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Hyperfine and fine-structure measurements of®’Li T 1s2s 3S and 1s2p 3P states
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The 1s2s 3S;—1s2p 3P, , transition in5’Li™ was investigated by exciting a 5—6-keV ion beam with a
nearly copropagating ring-dye laser beam. The laser scan was calibrated using an electro-optic modulator to
generate frequency sidebands. Results fofthé hyperfine splittings are an order of magnitude more precise
than existing data in the literature and té " results resolve an 11-MH@70) discrepancy for théP;_,
fine-structure interval as determined by two previous experiments. The results falt 13) measured hyper-
fine intervals in®’Li ™ are within 2 (30) of the latest Hylleraas variational calculations.
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Significant recent advances in theory for two-electronLj 7.42% SLi) or isotopically purified(99% ©Li) lithium
atomic systems have been made using variational techniquegs first distilled in a separate vacuum chamber. A neutral
[1,2]. It is therefore important for precision measurements tajthium atomic beam was produced by an oven heated to
test these predictions. Unfortunately, different experimentabs50 °C and collimated by a 3.8-mm-diam aperture. lons were
groups have published sharply disagreeing results for Li produced by intersecting the atomic beam with an 80-mA
transition frequencies as well as fine-structure interfMBB—  beam of 500-eV electrons. The ions were extracted and ac-
5]. Itis particularly troubling that these disagreements haveselerated using a 6-kV power supgljluke 408b that had a
persisted over the past ten years. High-precision measurépple of less than 1 mV rms. The high voltage was moni-
ments of lithium are also of interest for a number of diversetored using a 1:5000 voltage dividéjulie Research Labs
applications. They have permitted the determination of relaK\-50) having an accuracy of 0.02% and a precision volt-
tive nuclear sizes of th&'Li isotopes to nearly an order of meter (HP 34401A. A voltage stability of better than 0.5
magnitude better than electron scattering experimgh®.  parts in 18 was observed throughout the experiment. Ap-
Work is ongoing at two accelerators to trap unstablé'Li  proximately 1% of the LT ions emerged from the source in
nuclei to measure isotope shifts and thereby examine exotige 1s2s 3S; state[22], which has a lifetime of 5813 s
properties such as halo neutrdi@$. Precision measurements [23]. The ions propagating in th direction were focused
of absolute’Li* transition frequencies are ongoing to testwith an Einzel lens and then directed kyand§ deflection
special relativity[8] and may improve the determination of plates into a Wien velocity filter. A Faraday cup located 1.3
the fine-structure constaf@,10]. m from the Wien filter measured a Liion current of 250

The Li* 1s2s °S;—1s2p °Py, , transition at 548.5 nm, npA. The ion beam propagated in a vacuum chamber main-
shown in Fig. 1, has been studied using a variety of techtained at a pressure of X110’ torr using two diffusion
niques including spectrometef41-13, rf magnetic reso- pumps and liquid-nitrogen traps.
nance[14], quantum beat$15], Doppler tuning[16-1§,
saturation spectroscopy19], and microwave techniques J F F
[20]. For theLi™ 1s2p 3P1,2 fine-structure interval, the two 0 1 3n
experiments claiming the smallest uncertainties use the so- /

p 3P

called laser heterodyne meth¢8] or precisely measure a

2

3
number of absolute transition frequencigls4,5,21. Each 1_s2_‘ 2 < % ggﬁ
\ 12

—

group quotes ad uncertainty of less than 1 MHz but their
results differ by 11 MHZ1,3]. 2 —502
This experiment investigated the hyperfine and fine- ! C}] <:_{__ig
structure splittings of thé'Li* 1s2s 3S;— 1s2p 3Py , tran-
sition using a different experimental technique. A ring-dye
laser beam that was electro-optically modulated probed a
5-6-keV ion beam in a near-collinear arrangement. Fluores-
cence from the ions was recorded as the laser frequency was
scanned. Each transition was excited by the various laser 52

frequency sidebands allowing each scan to be independently T2 ! § f i
0 g
6Li+ it

548.5 nm

calibrated. 12
An overview of the apparatus is shown in Fig. 2. Thé Li
beam was generated using an ion source that is described in
detail elsewherg22]. A sample of either natural92.58% FIG. 1. Energy levels of’Li* relevant to the experiment. The
vertical energy axis is not drawn to scale. The labels a and b indi-
cate the transitions studied to determine theé* fine-structure
*Corresponding author. Email address: wlaser@yorku.ca splitting.

1050-2947/2003/671)/0125065)/$20.00 67 012506-1 ©2003 The American Physical Society



J. J. CLARKE AND W. A. van WIINGAARDEN PHYSICAL REVIEW A7, 012506 (2003

Signal »  Photon > a)
Generator Counter [4— 9.200000 GHz
A PMT 1 %4
To Lockins 1 & 2 K]
[ Filter H
% 3
ion] [ Ton | [Wn] " 5 : .
Source | | Optics | | Filter Farailiy 2 ~ ~ 1
- C 5 2 . Te e
T o ? NI
. g T =T
= [} ~a ¥ e~
Ring Dye R R =1 »
Lnser i i Fiber
Chopper
0
Lockin Ref. = b
1, Cell E )
&
Etalon YPMT 2 g
. E |
P Photodiode Y Lock-in2 | = kil AAARRAA ARAAARAAARRARA RARALARARAARRRRARAARAAANRARNRL ARAA
0 5 10 15 20
N4 ‘ Lock-in 1 Change of Dye Laser Frequency (GHz)
y

FIG. 3. Typical signal(a) shows fluorescence produced when
the laser frequency was scanned across fhe1s2s 3S,
—1s2p 3P, resonance. The transitions are denoted Fby-F’
Laser radiation was supplied by a cw ring-dye la@o-  whereF andF’ denote the hyperfine levels of thes2s 3S; and
herent 669 that generated in excess of 600 mW at 548 nmls2p 3p, states, respectively. Several transitions are excited twice
using pyromethene 556 laser dye. The dye laser had a lin@s the laser was frequency modulated at 9.200 000 Gbjzdis-
width of less than 1 MHz and could be tuned 30 GHz with-Plays the transmission of part of the laser beam throughtalore
out mode hops. The frequency was monitored by passing
part of the laser beam through an iodine cell and observing sps 33, (F)— 1s2p 3P, (F') transitions are indicated by
the fluorescence with a photomulltiplier tubBMT2) [24]. 6 |apelF - F'. Several transitions were excited first by a
The signal was analyzed by a lock-in amplifigiock-in 2).

The dye laser beam passed through one of two electr frequency sideband of the laser beam and subsequently by
optic modulatordEOM, » focus 4851 operating at either 6.8 Ghe frequency-unshifted laser beam. These data were taken
or 9.2 GHz. The modulation frequency was specified to bet-
ter than one part in T0using a frequency synthesizékgi- i
lent E8241A. The modulation frequency was amplified
(Quinstar QPN-084035340 a power of up to 3 W. The laser g
beam emerging from the EOM was focused into a single- i
mode polarization-maintaining fibéfhorlabs FS-PM-2021
with a coupling efficiency of 70%. The fiber ensured that the
15 mrad angle of intersection of the laser and ion beams
remained constant. The laser beam was retroreflected by ¢
mirror. Data were taken using calibrated neutral-density fil-
ters to vary the laser power from 1 to 10 mW.

The laser light excited the sPs 3S;—1s2p °P transi-
tion. Fluorescence produced by the radiative decay of the
upper state, which has a natural lifetime of 43[86], was
detected using ari/1.5 optical system. Laser scatter was
reduced using an interference fili@mega 550BP10with a fe 3
bandwidth of 10 nm centered at 550 nm as well as a spatial Mﬁ%ﬂ
filter. A liquid-nitrogen-cooled photomultiplier tub@MT1, : St
Hamamatsu R943-02letected the fluorescence. The PMT1 .
signal was first processed by a preamplifiSRS 44% and 6.25 6.50 6.75
then sent to a photon counté8RS SR43pthat recorded
data at a rate of 40 Hz. A data file containing 25000 data
points was recorded for each 30 GHz scan.

FIG. 2. Apparatus. See text for description.
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Ch : . FIG. 4. (Color) Determination of frequency intervals. The black
A sample spectrum ofLi* is shown in Fig. ). The  points correspond to peakin Fig. 3@ while the red points were

background was dominated by scattered laser {009  generated by scaling the amplitude of paaknd shifting its posi-
and ion collisions with residual gas(10%). The tion to obtain the optimum overlap with peak
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TABLE I. ®7Li* hyperfine structure splittings.

Interval Interval
State (F—F") (MHz) Reference
8Li* 1s2p 3P, 2—1 2880+5 [14]
28898 [15]
28786 [17]
2 886+4 [19]
2 888.98-0.63 This work
2 888.3270.029 Theory[1]
1-0 1318+17 [15]
1310+6 [17]
1316+8 [19]
1 316.06-0.59 This work
1317.649-0.046 Theory[1]
8Li* 1s2p 3P, 3—2 41289 [15]
4113+18 [17]
4 125+14 [19]
4127.16-0.76 This work
4127.882-0.043 Theory[1]
21 2 856+ 8 [15]
28616 [19]
2 857.00:0.72 This work
2 858.002-0.060 Theory[1]
bLiT 1s2s %S, 21 5993+ 6 [17]
5997+ 4 [19]
6 003.600- 0.050 [20]
6 003.66-0.51 This work
6 003.614r 0.024 Theory[1]
1-0 29986 [17]
2998+ 4 [19]
3001.780-0.050 [20]
3001.83:0.47 This work
3001.765-0.038 Theory1]
Lit 1s2p 3P, 5/2—3/2 993224 [16]
9953+9 [19]
9 965.2-0.6 [20]
9 966.30-0.69 This work
9 966.14-0.13 Theory[1]
3/2—1/2 422418 [16]
4 246+20 [19]
4237.8-1.0 [20]
4 239.11-0.54 This work
4 238.86-0.20 Theory[1]
Lit 1s2p 3P, 7/2—5/2 1176112 [16]
117606 [19]
11775.8-0.5 [20]
11774.04-0.94 This work
11773.05:0.18 Theory[1]
5/2—3/2 9602t 12 [16]
9598+ 12 [19]
9 608.7-2.0 [20]
9 608.90G+0.49 This work
9 608.12-0.15 Theory[1]
3/2—1/2 6182:18 [16]
6 204+ 13 [19]
6 203.6:0.5 [20]
6 204.52-0.80 This work
6 203.27-0.30 Theory[1]
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TABLE I. (Continued.

Interval Interval
State (F—F") (MHz) Reference
Lit 1s2s %S, 5/2—3/2 19798-24 [16]
19796+ 10 [19]
19817.673%0.040 [20]
19817.96:0.73 This work
19817.680-0.025 Theony[1]
3/2—1/2 1187212 [16]
11879+9 [19]
11890.018 0.040 [20]
11891.22-0.60 This work
11890.0130.038 Theony[1]

using copropagating ion and laser beams. The asymmetrgpectral range is slightly less than 300 MHz. Hence, the un-
line shape resulted from the distribution of ion velocities andcertainty in the largest frequency interval separating a Li
was inverted for counterpropagating ion and laser beams. peak and the nearestaton peak was 0.15 MHz. The total

The frequency intervals between the various peaks in Figuncertainty due to scanning nonlinearity in a frequency in-
3(a) were found by scaling the intensity of the largest peakierval separating two L'i fluorescence peaks was estimated
labeledY and translating its position to optimize the overlap ¢ pe 0.21 MHz by adding two uncertainties of 0.15 MHz in
with the peak of interest. For example, the black data pointgadrature.

in Fig. 4 correspond to peaX in Fig. 3@a), while the red The results for the various hyperfine intervals are shown
gom':s shq;/r\]/ peaﬁ( s_lqz;!ed artlﬁl zanfs:jat?d to (_)btafln the beStin Table I. These data represent a total of 92 scan$lfof
veriap with peaks. This method ot determining frequency ?nd 86 scans fofLi* accumulated on 20 different days. The

intervals worked since all peaks observed during one day . ; . I~
data taking had the same asymmetric line shape. A doubcﬂésted uncertainties were determined by adding the statistical

peak resulting from the closely spaced-2 and 01 tran- standard deviation to the scanning nonlinearity in quadrature.

sitions could be well modeled using two shifted and scaled The tabulated frequen_cie; have also been corrected for the
peaks. first-order Doppler shift difference of the two peaks. The

The linearity of the laser frequency scan was monitoredatter was computed from the acceleration voltage and
by passing part of the laser beam through a confocal Fabryatched that observed using copropagating and counter-
Paot @alon. The latter consisted of two dielectric mirrors Propagating laser-atomic beams.
having a reflectivity greater than 99.5% and a 25-cm radius Results for the hyperfine splittings of theli ™ 1s2s °S,
of curvature mounted on an invar bar. Thalen was housed state are in very close agreement with previous measure-
in a chamber maintained at a pressure of 1 torr to reducgents as well as theoretical predictions made using the Hyl-
effects of air pressure. The chamber’s temperature varied bgraas variational technique. Microwave techniq[@@ are
less than 0.1°C during data acquisition. A photodiode dewell suited to studying this state due to its long lifetime, and
tected the light transmitted through thealen. This signal the results therefore have smaller uncertainties than our mea-
was processed by a lock-in amplifigtock-in 1, SRS surements. The close agreement of our measurements with
SR850 where the reference signal was supplied by a chopthe microwave results is a stringent test of the validity of the
per that modulated the laser beam at 2 kHz. Data acquisitioBxperimental technique.
by lock-in-1 and the photon counter was synchronized by a The °Li* 1s2p 3P, , hyperfine splittings have been in-
signal generator. vestigated by Doppler-tuning an ion bed6,17] and satu-

The galon transmission signal corresponding to the spectation spectroscopl19]. Our results have about an order of
trum in Fig. 3a) is shown in Fig. &). A Gaussian function magnitude smaller uncertainty than those found previously.
was fitted to eachtalon peak to determine its position. The The 'Li* 1s2p 3P, , hyperfine intervals have also been in-
free spectral range was determined using the 9.200 000-GHéestigated using the microwave technid@®]. The micro-
interval indicated in Fig. @). This was done separately for wave results have a quoted &rror bar and agree well with
each laser scan to take into account possible variation of théose of the present experiment. However, our results appear
free spectral range from scan to scan. The effect of any norfo be somewhat closer to thedry], most notably in the case
linearity of the laser scan was minimized by measuring theof the 1s2p 3P, 7/2—5/2 interval. Indeed, all but one of our
interval from each lithium peak to the nearésilen peak. 13 measured hyperfine intervals lie withior Bf the theoret-

The nonlinearity of the laser frequency scan was investiical values.
gated by taking ten scans as shown in Fig. 3. The average The fine-structure interval separating theéLi®
time interval for each free spectral range was plotted versu$s2p 3P;_, levels can be studied by measuring the fre-
the ‘@alon peak number and the nonlinearity of the laser scaguency interval between transitions labetedndb in Fig. 1
was found to be less than 0.1%. In this experiment, the fre€25] and adding appropriate hyperfine intervals. The results,
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TABLE II. Li * 1s2p 3P, , fine-structure interval. with the result of the laser heterodyne experiment whose
quoted uncertainty equals3

Interval In conclusion, the measured hyperfine intervals are in ex-

(MHz) Reference cellent agreement with the latest Hylleraas variational theory.
62 658+ 28 [19] Moreover, the discrepancy for th&i®™ 1s2p %P;_, fine-
62 678+ 14 [13] structure interval as measured by two experimental groups
62682+ 6 [21] has been resolved. The technique used in this experiment is
62 667.4- 2.0 [3] completely different from that used by the other groups. It is
62 678.410.65 [1] in principle simpler as absolute transition frequencies are not
62 679.46-0.98 This work required. Each laser scan is individually calibrated and the
62 679.4 0.5 Theory[26] experiment is therefore insensitive to any changétaioa

calibration. This experimental approach therefore is a useful
tool for precision laser spectroscopic measurements.

given in Table Il, represent 49 laser scans taken on seven The authors wish to thank R. Holt, S. Rosner, and T.
days. These were compared to results obtained by oth&choll of the University of Western Ontario for the loan of
groups that studied transitions to various hyperfine levels ofhe ion source and A. Madej of the National Research Coun-
the'Li* 1s2p 3P1,2 manifolds. The experiments quoting the cil for the galon invar bar. The Natural Science and Engi-
lowest uncertainties use the laser heterodyne techfi@juer  neering Research Council of Canada and the Canadian Insti-
measure absolute transition frequencies to various l¢t¢ls tute for Photonic Innovations provided financial support.
Our result strongly agrees with theofg26] as well as the One of us, J.C., is the recipient of support from Ontario
measured result found by Rdfl] and strongly disagrees Graduate Studies and JDS.
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