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Energies and hyperfine splittings of the D levels of atomic francium
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We report optical double-resonance spectroscopy to locate and studR geard 7D, levels of a sample
of 2% r atoms confined and cooled in a magneto-optical trap. The upper state dPiaer@pping transition
serves as the resonant intermediate level to reach Ehet@tes. The energy difference to the ground state is
measured for the accessible levels. We measure the hyperfine splitiggB;,,F =15/2-13/2)=167
+4 MHz, A(7Ds)p,F=17/2-15/2)= —117.5-2.5 MHz, andA(7Ds),,F=15/2-13/2)= —121+4 MHz.
Extrapolating the energies of the inaccessible hyperfine levels from the hyperfine constants and assuming
B(7D;) =0, the center-of-gravity energy difference to the ground stateE{§Dj,)=24244.831
+0.003 cm ! andE(7Dsp,) =24 333.2980.003 cm L.

PACS numbes): 32.30-r, 32.10.Fn, 32.80.Pj, 32.70.Jz

[. INTRODUCTION ing process and study in a simplified model its influence on
The theoretical and experimental understanding of théhe precision of our measurements. We have to rely on such
low-lying SandP electronic states of francium is beginning models to study many of the possible systematic effects
to reach a level comparable to that of the other alkali-metapresent in the optical double resonance in a MOT since we
atoms[1—-4]. Their energies, dipole matrix elements and hy-do not have the possibility to study them directly, given the
perfine constants show that the heaviest alkali, even though &vailability of Fr.
is radioactive, is subject to quantitative analysis that makes it The following section of the paper describes the trapping
a very promising candidate for precision measurement tes®f Fr and experimental techniques of exciting and detecting
of fundamental symmetries in natyr&]. To further increase the 7D states. Section Il relatezb initio and semi-empirical
our understanding of this atom, the low-lyilyy states have calculations of the energies of th®7states; it also describes
to enter the picture. The very different angular momenturmumerical modeling of the Autler-Townes splitting of the
properties of these states add some additional complicatiorigansition. Section 1V describes the measurements of the hy-
to the quantitative understanding of the simplest of the heavyerfine structure of theD states and studies of the different
elements. contributions to the measurement uncertainty. We report the
Optical double resonance is a well-established tool of laresults of the measurements of the hyperfine splittings, the
ser spectroscoppb]. It allows the study of an excited state energies, and the fine structure in Sec. V. The conclusions
through an intermediate, well-characterized one. The devehlre presented in Sec. VI. The Appendix describes how the
opment of laser trapping and cooling techniques opened furdetuning frequency of the trap laser may be obtained from
ther its applicability. The magneto-optical traMOT) [7]  the observed Autler-Townes splittings.
operates in a regime where some population is in the upper
state, making it an ideal intermediate state for optical double-
resonance studig8—11]. Il. TRAPPING FR AND EXCITATION OF THE 7 D
Francium is a short-lived radioactive alkali that we are LEVELS
able to study now thanks to laser trapping and cooling tech-
niques[12]. The number of atoms captured in a MOT and
cooled to a fraction of a mK is enough for optical double- The operation of the magneto-optical trédOT) for Fr
resonance spectroscopy. In this paper, we present the lochas been described previougi]. Briefly, to make?'%r, a
tion of the second excited state in tBeseries, the D state  100-MeV beam of*®0 ions from the Stony Brook supercon-
of 2%r, and a measurement of its hyperfine splitting. Toducting linear accelerator impinges on a gold target. We ex-
find the state, we use a semi-empirical approach based on amact ~1x 10° francium ions/s out of the gold and transport
extrapolation of a quantum defect f@DF) of the previously them abotil m to a hotyttrium neutralizer. From here, the
measured high-lying states of thé series[13]. neutral atoms enter a dry-film coated glass cell where they
Since the trapping laser is intense, the upper state of thare cooled and trapped in the MOT with 3:QL0* atoms
cycling transition has a significant ac Stark splitti#gutler-  captured in steady state. Each of the six intersecting MOT
Townes. We resolve this line splitting intrinsic to the cool- beams has a &# (powep diameter of 4 cm and a typical
power of 50 mW. The field gradient is 6 G/cm. The trap
operates on-line in the target room of the accelerator, and we

A. MOT and probe operation

*Electronic address: Joshua.Grossman@sunysb.edu remotely control the experiment.

"Present address: InstitutrfiQuantenoptik der UniversitaHan- Figure 1 shows the energy levels &t%r relevant for
nover, D-30167 Hannover, Germany. trapping and spectroscopy. A Coherent 899-21 titanium-

*Present address: RSM Electron Power, Inc., Deer Park, NYsapphire laser operating at 718 nm excites the trapping and
11729. cooling transition B,,, F=13/2— 7P3,, F=15/2 (r
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of the excitation, in which case we discriminate it from the
excitation with an interference filter. In other cases, because
it is at the same wavelength, we cannot discriminate it from
the excitation by color, so we do so by timing.

FIG. 1. Energy levels and transitions #Fr. Only the ground- When we have a well-differentiated wavelength to detect,
state hyperfine splitting is shown. we perform continuous wave excitation and look for reso-
nances using photon counting techniques. This is the case for
the study of the D5, state that can emit alizp,— 7P

7S1/2

=21 ns [15]). An EOSI 2010 diode laser at 817 nm
r7eSp umlpls_alnly/za to;nps thaélizallé/%u;[rg;;?t?o??wg I;%ﬂeo}":nthefluorescence photon at 833 nm that is detected and discrimi-
b1’2|’ ‘ _f — 1’2'f - t the atomi f|lgated(see Fig. 1 for the relevant energy level®ur main
absolute frequency reterence to the atomic resonances ot L, ..o of background is scattered light from the MOT lasers,
: . o %o we reduce the aperture of the detector optical system to
the trap. We present in the_ Appendix an indirect MeasUr€qecrease it. At this wavelength and with the narrow-band
”?e”t of the trap Iaser.detunm.g. A computer-controlied SCaNT terference filter(2 nm), the contribution from the black-
ning Fabry-Perot cavity monitors and holds the long-term

. body radiation emitted by the yttrium neutralizer at 1000 K
frequencies of both 'the trap laser anq the repunhpey. A is negligible. The interference filter also blocks the 817-nm
charge-coupled-device camera monitors the trap fluore

cence ﬁi’ght scattered off the glass cell. A Hamamatsu R636-10 pho-
We use two-photon excitation to probe thB Tevels. The tomultiplier tube(PMT) operating in photon counting mode

resonant intermediate level is the upper state of the trappin(gj]etects the 833-nm fluorescence of the decay.
transition P, F=15/2. A second Coherent 899-21 Because the D, level does not decay to thePi, level,

titanium-saoohire laser operating at 969 nm or 961 nm e we use a different detection technique. Two cascaded
I't ILtlh ; PP tl ; thp : tl 9 diate level o t XGsmger LM0202 electro-optic modulatorEOMs) extin-
cites the transition from [he intermediate leverto m‘ﬁ or guish the excitation laser, and we look for the fluorescence in
7Dg, levels, respectively. Only the upper two hyperfine lev-

- ~ a time window after the extinction of the light. A
els (F=13/2,15/2) of the Dy, state and th§__13/2’15/2' Hamamatsu R2658P PMT operating in photon counting
and 17/2 levels of the Oy, state are accessible from the

) . mode with appropriate interference filters detects the 961-nm
intermediate level.

. . . fluorescence of the decay from thBg,— 7P5/, level. How-
F|gure 2 shows a block diagram of the experlmer)t. A ver, the quantum efficiency of thi/s2 PM'Fi/E)B% at 961
Burleigh WA-1500 wavemeter measures the frequencies o m) is more than an order of magnitude worse than that of

all three lasers. We calibrate this instrument in absolutef

- 0, H _
terms against known transitions in Rb7]. We correct for he R636-10 (7% at 833 nm At this wavelength, scat

any deviation of the readings from the Rb transition frequen:[ereOI blackbody radiation from sources such as the nearby

X . - - hot neutralizer cannot be completely excluded.
n<(120 3 1
cles, even thou_gh the 'afg‘ii‘ de\ﬂalmo cm ) was Another method of detection of an atomic resonance is
within the precision (X10™° cm™~) of the wavemeter. In

) the fluorescence decrease of the trapping transition whenever
contrast to some of our previous woffor example [18]), some atoms absorb other radiati@]. We have used this
we do not have access to calibrated lines in the iodine spe

Yeduction in the signal for the initial detection of th®4
trum near 960 nm to which to calibrate the wavemeter. level, but it has a poor signal-to-naise ratio.

B. Methods of detection IIl. THEORY

There are several constraints in our particular experiment

that require careful attention to optimize the signal-to-noise

ratio for our results. Our detection channel is always fluores- The ab initio many-body perturbation calculations by
cence. In some cases it is at a different wavelength from thddzubaet al. [3] of the ionization energy of the;, and

A. Quantum-defect fit (QDF)
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3.2x10*- R AEgne(n) =ang’+bngg, )
—2.8x10* @ ® wherea andb are constantsi is given in Eq.(1), but it is
§ calculated using the center of gravity of thB series instead
>2.4x10* . of a specificnD; series. This formula has been shown to
% hold in earlier studies on Rydberg series in He, Na, and Rb
5 2.0x10* it [21].

&experimental data
1.6X104- . from [13]

B. The Autler-Townes effect

4 6 8 10 12 14 16 18 20 22

0.015 In an idealized three-level atom, in the limit of a strong
= 0.010 trap laser and a weak probe laser, the probe transition is split
5 00051 and shifted by[22]

2 0.000-
_-3 -0.005- AEAT — 5trap -+ \ 5trap+ Qtrap ( 4)
3 -0.010 h 2 2 ’
o
-0.015

6 8 10 12 14 16 18 20 22 . .
n where 5, and ., are the trap laser detuning and Rabi

frequency, respectively. To lowest order, as given by(Ey.
the average of the peak centers of the two peaks of an Autler-
Townes doublet should give the unsplit line center shifted by
%rap. To obtain an estimate of higher-order effects than
Yhose described by Ed4), we perform numerical calcula-
tions using (four+two)-level optical Bloch equations, fol-
lowing the treatments given in Ref§23,24. This model
suffices to give a qualitative picture of the Autler-Townes
dfect in two-photon transitions to different hyperfine levels.
For a quantitative comparison with the data, we would need
& more complete description that includes each hyperfine
R level's 2F+1 magnetic sublevels and their statistical
E(ND;)=E,— ™ (1)  weights. As the atoms occupy a volume-efl mn?¥, these
J ion 2 1 . .
Ngs sublevels are in turn perturbed by the inhomogene@ds
G/cm gradient magnetic field of the MOT and by the spa-
where E;o, is the ionization energy of the ground state, tjally varying intensity and polarization of the light field.
E(nD,) is the energy of theD, level measured from the  |n the optical Bloch equation calculations, the four main
ground state, anRy is the reduced mass Rydberg constant.jevels are the upper ground stateS(%, F=13/2), the in-
Equation(1) assigns an effective quantum numb®g, to  termediate state (Fs,, F=15/2), and the two accessible
the known franciunmD; levels. We use an iterative algo- hyperfine states of the¥y, level (7D,, F=13/2 andF
rithm to fit the quantum-defect parametefs, 6, d,, and  =15/2). We also include two additional levels to account for
J6 to the previously measured energies in the series using decays via the P, levels and for off-resonant excitation to
the wrong hyperfine level of thePs,, state and subsequent

FIG. 3. Quantum-defect fit to theD5, series using experimen-
tal data from Ref[13].

7Ds), states have an expected uncertainty of a few tenths
a percent. A search of even 0.1% or 16 C¢mwould be
difficult, so we use a quantum-defect fit to the other mea
suredD states as a guide. Previous experiments ifilBr19
show that QDF gives predictions accurate to better tha
1 cm . The energies of the series aD; (J=3/2,5/2)
levels of francium can be represented by the Rydberg seri

Ne=N— 0 decay to the lower ground state. The optical Bloch equations
describe the evolution of the density matrixhat gives the
o, b4 O . : . i
=n—| &+ S+ 2+ st atomic level populations and coherences in the laser field.
(n=9)° (n=96)" (n—=9) The equations may be simplified by introducing the slowly
) varying quantityo,,, such that
where § is the quantum defect. We use the energies of the Pam(D)=oam(hexp —iwl, 1), (5)

nD; (n=8,...,20) states previously measured 3tfFr by

Arnold et al.[13] to predict the location of theJ; states in 0o e ) .

210rr taking into account the isotope shift of the groundWNeré@nm=(En—Em)/% is the transition angular frequency
state[20]. Since the density ofl electrons at the nucleus is andn andm refer to the I_evels involved in the transition. In
negligible, we neglect the isotope shift of testates. Figure the steady state, the optical Bloch equations are then

3 shows the quantum-defect fit for th®;, series. Further-

more, once the energy of one of th® 7states has been i

measured, a second prediction for the remaining level can be Ek (VknTkk™ Ynknn) + 2 ; (QniTn= Tnidlin)
obtained from the empirical formula for the fine-structure

splittings AEj,e(n) of series states =0 for n=m,
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FIG. 4. Numerical solution of the four-level optical Bloch equa- . FIG. 5. Numerical optical Bloch equation calculation of the shift

tions that model the fluorescence from the upper two hyperfinén the apparent_ va!ue of the hyp_erﬁne SDI'tt'”g.(7D.3’2’F
levels of the D, level as a function of probe laser detuning. The =15/2-13/2) using line centers obtained by averaging fitted cen-
reference for the detuning is a frequency halfway between the tw(t)ers of Autler-Townes peaks.

unshifted transitions to accessibl®3, hyperfine statesr(7P3,)

= 21 ns, 7(7Dgy) = 73.6 NS, Suaf7S1o—7P3)/(2m)  causes an apparent shift in the line center. Because this shift

=-317 MHz, Qu(7S;,—7P3)/(27) = 15 MHz, s different for each hyperfine level, it affects measurements
Qprond 7P 32— 7Dgpp, F=13/2/(2m)=7/8 MHz, and  of the hyperfine splittings. Like the dependence of the split-
Qprobd P31~ 7D3pp, F=15/2)/(27) = 1 MHz. ting on the probe power, the shift of the line center is too
small in the weak probe regime to be resolved in this experi-
. i ment (see Fig. 5. Even though our calculations show that
(10nm=Lom) oam+ 5 zk: (QokTkm™ Onklim) these effects are small, we do search for any systematic ef-
fect they may have on our measurements, as described in
=0 for n#¥m, (6)  Sec.IVB.

where 6,,,, and (,,,, are the laser detuning and Rabi fre-
guency for the transition from level to m, and y,,, is the
radiative decay rate from levelto m. The damping rate of
off-diagonal terms is

IV. MEASUREMENT OF THE HYPERFINE STRUCTURE
A. Hyperfine splittings

The experimental measurements of the location of the en-
7) ergy levels and their hyperfine splittings are simultaneous.
Our sample of atoms is very coltess than a few hundred
©K) with negligible Doppler broadening, so although the
We neglect dephasing due to processes such as collisiortsyperfine splittings are of the order of 100 MHz they are
Equations 6 describe a 38 36 matrix for our(4+2)-level  resolvable. To increase our frequency resolution, a New Fo-
system. Figure 4 shows a spectrum calculated this way focus 4002 EOM applies 60-MHz or 100-MHz radio-
parameters similar to those of the experimége the Ap- frequency(RF) sidebands to the probe laser, with the applied
pendi¥. The ratio of the Rabi frequencies of the transitions
to the two D hyperfine levels is the ratio of their statistical

N| =

Fym= ; (Ynkt+ Ymi -

weights, as given by the number of sublevels and as ob-
served in the relative resonance peak amplitudes in the mea-
sured fluorescence.

In our calculations, the Autler-Townes splitting decreases
with increasing probe power. In the weak probe regime,
however, the effect is too smalkq{100 kHz) to be resolved
in our experiment. As a function of probe power, our calcu-
lations also show a small shift in the line center of each split
transition as obtained from a fit of the Autler-Townes dou-
blet line shape. This shift arises because th&;,# 7D
excitation and decay cycle is not closed. For detunings at
which more atoms are excited from thd4, to the ™D,
level, atoms are depleted from the trapping cycle and join the
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upper cycle. Additionally, excitation to theDr; and subse- FIG. 6. Scan of the D, state(without RF sidebands The F
quent decay may optically pump atoms to the lower ground- 13/2 andF = 15/2 hyperfine levels are indicated. The transition to
state[8]. The change in the population available to make theeach hyperfine level is further split by the Autler-Townes effect due
7P3,— 7D transition as the laser scans across resonanae the strong trap laser.
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TABLE I. Error budget for measurements of the hyperfine splittittgES).

A(7Dgyy,F=15/2-13/2) A(7Ds)y,F=17/2-15/2) A(7Dsgjp,F=15/2—13/2)
HFS (MHz) 167 1175 121
Error (MHz) % (MHz) % (MHz) %

Statistical 3.9 2.34% 2.3 2.0% 4.1 3.4%
Peak center fitting 0.01 <0.01% 0.5 0.4% 1.0 0.8%
Zeeman 0.6 0.36% 0.7 0.6% 0.8 0.7%
P probes Ptraps Strap <0.01 <0.01%

correlation withA-T <0.01 <0.01%

trap depletion <0.01 <0.01%

Total 4.0 2.4% 2.5 2.1% 4.3 3.4%

frequency stable to better than 1 part i’ 10he RF side- =3.1 mwi/cn?. Including the magnetic sublevels of the up-

bands serve as an situ calibrated meter for the frequency per and lower state increases;, as demonstrated by Dineen
scale of the laser scan. et al. [25].

Figure 6 shows a scan of thég,, level. The hyperfine
levels are indicated on the scan. Only two hyperfine levels of _ )
the 7D, state and three levels of théDZ,, state are acces- B. Systematic studies
sible. We identify the components of the spectrum by com- The main limitations on the signal to noise of the laser
paring their relative intensities with the transition line scans were the quantum efficiency of the PMTs and back-
strengths. The hyperfine structure of thBgf, state is in- ground light from the hot neutralizer and the other lasers.
verted, as is typical of th®s), states of the other alkalis These effects were greatest for thBz, level scans. Refer
(19,10, for examplg. The transition to each hyperfine level to Table | for the error budget for the measurements of the
is further split by the Autler-Townes effect due to the pres-hyperfine splittings. The RF sidebands allow us to check that

ence of the strong trap laser. there is no measurable nonlinearity to the probe laser scans.
The shift of a hyperfine level of total angular momentum  As discussed in Sec. IV A, while the probe-laser scans
guantum numbeF is given by through resonance atoms may be depleted from the trapping

cycle and enter the probe cycle. Some of these atoms stay in
AEy K 3K(K+1)—4l(1+1)J(I+1) (8 the trap volume, while others leave the trap volume and,
h 2 81(21-1)J(2J—-1) ' consequently, the probe interaction region. Both of these
changes in the population of atoms interacting with the probe
laser as its frequency scans can shift the apparent line center
where K=F(F+1)—1(1+1)—J(J+1) with | as the of the probed transition. To avoid this, a weak probe is used
nuclear spin. and the trapping cycle fluorescence is monitored so that it
For scans of the g, state, we take the line center to be does not decrease by more than 20%. We also make an equal
the average of the Autler-Townes peak centers, as discussedmber of scans with increasing frequency and decreasing
in the previous section. The signal-to-noise ratio of thesdrequency to average out possible asymmetries due to trap
scans is such that this approximation suffices. For scans afepletion. We check that no correlations of the Autler-
the 7D 3, hyperfine structure, several systematics were teste@ownes splitting with probe power are found, indicating that
to measure deviations from this simple model. For theseéhe weak probe and strong trap laser limit is appropriate.
measurements, the probe laser was attenuated to intensitiearthermore, no correlations are found between the mea-
<4 mWicn?  with most measurements using sured hyperfine splitting and the probe power, the trap laser
~0.5 mWi/cnt. For an ideal two-level atom, the saturation power, the trap laser detuning, the Autler-Townes splitting,
intensity for this transition is |g(7P3,—7D3)) or the direction of the probe scan.

TABLE II. Comparison of measured and predicted hyperfine constants. Structural radiation contributions
have not been included in the calculations of R26]. For theD states these contributions are not small.

Source A(7D3p) (MHz) A(7Dsjp) (MHz) B(7Dsj») (MHz)
This work 22.35)2 —17.98) 64(17)
Ref.[26] (MBPT) 11.33) -19.55)

Ref.[27] (MBPT) 24.8 -12.8

@8AssumingB(7Dg,,) =0.
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TABLE Ill. Energy from accessible hyperfine levels to the pole term in Eq(8): B(7D3») =0. With this assumption, the

ground-state center of gravity. hyperfine  constants are A(7D3)=22.3+0.5 MHz,
) A(7Dsgp)=—17.0+0.8 MHz, and B(7Ds) =64

State E (cm™7) +17 MHz. Altering A(7D5,) by one standard deviation

7Dy, F = 15/2 24 244.838)) (_0._5 MH2) requiresB(7D3,2).=6 MHz_. This value is not a

7D, F=13/2 24244.832) limit on .the size ofB(7D3p); we prOV|de.|t to |II_ustrate.the
7Dy, F=17/2 24.333.2900) sensitivity ofA(7_D3,2) to B(7Dgjp). Again for illustrative
7Dejp,F=15/2 24.333.200) purposes only, if we assume thB{7D3;,) =64 MHz [as
Doy F=13/2 24333.298) large asB(7Ds5)] then we obtainA(7D5,) =17 MHz.

Table Il compares the hyperfine constants we obtain with
those predicted in Ref§26,27]. The calculations of Ref.
|;j26] do not include contributions from structural radiation,

An |mbalan_ce of the trapping bea_ms_ can pus_h the trap_peWhich can be significant for th® states.
atoms to a point of nonzero magnetic field. Optical pumping
to an average population occupation of a magnetic sublevel
mg#0 can cause a shift of a resonance that depends. on
We place an upper limit on this shift by considering a dis- Using the known hyperfine splitting of theS{, ground
placement of one trap diameter and complete population otate (46 768.2 2.6 MHz) [20] and the wavelengths of the
cupation of the magnetic sublevels that cause the greatestp laser (13923.381 cm) and probe laser, as measured
change in the hyperfine splittinget can be reached from a by the wavemeter, we ascertain the difference from the ac-
common intermediate stateln this case, the\(7Dgp,, F cessible D; hyperfine states to the ground-state center of
=15/2-13/2) splitting is shifted by 0.6 MHzZA(7Ds,, F gravity. Table Il lists these energies. We use the hyperfine
=17/2—-15/2) by 0.7 MHz, and\(7Ds;,, F=15/2-13/2)  constants to extrapolate the energies of the inaccessible hy-
by 0.8 MHz. The observed symmetry of the transition lineperfine levels. As discussed above, we assume that
shapes indicates that neither a pathological Zeeman shift n@(7D,,,) =0. From the measured and extrapolated hyperfine
depletion of the trap seem to contribute significantly to thesplittings we determine the center-of-gravity energy differ-

B. Energy

measured line centers. ence to the ground state(7D;). The largest error comes
from the precision of the wavemeter measurement of the trap
V. RESULTS and probe laser wavelengths. The wavelengths are measured

independently so we add the individual error (0.002 ¢
in quadrature to obtain 0.003 c¢rh Additional error con-

The predominant error is statistical with a small contribu-siderations include uncertainties due to the effects discussed
tion from fitting error and systematics. The final measuredn measuring the hyperfine splittings, uncertainties in the
values of the hyperfine splitting areA(7D;,, F ground-state hyperfine structure (0.0001 ¢ and the
=15/2-13/2)=167+4 MHz, A(7Ds,, F=17/2-15/2) statistical error (0.0003 cht). Table IV compares our
=-117.5:25 MHz, and A(7Dgp, F=15/2—-13/2) measured values withb initio and semi-empirical predic-
=—121+4 MHz. Since only the upper two hyperfine lev- tions.
els of the Dy, state are accessible, only one hyperfine in- The lowest-lying members of theD; series, the B
teraction constant can be obtained. We assume no quadrigvels, have not yet been observed. We repeat the quantum-

A. Hyperfine splittings

TABLE IV. Comparison of measured and predicted center-of-gravity energy difference to ground state
using measured and extrapolated hyperfine splittings and assi(iti;,) =0. Theab initio many-body
perturbation theoryMBPT) calculations of Ref[28] include second-order correlations. Referefigkin-
cludes higher-order correlations: screening of the electron-electron interactions, particle-hole interactions,
and iterations of the self-energy operator. The calculations of [R&{.include single, double, and some
triple excitations. Values in Ref29] and the last two rows of the table are obtained from semi-empirical
guantum-defect fitQDF). To compare each of the theoretical energies with the measured energy, the
calculated removal energy of thd7 state is subtracted from the experimentally obtained ionization poten-

tial [13].

Source E(7D35) (cm™1) E(7Dsy) (cm™1)
This work 24 244.8314) 24 333.29%4)
Ref.[28] (MBPT) 24235120 24325120
Ref.[3] (MBPT) 24186 24275
Ref.[27] (MBPT) 24253 24343
Ref.[29] (second order QDF 24 244.083) 24 332.983)
Second-order QDF, using from [13] 24244.070 24 332.766
Third-order QDF, usindE(nD;) from [13] 24 244.303 24334.211
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TABLE V. Comparison of measured and predicted values for tBefihe-structure interval. See the
caption of Table IV for a brief description of the different predictions. The last row is the result of a
third-order quantum-defect fit using E@) and the center-of-gravity energies from Rf3].

Source

AEfine(7D) (Cmil)

This work

Ref.[28] (MBPT)

Ref.[3] (MBPT)

Ref.[27] (MBPT)

Ref.[29] (second-order QDF
Second-order QDF, using from [13]
Third-order QDF, usind(nD,) from [13]
Third-order fine structure QDF

88.4674)
90
89
90
88.90
88.696
89.908
88.775

defect fits of thenD; series including the B ; energies to
calculate the energies of theD§ levels. Using the same
approach in thes series guided us very well to the location
of the 8S state[18,19. The predicted center-of-gravity en-
ergy differences to the ground state are 16265cm * and
16453+9 cm ! for the 6D, and @, levels, respec-
tively.

C. Fine structure

The fine-structure splitting of the ¥ states is 88.467
+0.004 cml. This lies within one percent of thab initio
prediction of 89 cm! by Dzubaet al.[3] and within 1.5%
of the calculations of Safronova and John$ai]. Table V

compares the measured fine structure with calculated values

[3,27-29. In the D states of all other alkalis except Li the
fine structure is inverteB0]. Although this trend is reversed
here, the mechanism that causes this inversion in the oth

esting alternative for a parity nonconservation measurement
[32]. They have a completely different series of systematic
problems compared to those of the first excigestate[33].
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APPENDIX: AUTLER-TOWNES SPLITTING AND THE
TRAP DETUNING

Because Fr has no stable isotopes, there is no reference
transition with which to lock the trap laser. Instead, the trap

' ; . Fiser is tuned to maximize fluorescence from the trap and
alkalis and also causes the inverted hyperfine structure of the

nDs, states, namely, electron correlations, is the dominant

contribution to the fine-structure splitting of th®7states in <3

Fr [31]. In one model of these correlations, the largest con- § 36 ¥ T

tribution arises when the valenckelectron attracts a core 535 =

electron such as agbor 6s electron with spin parallel to the £ 34

7d electron.(Inner-shellp ands electrons also participate to ! £ i

a lesser degreeThis leaves a net density of core electrons @ 331

near the nucleus with opposite spin. Their spin-orbit and di- $ 321

pole hyperfine interactions are opposite in sign relative to the |3 314

valence electron. If the magnitude of this indirect contribu- 3 5]

tion is larger than the direct contribution from thel &lec- 2 29 )

tron, it can invert the sign of the interaction. An equivalent . . : : )

model relies on configuration mixing between th@ #tates 200 300 400 500 600 700
Trap power (mW)

andD states created by double excitation of the valence elec-

tron to ad state and a corefSelectron to the p state. FIG. 7. Autler-Townes splitting of the transitions to th®J,,

F=15/2,13/2 levels plotted vs. total trap laser power. The curve is
the best fit to Eq.(A2), yielding Sy,,=—31.7 + 1.8 MHz and

. Qrap= VCPygap =15.8 = 3.4 MHz for the normal trap operating

We have used optical double-resonance spectroscopy oN@ngitions of 520 mW and a detuning that maximizes the trap fluo-
cold sample of trapped Fr atoms to find the location of thgescence. The hollow data point is the result of measurements taken
7D states. We extract fine and hyperfine splittings from ourafter the trap optics were realigned, so the constant of proportion-
spectroscopic studies. ality C may be different. The signal-to-noise ratio for the measure-

These new measurements of fhdevels invite new cal-  ments was also much worse than for the other data. The point was
culations of francium’s atomic and nuclear structure. Theyincluded in the fit, however. Omitting it does not change the fit
are particularly important since these levels present an intesignificantly: 5= —32.2+1.5 MHz and(),,=12.6+3.8 MHz.

VI. CONCLUSION
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then locked using a computer-controlled scanning Fabrypowers to

Perot cavity. The presence of the Autler-Townes splittings , 5
appearing in two-photon excitation of thé7levels allows Q"= VCPyapt Sirap (A2)

us to de’termmﬁtrap. From Eq.(4), the Autler-Townes split- gives Sya= —31.751.8 MHz and Qya- CP. Pyap=15.8
tings (" should be given by +3.4 MHz for the normal trap operating conditions of 520
mW (See Fig. 7. Fitting the Autler-Townes splittings at dif-
ferent trap detunings to EqA1) with Q,, fixed at 15.8
Q'=J02 + 52 Al MHz gives dy,,= —30.920.9 MHz at normal trap operating
fap Tlap (A1) conditions. Cpombining the results yield$,,=—31.1
+0.6 MHz. To test the validity of the results, we indepen-
) i . ] dently determine(,,. We measure the intensity profile
The Rabi frequencyl, is proportional to the amplitude of of the trapping beams and calculate the average intensity
the electric field of the laser. ThuSthrap is proportional to  over the volume of the trap. Using a saturation intensity
the trap laser powePy,, through a constan€. Fitting the  14,(7S;,—~7P3»)=7 mW/cn? [34], we find Qrap
measured Autler-Townes splittings at different trap laser=16.2 MHz, confirming the fits.
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