ tway; factors for aluminum has reported
5) by Veseth[11]. His value forgs, of 1.334 065 is also con-
siderably smaller than the value reported in Héf. With
2 1 4 this encouragement, we decided to check carefully through
A3,2=§g,,uB,uN{2<r‘3>|—ggs(r‘3>s+ ?gs|‘lf(0)|2], the atomic beam measurements which are reported in the
©) doctoral thesis of Martin26].
Martin determined the value fogs, for aluminum by
1 8 measuring the frequency of a transition within fhe 4 set
A3/2'1/2:§g|,U,B,U/N(2<r_3>|_gs<r_3>s_ ?gslllf(O)lz]. of the J=3 component in a small but significant magnetic
7) field. In the same set of measurements, he also determined
the hyperfine splitting& =4+«3 andF=3«2 in theJ=3
For an atom in & electronic state with a nuclear spin greaterlevel much more accurately than they had been measured
than or equal to 1, there is a single electric quadrupole pagarlier by Lew{4]. In addition, he reported a measurement of
rameter the otherg factor, g,,,, from a Zeeman measurement in the
J=1 hyperfine levels. The value he determined, 0.666 24,
2 eQ had not been reported in the open literature before. It is also
T (30™2[21(21-1)] considerably larger than the value determined in the fit of our
LMR data, 0.665 7&), or the value calculated by Veseth of
_ —eQ(LITAVE)|L)
- 1q30)1/2

B:

(LITAHVE)|L)

0.66584511].

A check of the numbers given in Martin's thedig6]
revealed no errors; the frequencies and parameters which he
An initial fit of the data to determine values f&vE;;, 1,  quoted are all consistent with each other. One slight diffi-

and g4, constraining the other parameters to their atomicculty in extracting values for the parameters for Al from his

for 27Al. (8)



960 JOHN M. BROWN AND KENNETH M. EVENSON PRA 60

TABLE lIl. Measurements of transitions within the fine-structure components ofBhground state of
2TAl made by atomic beam magnetic resonance.

Transition
J F Mg v (MHz) By (MT) Obs.-calc.(kHz) Ref.
i1 32 a 1506.1008.5)° 0.0 0.00 [7]
33 —2-3 5.73143) 3.64176 0.0 [26]
3.3 43 a 392.2388L0) 0.0 0.02 [6,26]
32 a 274.321010) 0.0 -0.01 [6,26]
22° —1«0° 53.523910) 278.20 —-0.06 [7]
43¢ —1e -2 48.656710) 220.40 -0.07 [7]
4t —2+ -3 27.67097)° 3.66430 15.20 [6,26]

azero-field extrapolated value.

®The figures in parentheses represent the experimental uncertainty, as estimated by the referenced authors.
‘This transition is more correctly described by its nuclear spin-decoupled quantum nurnmers—,%

——3, andM = —33.

“This transition is more correctly describedMs=3«—3 andM,=— 3« —
®This data point is given zero weight in the fit.

Nl

data is that his measurements are all interrelated. We have IV. DISCUSSION

therefore reanalyzed his data using our Russell-Saunders By the use of a far-infrared LMR measurement, we have
E%Tvime:zsggsrag]ﬁ JOEE\E? \.'I_V;]tz tglgt;hlr;ee (;n ﬁ]a?#;eﬁrr:egrt: br%ade a direct measurement of the fine structure interval for
Y ’ ' Z7Al in its ground 2P state. The value obtained is

collected in Table Ill. We have extrapolated Martin’s mea- I .
surements of th&=4«+3 and 3—2 hyperfine intervals in 3359.622812) GHz or 112.064 961 cm which is cons_ld- .
the J=2 level to zero field using Veseth's calculated Valueserably more accurate than the previous value determined in-
2 T 9 : directly by Eriksson and Isberd 0] of 3359.5030) GHz or

for the g factors[11]; this is a very short extrapolation and 1 ) .
not very dependent on thg factors. We have also deter- 112'06110). cm . The numberg given here n parenthese;
mined the flux densities at whicH Martin made his two &€ the estimated standard deviation of the fine-structure in-
g-factor measurementsee Table 1l he simply gave the terval from the least-squares fit, that is, '[:bTeCISIO!’IOf mea-
frequencies at these flux densities of known transitions in durement. Theaccuracy (.)T the present determination de-
and Al atoms. We have used these seven measurements%nds _on(|) _the resettabn!ty of the far-infrared Ia_ser to the
. ' . . . top of its gain curve, andi) the accuracy of the field mea-
determine the magnetic and electric hyperfine parameters far . .
aluminum in its ground?P state. Theg factors were con- surements. Thgse tW.O effects contribute mdependgntly to Fhe
strained to Veseth's values aﬁd the measurements of tr;[gtal accuracy in a linear manner. The first contribution is
transition for thegg, factor were included at zero weight. _ _ ]

The resultant parameter values are given in Table IV TABLE IV. Parameters determined for the fine and hyperfine

1 27 H - 2

They are consistent with the previous determinatighg],  'evels of Al in its ground °P state.
but are slightly more reliable because we have used a ful

matrix representation of the eigenstates rather than first- Parameter Present work Previous values
order, algebraic formulas. Reference to the residuals in Tablgg,, ., (GH2) 3359.622812)%° 3359.5030)°

Il shows that the transition frequency dependentgen (3 A,,, (MHz) 502.03465)° 502.03365)°

=1, F=3«3, M= — 2« —3) fits very well, whereas that Asj, (MHz) 94.2772310)¢ 94.2776710)"
which givesgs, (J=2, F=4+—4, Mg=—2~—3) does A 1o (MHZ) 27.9950) 30.13100°

not, with a residual of 15.2 kHz. This implies that the former g () 9.4594935)° 9.4576335)

is consistent with Veseth’s value fgy,,, whereas the latter 91 0.665793)° 0.665845 0.666242)"
is not consistent with his value g, ,. A shadow has there- 1.333812)° 1.33406€ 1.334745)
fore been cast over Martin’s determination of the value forg 1.456602

03> for aluminum(and over his value fogy,,, since it de-

pends directly on the otherfactor in his analysis Although  2The figures in parentheses representoaestimate of the uncer-

his method is intrinsically very accurate, this discussion sugtainty in the parameter in units of the last quoted decimal place.

gests that it should be checked independently. bParameter value determined from a fit of the FIR laser magnetic-
The objective of the present work is to determine an actesonance datélable 1I).

curate value for the fine-structure intervals for aluminum in°Eriksson and IsberffL0].

its 2P ground state. In our final fit of the far-infrared LMR YParameter value determined in a refit of the atomic beam

data, we constrained the nuclear hyperfine parameters to tineagnetic-resonance dafgable Il1).

values determined by the atomic beam data, given in TabléHarvey, Evans, and Le\W].

IV, and allowedAEsy, 1,and the twog factors to vary. The  Martin, Sandars, and Woodgdt].

parameter values determined in this way are also given ifVeseth[11].

Table 1V, with corresponding residuals in Table II. PMartin [26].
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estimated to be 1.4 MHg/2 times the measurement accu- TABLE V. Zero-field frequencies and intensities for the fine-
racy; see Table )l The second contribution from the structure transitions in atomic aluminum in its groufid state.
magnetic-field measurement varies with the offset betweenr

the laser frequency and the fine-structure interval; it is thelransition Frequency/GHz  Relative intenSity
same for all resonances on a given laser line because t g3 1 F=23 3358.686013)" 0.372
Zeeman effect is essentially linear. The field-dependent con- ?~ ? 3.3 3358.961813 1'302
tribution to the accuracy is estimated to be 1.0, 1.6, and 3.5 4:3 3359'353513; 3'000
MHz for the 88.95-, 89.67-, and 90.1&n lines respectively. ' '
There are a large number of hyperfine components for each 12 3360.019613 1.005
M transition recorded. However, the contribution to the 22 3360.1930L3 1.302

32 3360.467413 1.042

overall accuracy from the hyperfine interactions is negligible

because the parameters involved are well known fromirq relative intensity is given by the square of the magnetic dipole
atomic beam work. When we take all these factors into acansition moment(LSJ IF || (m/ ug)|LSIIF2.

count, the accuracy of the present determination of the finegiimatedrelative uncertainty(1e) in units of the last quoted deci-
structure interval is estimated to be 1.7 MHz or 0.000 06 pjace. The accuracy of the predicted transitions is 1.7 MHz.

cm

In the course of our work, we have refitted the measurepredict the hyperfine components of the fine structure transi-

ments on the hyperfine intervals in aluminum made byjon of 27Al ion its ground 2P state. The resultant spectrum
atomic beam resonance meth@s7,26 to obtain improved s given in Table V.

values for the hyperfine parameters. The analysis of the

LMR data has cast some doubt on the published value for the ACKNOWLEDGMENTS

g factorgs, [6]. The value determined from the LMR spec-

tra is significantly smaller, and agrees much better with the We are very grateful to Professor Pat Sandars for provid-

theoretical valug¢11]. It is now well established thatb initio  ing us with a copy of Dr. N. J. Martin’s doctoral thesis, so

calculations of atomig factors, particularly for light atoms, that we could check through his calculations and, to some

are very reliabld11,27,28. extent, reinterpret his data. This work was supported by
The values of the parameters in Table IV can be used t?lASA under Contract No. W-19, 167.
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