


dye laser �Coherent 699� which can be scanned for up to
30 GHz. The laser beam was linearly polarized and passed
through an electro-optic modulator �New Focus 4851� oper-
ating at either 6.8 or 9.2 GHz. The modulation frequency
was generated by a frequency synthesizer with an accuracy
of better than 3 parts in 107.

The laser and atomic beams intersected orthogonally to
minimize the first-order Doppler shift. This intersection re-
gion was surrounded by three pairs of Helmholtz coils that
reduced the Earth’s magnetic field to less than 20 mG. Fluo-
rescence emitted in the direction perpendicular to both the
laser polarization and propagation directions was detected by
a photomultiplier �Hamamatsu R928�.

The experiment was designed with a number of signifi-
cant improvements over that done previously �15�. The dye
laser had a linewidth of only 0.5 MHz and has a much more
linear scan than the diode laser used earlier. Each laser scan
was monitored by passing part of the laser beam through a
confocal Fabry-Perot étalon �Burleigh CFT-500�. This inter-
ferometer had a free spectral range of nearly 150 MHz,
which was half that of the étalon previously employed. The
times for the laser frequency to change by one free spectral
range at the beginning and end of a 15-GHz scan differed by
less than 1%. Hence the nonlinearity of the laser scan during
a single 150-MHz free spectral range interval was estimated
to be less than 1 part in 104.

The second major improvement was the use of a digital
oscilloscope �Tektronix TDS 5054 B� that recorded both the
fluorescence photomultiplier signal as well as the transmis-
sion of the laser through the étalon. Data were recorded at a
rate of 4000 Hz, and each point represented a frequency in-
terval of about 12 kHz as compared to about 0.5 MHz, pre-
viously. This permitted a much more detailed examination of
the transition lineshapes.

Nearly 600 laser scans were recorded. About half of the
scans were taken using pure 6Li as shown in Fig. 2, where
the laser was frequency modulated at 6.8 GHz. The remain-
ing runs used natural lithium, and a sample run is shown in
Fig. 3. During each run, the photomultiplier voltage was ad-
justed to avoid saturating the detector signal. The laser power
was varied between 0.05 and 1.5 mW using neutral density
filters, to check that the results were independent of laser
power.

The data were analyzed using MATLAB 7.0. The fluores-
cence peak positions were found by fitting a sum of Lorent-
zian functions to the peaks in the spectrum. Each Fabry-
Perot transmission maxima was found by averaging the
positions on either side of the peak where the transmitted
laser intensity was half of the maximum peak intensity. The
position of each fluorescence peak relative to the nearest
Fabry-Perot peak was then determined using a fifth-order
polynomial to interpolate between the six nearest Fabry-
Perot peak centers to account for any nonlinearity of the laser
frequency scan. The free spectral range of the étalon was
determined using the electro-optic modulation frequency in-
tervals as shown in Figs. 2 and 3.

III. RESULTS AND CONCLUSIONS

The experiment was tested by comparing the measured
results for the ground- and excited-state hyperfine intervals

to published values. The 6Li 2S1/2 hyperfine splitting which
equals the intervals separating peaks 1 and 3, and also peaks
2 and 4, was measured to be 228.182±0.086 MHz. The un-
certainty represents one standard deviation of the data from
the average value. This agrees very well with the value of
228.205 259 MHz obtained using the atomic beam magnetic
resonance method �ABMR� �16�. Similarly, the 7Li 2S1/2 hy-
perfine splitting which equals the frequency interval separat-
ing peaks 7 and 9, and also 8 and 10, was found to be
803.544±0.066 MHz, which is consistent with the ABMR
result of 803.504 087 MHz �16�. The hyperfine splitting of
the excited 2P1/2 state was also examined yielding magnetic-
dipole constants of 17.407±0.037 and 45.893±0.026 MHz
for 6Li and 7Li, respectively. These values also agree with
published data. Indeed, the uncertainties are comparable to
the most accurate results obtained in our previous work �15�
and by other groups using optical double-resonance and level
crossing experiments �17�.

The Li 2P fine structure was determined by examining
the separation of the D2 and D1 transitions illustrated in Fig.

FIG. 2. �Color online� Sample 6Li laser scan. �a� Shows a scan
where the laser excited transitions 1–6 illustrated in Fig. 1 using an
electro-optic modulation frequency of 6.800000 GHz. The first four
peaks are shown distinctly in �b� along with the red curve fitted to
the data as is discussed in the text.
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1. A complication is that the hyperfine splittings of the 2P3/2
state are less than or comparable to the 5.8-MHz full width
at half maximum �FWHM� natural linewidth of the 2S-2P
transition in both 6,7Li. A computer program was therefore

written that considered the repeated excitation and subse-
quent radiative emission of a fluorescent photon as the atom
passed through the laser beam. The model used values for
the 2P3/2 hyperfine splittings existing in the literature �17�.
The fraction of the total fluorescence generated by each ex-
cited state hyperfine level was then found. These fluorescent
fractions are affected by optical pumping as the linearly po-
larized laser beam is simultaneously in resonance with mul-
tiple hyperfine levels of the 2P3/2 state. This changes the
relative populations of the ground-state magnetic sublevels
having different �mF� where mF is the magnetic sublevel
quantum number. This does not affect peak 6 since it arises
from excitation of the 6Li 2S1/2 F=1/2 state. The fluorescent
fractions contributing to peak 6 originating from the
2P3/2 F=1/2 and 3/2 hyperfine levels were found to be
47.8% and 52.2%, respectively. This shifts peak 6 above the
2P3/2 center of gravity by 1.987 MHz, as indicated in Fig. 1.
This correction changes by only 16 kHz if the natural line-
width of the transition is doubled. It should be emphasized
that this shift was the only one that was estimated, whereas
all other shifts used in the data analysis such as the shift of
peak 5 from the 2P3/2 center of gravity were determined
from experimental observation. The corresponding shift of
peak 5 below the 2P3/2 center of gravity was observed for
each scan by subtracting the ground-state hyperfine splitting
and the aforementioned shift of peak 6 from the frequency
interval separating peaks 5 and 6. The shifts of peaks 5 and 6
from the 2P3/2 center of gravity were comparable in magni-
tude but opposite in sign. Hence their effect was minimized
by determining the 6Li 2P fine structure by averaging the
values obtained using the two peaks.

The 7Li 2P fine structure was determined by examining
the separation of peaks 11 and 12 from peaks 7–10. The
fluorescence model shows that over 80% of the fluorescence
generated by exciting peak 11 results from the radiative de-
cay of the 2P3/2 F=3 hyperfine level. Fluorescence, pro-
duced by the decay of the 2P3/2 F=1, 2 levels, is responsible
for the shoulder on peak 11 shown in Fig. 3�c�. Peaks 11 and
12 were fitted using three Lorentzians whose relative peak
centers were specified by the known hyperfine splittings and
whose amplitudes were varied. For peak 12, the fluorescence
fractions arising from the F=0, 1, and 2 hyperfine levels
were predicted by the model to be 28%, 36%, and 36% re-
spectively, which agree very well with the average observed
quantities of 29%, 34%, and 37%. The two values found for
the 7Li 2P fine structure splitting using peaks 11 and 12,
10053.116±0.079 and 10053.123±0.086 MHz, respectively,
are in excellent agreement and were averaged to give the
entry listed in Table I.

Table I shows close agreement of the present results for
the 6,7Li 2P fine structure and the most accurate data ob-
tained by level crossing �18� and optical double-resonance
experiments �21�. Only the laser atomic beam measurement
for the 6Li fine-structure splitting is smaller than the other
results. This is not altogether surprising given the difficulties
in properly calibrating the étalon used to monitor the laser
scan that have affected the previous determinations of the 7Li
fine structure �12,19,22�. Our earlier result for the 7Li 2P
fine structure differs from the present work as the original
experiment had over an order of magnitude lower resolution

FIG. 3. �Color online� Sample natural Li laser scan. �a� Shows a
scan where the laser excited transitions 5 and 6 of 6Li and transi-
tions 7–12 of 7Li using an electro-optic modulation frequency of
6.80000 GHz. �b� Shows the first six peaks, while �c� shows tran-
sition 11 along with the red curves fitted to the data as is discussed
in the text.
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which prevented a detailed examination of the D2 line
shapes �15�. The experimental results for both lithium iso-
topes significantly exceed the theoretical estimate which was
found using the Hylleraas variational technique �20�. The
error bars of the theoretical estimates given in Table I are
computational uncertainties. The theoretical calculation only
considered terms in the Hamiltonian of order �3 times the
Rydberg energy, where � is the fine-structure constant. The
discrepancy between theory and experiment is likely due to
neglecting terms in the Hamiltonian of order �4 which for
helium contribute several MHz to the fine-structure splitting
�23�.

The simplest way to determine the D1 isotope shift is to
measure the interval separating peaks 1–4 from peaks 7–10
in a scan of natural lithium. However, the 6Li peaks are then
more than an order of magnitude smaller than when pure 6Li
is used. 6Li can be added to a natural lithium sample but this
increases the overlap of peaks 6, 7, and 8 as shown in Fig.
3�b�. The D1 isotope shift was instead determined by mea-
suring the intervals separating peaks 7–10 from peak 5 in the
natural lithium runs and the intervals separating peaks 1–4
from peak 5 in the 6Li data runs. The D1 isotope shift was
then found using the 6,7Li ground- and excited-state hyper-

fine splittings. The result for the D1 isotope shift agrees with
our earlier result, but has half the uncertainty. It also is much
closer to the theoretical prediction of Yan and Drake �6,29�
than the multiconfigurational Hartree-Fock calculation �28�.
The D2 isotope shift listed in Table II for this experiment
was found from the measured D1 isotope shift and the 6,7Li
fine-structure splittings as is illustrated in Fig. 1.

Table II shows how the nuclear charge radius rc of 6Li
was determined from the difference of the squares of the
6,7Li charge radii as given in Ref. �1�:

�rc
2 = rc

2�6Li� − rc
2�7Li� = ��� jk − �Ejk�/Cjk. �1�

Here �� jk is the measured isotope shift for the transition
between states j and k, �Ejk is the calculated isotope shift
difference for the two states excluding the nuclear size cor-
rection, and Cjk is proportional to the square of the electron
wave function at the nucleus. An important experimental test
is to check whether results obtained for �rc

2, using isotope
shifts measured for different transitions, agree. The experi-
ments of Riis et al. �30�, Bushaw et al. �27�, and the present
work pass this consistency check, but not those obtained by
Scherf et al. �12�. The results of Bushaw et al. �27�, however,

TABLE I. Comparison of results to published data: FM�frequency modulation, FT�Fourier transform,
LAB�laser atomic beam, LABEO�laser atomic beam using electro-optic modulation, LC�level crossing,
ODR�optical double resonance, FCPC�full core plus correlation, HV�Hylleraas variational calculation,
and MCHF�multiconfigurational Hartree-Fock.

Quantity Experiment �MHz� Theory �MHz� Technique

6Li 2P FS 10052.76±0.22 LC �18�
10050.2±1.5 LAB �19�

10051.62±0.20 LAB �12�
10053.044±0.091 LABEO �15�
10052.964±0.050 This work

10050.846±0.012 HV �20�
7Li 2P FS 10053.24±0.22 LC�18�

10053.184±0.058 ODR �21�
10056.6±1.5 LAB �19�
10053.2±1.4 LAB�22�
10053.4±0.2 LAB �12�

10052.37±0.11 LABEO �15�
10053.119±0.058 This work

10051.214±0.012 HV �20�
D1 isotope shift 10532±5 LAB �24�

10534.3±0.3 LAB �19�
10532.9±0.6 FM �25�

10526±15 FT �26�
10533.13±0.15 LAB �12�

10533.160±0.068 LAB �27�
10534.26±0.13 LABEO �15�

10534.039±0.070 This work

10528.7 MCHF �28�
10534.31±0.68 HV �6�
10534.12±0.07 HV �29�
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are lower than the data obtained by the other groups and also
differ with data obtained in an electron nuclear scattering
experiment �2� and the value predicted by nuclear theory
�30�.

The value of �rc
2 obtained by averaging the results

of the experiment of Riis et al. �30� that studied the
Li+ 2 3S1-2 3P0,1,2 transitions and the experiment of Ewald et
al. �10� that examined the Li 2 3S1/2-3 2S1/2 transition is
0.700 fm2. This is in excellent agreement with the average
value of our two measured values of 0.704 fm2. However,
the uncertainty of the present results is due about equally to
experimental and theoretical uncertainties, whereas it is
dominated by experimental effects in the other experiments.
The 6Li charge radius was determined using the known 7Li
charge radius 2.39±0.03 fm �2�. The uncertainties listed in
Table II for rc�

6Li� are dominated by the accuracy of rc�
7Li�.

The average value of the 6Li charge radius obtained by the
experiments of Riis et al. and Ewald et al. of 2.532 fm is
nearly identical to 2.534 fm, found by averaging the two
results of the present experiment.

In conclusion, this experiment has measured the 2P fine-
structure splitting of 6,7Li. The results are in excellent agree-
ment with those obtained using several different measure-
ment techniques, but have significantly smaller uncertainty.
Moreover, the D1 and D2 isotope shifts yielded consistent
information of the relative sizes of 6,7Li charge radii resolv-
ing past discrepancies, which is important for evaluating
nuclear models. This work facilitates future precision mea-
surements in neutral lithium and Li+ of fundamental con-
stants such as the fine-structure constant as well as the study
of QED effects which can be comparable in magnitude to
nuclear size corrections �1,7�.
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