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19+ atom in its ground °P state: The J=0«1 fine-structure interval
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The J=01 fine-structure transition in the atomic iori fn its ground>P state has been detected in the
laboratory by far-infrared laser magnetic resonance. The fine-structure interval has been measured accurately
as 4 453 253.2 1.6 MHz (148.544 53F 0.000 053 cm?) which corresponds to a wavelength of 67.319 877
+0.000 015zm. The hyperfine splitting for thé’F nucleus was also observed and its measured value is in fair
agreement with predictions based alm initio wave functions[S1050-294{@8)07204-1

PACS numbes): 32.30-r, 32.60+i, 32.10.Fn

. INTRODUCTION F* is isoelectronic with atomic O and has an invert#l
_ _ ground state, arising from thep2 configuration. The relative
Laser magnetic resonan@eMR) has proved itself to be a positions of its spin-orbit components are shown in Fig. 1.
very powerful technique for the direct and accurate measurerhese values are taken from Moore’s compilatja®] and
ment of fine-structure intervals in atoms and molecules, iryre pased on even earlier optical measurements bynEdle
both far-infrared and mid-infrared regiofi$,2]. In the far-  [20]. Rather surprisingly, no improvement on these numbers
0ms[32,4], C atomg5,6], Si atomg7], N atoms in the meta- 5 small enough species that its structure can be calculated by
stable’D state[8], Mg atoms in the metastabftP state[9], b initio methods. For example, configuration interaction
and for two atomic ions, N [10] and C" [11]. In these
experiments, the atoms were generated in the gas phase by

chemical reactions or electric discharges. The obstacle to ex-

tension of these observations to shorter wavelengths in the 151 0

far infrared (100-25 um) was the lack of available laser 3P, A

lines in this region of the spectrum. We have recently made 72 67.5 um

a simple improvement to the design of the far-infrared laser S ’

which increases its efficiency at short wavelengths. In con-

sequence, the laser in our LMR spectrometer can be made to § 10k 0

oscillate on many more lines in this spectral region, several £ 3p \

of which had not been discovered previously. We have used s, 1 -1

these new lines to detect several other fine-structure transi- %

tions in atoms, including théP,-3P; transition in Si[12], S

the 3P,-3P; transition in §13], the °D,-°D; and °D,-°D,

transitions in atomic F§14], the 3P;-3P, transition in P 5(

[15], the 2Pg,2P,, transition in Al [16], and the

®D,,»-®D3)p and 8D 4-®D), transitions in Fé [17]. o
We have also developed a new design of microwave dis-

charge source for the production of ions and molecules in 1

excited states in the sample region of the LMR spectrometer. ol 0

With this source, we have been able to record the spectrum 3p

of N* in its ground 3P state with a much better signal-to- 2 1

noise ratio than previously. In particular, we have detected

the J=1+0 transition and measured its frequency accu- -2

rately[18]. We have also used the discharge source to make (') 0'5 1'0

the measurements of the fon at 67.3um reported in this Flux density (T)
paper.
FIG. 1. The energy level diagram for thé Rtom in its ground
3p state, at zero field and in the presence of an applied magnetic
*Author to whom correspondence should be addressed. AddresId. The Zeeman splittings are exaggerated for the sake of clarity.
correspondence to The Physical and Theoretical Chemistry Laborarhe detected transitions are indicated at the observed magnetic
tory, South Parks Road, Oxford OX1 3QZ, England. FAX4)- fields. The separation between the 1 and 2 levels corresponds to

1865-275410. Electronic address: jmb@physchem.ox.ac.uk a wavelength of 29.3um.
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wave functions for F in its 3P state have been computed by
Schaefer and Klemm and have been used to predict first
order expectation values for the operators involved in the
nuclear hyperfine interactions of this atd@i]. The results
reported in this paper provide an experimental test of these¢
calculations.

Il. EXPERIMENTAL DETAILS

The LMR spectrometer used in this work has been de-
scribed elsewherg22] and the details are not repeated here.
As described in our recent padédr2], we have improved the 3 ' 70 ' - : 78
sensitivity of the apparatus by raising the Zeeman modula- Flux density (mT)
tion frequency to 40 kHz. We have also modified the spec-
trometer to enhance its performance at wavelengths shorter FIG. 2. The far-infrared LMR spectrum of the’ fatom recorded
than 100um by reducing the inside diameter of the polishedWith the 67.2um Raman laser line of N& The output time con-
copper pump tube from 50.8 to 19.1 mifrom 2 to 2 in.). stant of the Ioc_k-in amplifier was 0.1 s. The spllitting arises from the
This provides much better overlap between the pumped ladluclear hyperfine structure fofF" nucleus (=3).
ing gas and the far-infrared radiation field within the laser
cavity and many more short wavelength laser lines oscillateSimultaneous measurement of the laser frequency and the
In particular, we have used two such lines to study dhe resonance field at the line center.
=0+« 1 fine-structure transition inF One was the 67.m The F" ions were formed in the sample region with a new
line of CH;OH, pumped by the R(18) line of CGQ, which microwave source which has been developed specifically for
has been reported previous|y by Peterstrmal. [23] This the prOdUCtion of ions and other transient SpeCieS. The details
line did not lase in the previous configuration of the LMR ©f its design and construction have been given elsewhere
spectrometer with the larger bore pump tube but did so fairlyf26]. The source was designed to operate in high magnetic
readily in the new arrangement. The other laser line was théelds (indeed its performance is enhanced by the presence of
67.2 um line of NHs, pumped by the B(30) line of CG, @ magnetic fielland to produce a plasma which extends out
Wh|Ch |ased Spectacu'ar'y We” W|th the narrow-bore pumpinto the far-infrared radiation field. The discharge pI’OduceS
tube; we had not attempted to use this line before. Some gtonsiderable noise on the far-infrared laser output and the
its characteristics became apparent with use and marked ficrowave power was often reduced to improve the signal-
out as an unusual lasing transition. The far-infrared line ha§o-noise ratio. The typical microwave power fed to the cavity
been assigned to the $d5'0) transition of Nld in the 12 was 30 W. The F ions were formed by ﬂOW|ng Ultrahigh'
=1 vibrational level and has been shown to arise fromPurity helium through the discharge with a small amount of
stimulated Raman emission by Willenberg, bier, and molecular fluorine added. Typical pressures employed were
Heppnel[24]. The offset of the ®(30) line of CQ required  0-09 Pa(0.7 mTory of F, and 133 P41 Torr) of He. Both
to pump the infrared transition in NHs 185 MHz. The laser these pressures were fairly critical, particularly that gf F
line is strong and its frequency shows a remarkably strong

pressure dependen¢en the order of 0.1 MHz/m Torr for a IIl. RESULTS AND ANALYSIS
lasing gas pressure of 0.5 TorBecause its frequency is
determined directly by the CQOrequency, it must be simul- The energy levels of Fin its inverted ®P ground state

taneously measured during the LMR measurement 'af F are shown in Fig. 1. The LMR spectrum associated with the
The wavelength of this line had been estimated quite accud=0+1 fine-structure transition consists of a single Zeeman
rately at 67.234um by Landsberd?25] and we have deter- componentM;=0«1 (or 0——1 if the laser frequency is
mined its frequency by measuring the beat frequency when iess than the atomic interyalAn example of the observed
was mixed with a pair of CQlaser frequencies in a metal- spectrum of F, recorded with the 67.2m line of NH;, is
insulator-metal (MIM) diode. The value obtained at the shown in Fig. 2. There is a clear doublet structure, arising
maximum of the gain curvéwhich was about 70 MHz wide from the nuclear hyperfine interaction of thHéF nucleus

in our lase), pulled by the frequency of the GQaser, was Which hasl = 3. The excellent signal-to-noise ratio is a trib-

4 459 003 MHz with an uncertainty of 3 MHz; this corre- ute to the sensitivity of the technique. The measurements for
sponds to a wavelength of 67.233 pim. the two spectra recorded are given in Table I.

The normal procedure for measuring a resonance in a far- The LMR spectra have been analyzed with a standard
infrared LMR experiment is to set the laser line manually toeffective Hamiltonian for a Russell-Saunders atom, as de-
the top of the gain curve, record the resonance without delayscribed, for example, by Cookt al.[6]. The experimental
and measure the magnetic flux density at the line center. It imeasurements for'Fdepend primarily on thd=0+1 fine-
assumed that the laser frequency does not drift during thetructure intervalEy; and on theg; factor and the nuclear
course of the measurement. Such a procedure would be vehyperfine parameter for thé=1 level, g;-; and A4, re-
unreliable in the case of the 67.an line of NH; because of  spectively. Thel= 1«2 interval, theg factor, and hyperfine
its strong dependence on the frequency of the, G®er. In  parameter fod=2 and the other hyperfine parameters have
this case therefore, we monitored the beat frequency from thenly a slight, indirect effect on the resonance positions. The
MIM diode as the spectrum was being recorded and madg factors for F in the 3P, and *P; levels have not yet been
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TABLE |. Observed resonances associated with ¥Rg—3P; fine-structure transition of°F".

Transition
Observed-
calculated resonances
J M; M, v, (GH2) Bo (MT) (MHz)
0—1 0—1 213 4441.6752 550.07 4.6
—3——1 4441.6752 553.25 3.2
0——1 i1 4458.9945 271.61 -13
—3-1 4458.9949 274.95 -28
-3 4459.000%1 271.91 -1.7
—1 -1 4459.000% 275.18 -1.8

&The 67.5um line of CH;OH, pumped by the R (18)

line of the CQ laser.

®The 67.2um Raman laser line of Nii pumped by the B (30) line of the CQ laser.

measured bug;-; can be approximated reliably by the

The fairly small residuals in Table | show that the measure-

value for the isoelectronic species, O, which has been meanents are consistent with the assumed valuegfar;. Al-

sured as 1.500 9§@7]. The value forg;_, for F* is almost

though it would be possible to reduce the size of the residu-

certainly lower than that for O because of larger spin-orbitals by adjustment of;_, to a smaller value, the systematic

mixing of the 3P, state with thelD, state at 20 873 cnt.
However, the small expected change in thi§actor has an
insignificant effect on thd=0—1 spectrum.

The nuclear hyperfine splitting for an atom in the;

nature of the residuals much more likely reflects the fact that
the F* atoms are formedand detectedon the fringes of the

far-infrared radiation field, in a region where the magnetic
flux density is slightly smaller than the value in the center of

component is expected to be small because the electron dhe field gap. Through these measurements, a much im-
bital and spin contributions to a large extent cancel; the splitproved value for thed=0«1 transition frequency has been

ting for the P, component is rigorously zero. However, the
splitting for the 3P, component and the off-diagonal hyper-

determined. The best previously available value was 148.8
+0.1 cmi! (4461+3 GH2) from optical spectroscopy19].

fine terms are expected to be large because of the large magable Il also shows that a value for the nuclear hyperfine

netic moment of the'®F nucleus(5.2577 nuclear magne-
tons. Fortunately, high-qualityab initio wave functions are
available for F from Schaefer and Klemf21] and we have

parameteA; has been measured for the first time. The sign
of this paramete(in other words, theM, assignment in the
spectrum has been chosen so that it is as close as possible to

used these to calculate values for the indirect hyperfine pahe value calculated with Schaefer and Klemm'’s wave func-
rameters. The parameters are constrained to these valuestion [21].

our fit.

The results of a least-squares fit to the experimental data

are given in Tables (residual$ and Il (parameter valugs

TABLE Il. Parameters determined from the far-infrared laser
magnetic resonance spectrum’SF*.

Parameter Present work Previous values
AEqy; (GHz) 4453.253216)2 4467

AE;, (GH2) 10 24F

Oy-1 1.500 986

Oy 1.500 921

A; (MHz) 68.332) 19.0

A, (MHz) 2765

A1 (MHz) 1255

Ai> (MHz) 163%

aDetermined from the present fit. The number in parentheses is one

standard deviation of the least-squares fit.
bDetermined from optical datzL9].

IV. DISCUSSION

The observation of thd=0+«1 transition of F in its
ground 3P state has enabled us to measure the fine-structure
interval almost four orders of magnitude more accurately
than previously. This result is primarily of theoretical interest
and will provide a searching test of the best available wave
functions[21]. It will also enable spin-orbit parameters to be
estimated more reliably in fluorine-containing molecules
where the bonding is ionic in character.

We have also measured a single hyperfine parameter for
F'intheJ=1 level,A,, which is related to the expectation
values of atomic operators as folloWk2]:

ONMNMB

g 1 3
Ay (HZ)Zwi“ >/—§gs<r )s

i¥y )
+gs 5 W(0) ] &

“Parameter constrained to this value, determined from optical data The orbital and spin dipolar contributions to this param-

[19].

eter cancel each other to a large ext@hese are the first two

dg factors taken from the electron paramagnetic resonance measut@rms in braces on the right-hand siden consequence, the

ments of %0 by Radford and Hughd27].
®Parameters constrained to this value, estimated &brimitio wave
functions[21].

splitting depends significantly on the third contribution,
which arises from the Fermi contact interaction. The three
expectation values in Eq(l) have been calculated by



2510 BROWN, ZINK, AND EVENSON 57

Schaefer and Klemri21]. Using the polarization wave func- J=0—1, F=1c1! =4453286620) GHz
tions (which are preferable because they correspond to a ’ 2o ' '
“Pauling point” in the theoretical treatmentthe values in
atomic units are .

F=1—1  1=4453.185431) GHz.

(r _3>/: 8.4088, %gs<r _3>s: 9.1178,

| W (0)|2=0.093 56. A complete discussion of the hyperfine interactions Tn F
in its ground state must await measurements onJthe
Substitution of these values into Ed) gives a value for  |evel; the hyperfine splittings in this level will be very much
Ay of 19.0 MHz whereas the experimentally determinedjarger. In principle, it should be possible to detect the
value in Table Il is 68.3 3.2 MHz. Of the three contribu-  j=1. 2 fine-structure transition by LMR also. A laser line
tions in Eq.(1), the Fermi contact term is much the most yith a wavelength of 29.260.07 xm would be required for
difficult to estimate. If the other two values are completelytnis experiment. Although such a line has not yet been iden-

reliable, the experimental value fé implies that|' ¥ (0)|*  tified [29], there is every chance that one will be at some
has a value of 0.11785) a.u. In other words, only a small time in the future.

adjustment of the theoretical quantity is needed to bring the
calculated parameter value into line with the experimental
one. Theab initio value for |¥(0)|? is expected to be a
slight underestimatg28] which is also in agreement with our
observations. The zero-field frequencies of the hyperfine We thank Andy Cooksy for helpful advice on the use of
components of thd=0«1 can be calculated from the val- his Russell-Saunders computer program. The research was
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