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We report on spectroscopic measurements on the 4 f7 6s? SS; 2= 4 f7 ®5°)6s6 p(1 P°)8éps /2,7/2 transitions
at 466.32 nm and 462.85 nm, respectively, in neutral europium-151 and europium-153. The center of grav-
ity frequencies for the 151 and 153 isotopes for both transitions are reported for the first time using saturated
absorption spectroscopy. For the 656 p(* P°) 81’5/2 state, the center of gravity frequencies were found to be
642,894,493.3(4) MHz and 642,891,693.3(9) MHz for the 151 and 153 isotopes, respectively. The hyper-
fine constants for the upper state were found to be 4(151) = —157.01(3) MHz, B(151) =74.5(4) MHz and
A(153) = —69.43(14) MHz, B(153) =191.0(26) MHz. These hyperfine values are all consistent with pre-
viously published results except for B(151) that has a small discrepancy. The isotope shift was found to be
2799.54(20) MHz, a small discrepancy with previously published results. For the 656 p(* P°) 8 P/, state, the center
of gravity frequencies were found to be 647,708,930.6(6) MHz and 647,705,958.4(26) MHz for the 151 and 153
isotopes, respectively. The hyperfine constants for the upper state were found to be A4(151) = —218.66(4) MHz,
B(151) = —293.4(8) MHz and A(153) = —97.15(13) MHz, B(153) = —750(3) MHz. These values are all con-
sistent with previously published results except for 4(151) that has a small discrepancy. The isotope shift was found
to be 2972.8(5) MHz, a small discrepancy with previously measured results.  © 2024 Optica Publishing Group

https://doi.org/10.1364/JOSAB.521181

1. INTRODUCTION published [7]. Despite the interest in europium, there is a dearth
ofhigh precision (sub-MHz) measurements.

In the last decade, there has been an increased focus on the Europium has two stable isotopes, curopium-151 (47.8%

neutral europium atom, a lanthanide element with 63 protons
and two stable isotopes. The absolute transition frequency
for both stable isotopes between the ground state and the
47 (38°)65s6p(* P°) B Py state, historically known as the
y8Py)y state, was recently measured to sub-MHz precision
[1], and the branching ratios from the y ® Py, state were also
measured [2]. A magneto-optical trap of ultracold europium
was created by Kozuma ez al. [3,4] and used to populate lower
lying metastable states to study one-body losses in magnetically
trapped europium [5]. A europium Bose—Einstein condensate
(BEC) was successfully created in 2022 [6], and a proposal to
create a dual species rubidium and europium BEC was recently
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natural abundance) and europium-153 (52.2%). Both isotopes
have the same nuclear spin of 7 =5/2. The isotope shift and
hyperfine constants for a large variety of states have been mea-
sured. For a recent compilation of these measurements from
2020, see reference [8].

The subjects of this paper are the 4 7 (2S°)6s6p (' P°) * 5,
state, historically known as the y 8 ps s> state, and the
47 (38°)6s6p (1 P°) B P,y state, historically known as the
y 8 P;); state. The transitions were first measured by Russell and
King in 1939 using an arc lamp [9] and most recently measured
in 1983 by Smith and Tomkins [10]. However, these measure-
ments had unresolved hyperfine structure and overlapping
spectrums, so the reported values of 21, 444.60(1) cm™!
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Simplified Grotrian diagrams for europium-153 (top) and 151 (bottom) for transitions from the ground state to the (A) y 8 Ps, state and

(B) y & P;), state. The boxed values represent the relative intensities of the allowed transitions, normalized to the strongest transition. The left of each

diagram shows the center of gravity transition frequency.

(642, 892, 900(300) MHz) for the yB3Ps, state and
21, 605.18(1) cm~' (647, 707, 000(300) MHz)  for  the
y 8Py, state were limited by Doppler broadening which
resulted in a spectrum width of 0.2 cm™!(6000 MHz). Thus,
the center of gravity for these transitions has yet to be measured
to high precision for each isotope. Simplified Grotrian diagrams
for the two stable isotopes are shown in Fig. 1. The formula
below gives relative intensities of the hyperfine transitions:
: JIF’

[=QF+1)QF +1){F,1], } (1)
where the / and F are the total electronic angular momentum
and total atomic angular momentum for the ground state, and
J’ and F’ are the quantum numbers for either the y 8 Ps; or
y 8 P73 excited states. We normalized the intensities by referenc-
ing the largest intensity transition, whichwas F =6 — F' =6
for the y 8P7/2 stateand F =6 — F' =5 forthey 81’5/2 state.
Figure 1 displays the normalized intensities of the transitions
within boxes. Because quantum interference effects from
the many overlapping spectral features likely modified these

anticipated amplitude ratios [11], we used them as an aid in
identifying spectral features, notas a fixed fit parameter.

In the absence of nuclear spin, there would be a single lower
state and a single upper state; see Fig. 1. Since both studied iso-
topes have nuclear spin, there is a splitting of the center of gravity
given by the hyperfine splitting formula,

(B/2)K(K +1) =211+ 1)J(J +1)
2121 —1)2] (2] — 1)

where K =F(F+1)—I1({+1)—J({J +1), A is the mag-
netic dipole constant, and B is the electric quadrupole constant.
The higher order terms for Eq. (2) were not included since
they are beyond the scope of our precision. For the ground
state, the most precise value for the hyperfine constants were
measured by Sanders and Woodgate with values A(151) =
~20.0523(2) MHz, B(151) = —0.7012(35) MHz, A(153)
= —8.8532(2) MHz, and B(153) =—1.7852(35) MHz
[12]. Before this work, the best values for the excited state
hyperfine constants were measured by Zaal et al. with val-
ues A(151) =-—157.2(3) MHz,  B(151) =78(3) MHz,
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A(153=—69.2(3) MHz, and  B(153) = 192(3) MHz
for the y®P5; state and A(151)=—219.1(2) MHz,
B(151) = —295(3) MHz,  A(153) = —97.0(4) MHz, and
B(153) = —753(7) MHz for the y ® P; ; state [13].

We used saturated absorption spectroscopy to measure for
the first time the center of gravity absolute transition frequen-
cies from the ground state to the y 8Ps); and y ® 7/, states.
Combined with previously published results [1], all transitions
from the ground state to the y 8 P states have been measured to
sub-MHz precision. We also measured the hyperfine constants
for the two excited states, improving the precision of some
values by an order of magnitude, and the isotope shifts, both
improving the precision and correcting a slight discrepancy with
previously reported values [13]. The paper is organized as fol-
lows: Section 2 contains a summary of the experimental setup,
Section 3 presents our findings and discusses systematic effects,
and Section 4 concludes with an overview of results and outlines
methods to improve the precision of future measurements.

2. EXPERIMENTAL SETUP

Figure 2 shows a simplified experimental setup for this work.
Details of the experimental setup can be found in reference [1].
Briefly, a titanium sapphire laser (M Squared SolsTiS) is used to
produce infrared light that is half the frequency needed for the
spectroscopic studies. This light is sent to a double pass AOM
(Brimrose GPM-800-200) setup [14] before being locked to a
mode of the frequency comb spectrum. An FPGA based digital
locking system (TOPTICA DigilLock 110) is used providing
fast and slow feedback to two piezos, both actuating the laser’s
cavity, with different bandwidths (~ 50 Hz and ~ 30 kHz).
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Once stabilized to the comb, the frequency of the light leaving
the titanium sapphire laser is

ﬁR = nﬁep + _ﬁ)eat - zfAOMv

where 7 is the frequency comb order, fi, =80 MHz is the
repetition rate of the comb, fie,e = +20 MHz is the beat fre-
quency between the laser and the nearest comb order, and faom
is the frequency driving the double pass AOM. With this setup,
the frequency of the laser can be scanned ~ 650 MHz with
uncertainty better than 1.5 kHz.

The infrared light is then frequency doubled before it is

(3)

sent to a saturated absorption setup. The frequency of the blue
light can be scanned with respect to the frequency comb for a
total scan range of up to &~ 1300 MHz with uncertainty better
than 3 kHz. The pump light is amplitude modulated using
the positive first order of an AOM (ISOMET M1201-SF40-
1.7) operating at 40 MHz, which shifts the spectrum lower by
20 MHz. A photodetector (Thorlabs PDA36A) monitors the
transmission of the probe light through the europium hollow
cathode lamp. The spectral signal from the photodetector is iso-
lated by a lock-in amplifier (Stanford Research Systems SR830)
using the 27.13 kHz AOM modulation frequency and then
recorded by a computer.

The gaseous europium is created by a home-built, see-
through, hollow cathode lamp (HCL) [1,15]. The HCL is
backfilled with argon pressures ranging between 280 mTorr and
580 mTorrand driven by a power supply (KEPCO BOP 500 M)
with currents ranging from —3 mA to —8 mA and voltages
ranging from —150 V to —350 V. The power supply can be run
in constant current or constant voltage mode. Constant voltage
mode is used to investigate energy level shifts due to the applied
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Fig. 2.

Simplified experimental setup. The upper half of the diagram shows a double-pass AOM setup for the scanning and stabilization of laser.

The lower half of the diagram shows a saturated absorption setup and europium discharge used for spectroscopy. PD: photodetector, AOM: acousto-

optic modulator, FG: function generator.
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Fig. 3. An example of a fitted spectrum for the 4765285, —y ®Ps)y transition in neutral europium-153 (spectral features with
f <2000 MHz) and europium-151 (spectral features with "> 2000 MHz) near 466.32 nm. The data are in black; the fit is in red. Included
are indicators for which transition or crossover is responsible for the spectral feature based on the labels from Fig. 1. Below the spectrum is a plot of the

fit residuals. The vertical scale for the residuals is magnified by a factor of 4 for visibility.

external voltage, but constant current mode was used while
studying the other systematic effects.

3. RESULTS

Due to a limited scan range of the double pass AOM, data are
collected in frequency scans of 1320 MHz. The spectra (see
Figs. 3 and 4) are approximately 5 GHz and 6.5 GHz wide,
requiring multiple regions of data collection. Each region over-
laps with the proximate by 40 MHz. The data are then stitched
together prior to fitting.

As can be seen in Figs. 3 and 4, the spectra from the two iso-
topes are well separated. The lower frequency ranges of both
spectra are due to transitions and crossovers from the europium-
153 isotope while the features in the higher frequency range are
due to transitions and crossovers in europium-151. The large
number of hyperfine states and transitions with overlapping
Doppler profiles results in many crossover features. All three
types of crossovers, V, A, and X, were considered during analy-
sis. V crossovers are created when the pump and probe beam try
to excite the same atoms from the same ground state to different
excited states and tend to be positive amplitude spectral features.
A and X crossovers, which tend to be negative amplitude spec-
tral features, occur when the pump beam excites an atom with
a particular velocity such that upon decay to a different ground
state that atom has the correct velocity to be excited by the probe
beam. In all, each isotope has 15 (16) real transitions and up to
62 (68) crossovers for the 4 f76s> 85}’/2 -y 8P5/2 (y 8P7/2)
transition, for a total of 77 (84) possible spectral features to fit.
However, not all transitions and possible crossovers were seen in
the spectrum; see Section 3.A.

The experiment contains several systematics that may cause
a shift in the measured frequency of the transition. We tested
the pressure of the argon gas, the voltage driving the discharge,
and the laser power. We systematically varied each of these
parameters to quantify their effect on our measured transition
frequency. Spectra were taken atargon pressures of 279.1 mTorr,

328.7 mTorr, 411.5 mTorr, 494.3 mTorr, and 577.0 mTorr.
Probe (pump) saturation parameters of 0.2 (1), 0.4 (2), 0.6
(3), 0.8 (4), and 1 (5) were used to investigate the effect of laser
power. For the voltage systematic, the power supply was run
in constant voltage mode with voltages of =225V, —250V,
—275V, =300V, and —325 V. While checking one systematic
the other values were held constant: 328.7 mTorr for pressure,
—7 mA for current driving the discharge, and 0.6 (3) for the
probe (diffracted pump beam) saturation parameters. Eight
scans were collected for each of the 15 systematic values for a
total of 120 scans.

A. Data Analysis

Due to the large number of possible spectral features and the
complexity of the spectrum, we use the following procedure to
select features and avoid overfitting. To begin, the previously
measured hyperfine constants and isotope shifts [13] were used
to identify an isolated spectral feature or nearly isolated spec-
tral features. For the transition to the y 8 Ps); state, the largest
lowest frequency features [the real transition labeled 2 and the
A crossover labeled A(a, )] were used for initial placement
of possible spectral features for europium-153. Likewise, the
real transition p and the A crossover A(p, q) were used for
europium-151. For the transition to the y 8P/, state, the
real transition 2 and the A crossover A(a, c¢) were used for
europium-153. For europium-151 the real transition 4 and the
A crossover A(g, s) were used; see Figs. 3 and 4.

Using Eq. (2) and the previously measured hyperfine con-
stants [12,13], an initial guess for all possible spectral features
and center of gravity frequencies can be made with reference to
the above-mentioned isolated spectral features. In these predic-
tions, we saw the value drifting to higher frequencies compared
to the observed spectral features, indicating a possible small
frequency calibration errorin Ref. [13].

Once we estimated the initial positions, we analyzed the spec-
tra to determine which specific spectral features were present.
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An example of a fitted spectrum for the 4 f7 6;285';/2 — y 8P, transition in neutral europium-153 (spectral features with

f <2000 MHz) and europium-151 (spectral features with /"> 2000 MHz) near 462.85 nm. The data are in black; the fit is in red. Included
are indicators for which transition or crossover is responsible for the spectral feature based on the labels from Fig. 1. Due to the density of spectral
features inside the regions indicated by the blue boxes, the transitions and crossovers labels in those regions are not listed. Below the spectrum is a plot
of the fit residuals. The vertical scale for the residuals is magnified by a factor of 4 for visibility.

Table 1. Number of Spectral Features Used to

Fit the Data

Upper State y8P, y8P,,
Isotope 151 153 151 153
Total possible transitions 77 84
Transitions used in fit 31 29 47 27
Transitions unique to isotope 2 0 21 1

Reasons why a possible spectral feature is absent include weak
relative intensities, a feature that would require a large Doppler
shift, or an X crossover feature resulting from a single velocity
class. For much of the spectrum, a positive amplitude spectral
feature is near a negative amplitude spectral feature giving
the appearance of a derivative “S” shaped signal. It should be
emphasized that there are no derivative features in the spectrum;
the spectrum is produced using amplitude modulation.

Table 1 lists the number of spectral features identified as
present and used in the final fitting for each spectrum. It should
be noted that for the y ® P, state there could be more contri-
butions for europium-153 at the larger frequency range (near
1700 MHz in Fig. 4), but the closely spaced hyperfine levels (see
Fig. 1) did not require additional features to be included in the
fit function. Including additional features in this region pre-
dictably results in larger off diagonal elements in the correlation
matrix for the fitted amplitude parameters without affecting
the fitted values or uncertainties for the hyperfine constants or
center of gravity frequency.

Once the possible transitions and crossovers were selected,
the spectra were fit using Mathematica’s NonlinearModelFit
function, assuming the ground state hyperfine constants were
known, and using the previously measured excited state hyper-
fine constants [13] as initial guesses. No attempt was made
to correct for instrument broadening, so spectral widths will
include the 300 kHz shape of the laser.

Gaussian pedestals were observed on several of the spectral
features. Referring to Fig. 4, this is most evident on the features

a near 150 MHz and ¢ near 2250 MHz. The background
pedestals got smaller as the argon pressure was reduced, which
indicates the presence of velocity changing collisions [18].
Pedestals were included in the fit function for spectral features
which clearly exhibited this structure. The spectrum was fit to a
sum of Lorentzian functions and Gaussian functions:

Z Api _up?

= RS A : 202

S(f) . ) + 4( 2_22)2 + G,i€ )
! Y

ﬁ = nlAgs =+ l’lng, + n3 A+ n4 B + ﬁog’

where 71, 13, 13, and 74 are fractions determined from Eq. (2),
Ay and By are the hyperfine constants for the ground state for
a particular isotope, A, and B, are the hyperfine constants for
either the y 8 Ps /201y 8p, /2 state for a particular isotope, Ay ;
is the amplitude of a spectral feature, and A ; is the amplitude
of the Gaussian pedestal, which is only included if it is visible in
the spectrum. Due to likely quantum interference effects from
the many overlapping spectral features [11], the amplitudes for
all spectral features are free parameters. The full width half max-
ima, y, is assumed to be the same for all spectral features. The
width of the Gaussian pedestals, o, is assumed to be the same
for all features exhibiting that characteristic; allowing variable
pedestal widths for each spectral feature did not change the final
results for the hyperfine constants or center of gravity frequen-
cies. The full width half maximum of spectral features (see Fig. 5
for an example using the 4 f76s? 85;’/2 — y 8 Ps, transition in
europium-151) decreased linearly with background pressure.
Figures 3 and 4 show examples of a fitted spectrum with resid-
uals. All 120 scans were fit individually to extract the hyperfine
constants and center of gravity frequencies for both isotopes
with uncertainties. During data collection, alternating scans
of linearly increasing laser frequency (scan up) and linearly
decreasing laser frequency (scan down) were taken to check for
hysteresis effects. For the center of gravity frequencies, a small
hysteresis effect of less than 1 MHz was seen between scan up
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Fig.5. The fitted full width half maximum for the spectral features
in the 4f76s> 8S7°/2 — y8Ps, transition for europium-151. The
natural linewidth of this transition is 24.2 MHz [16,17].
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europium-153 and europium-151 for the transitions from the ground
state to (A) the y 8 Ps); state and (B) the y ® P, state. The vertical axis
on the pressure shift plots are with respect to the offsets given in Figs. 3

and 4.

and scan down. To account for this effect, the center of gravity
frequency result for a scan up is averaged with the following scan
down result. The uncertainty of this average is taken to be the
larger of the two individual fit uncertainties.

As mentioned above, the argon discharge pressure, voltage
driving the discharge, and laser power were all varied to look for
systematic shifts. A small pressure shift was seen in the center of
gravity frequencies for both studied transitions. The difference
between the center of gravity frequencies for the two stable
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isotopes showed no statistical pressure dependence indicating
both isotopes experienced a similar shift with background
pressure. Figure 6 shows the results of the pressure systematic
study. Mathematica’s NonlinearModelFit function was used
to linearly extrapolate the center of gravity frequencies, with
uncertainties, to 0 pressure. All fitted slopes were consistent
with each other. For the transition to the y 8 s /2 state, the fit-
ted slopes were —4.6(10) kHz/mTorr for europium-151 and
—3.5(20) kHz/mTorr for europium-153. For the transition to
the y ® P7 ), state, the fitted slopes were —3.0(8) kHz/mTorr for
europium-151 and —4(5) kHz/mTorr for europium-153. Each
graph in Fig. 6 has the same vertical scale for visual comparison
of the slopes. No dependence on discharge voltage or laser power
was seen within our experimental uncertainty.

The isotope shift for both transitions was determined using
all scans. The shift was statistically independent of experimental
parameters. The values given in Table 2 are the average value
of all isotope shift measurements with uncertainty given by the
standard deviation.

Table 2 shows the final results of this spectral analysis. The
uncertainties for the hyperfine constants were determined by
analyzing histograms from all 120 fits. The histograms were
all nearly Gaussian. To avoid underestimating the uncertainty
due to having nonperfect Gaussian distributions, the standard
deviation of the fits were used instead of the standard deviation
of the mean. Contributions to the uncertainties for the center
of gravity frequencies include the 0 pressure extrapolations,
spread of fit values for both laser saturation and discharge
voltage (uncertainty in stating these parameters had 0 slope),
pump/probe overlap, and uncertainty of the frequency of
the laser. The pump and probe beams overlap for about 1 m
resulting in a pump/probe parallel uncertainty of 0.5 mRad,
which leads to an absolute frequency uncertainty of less than
100 kHz [19]. The uncertainty of the laser frequency is less than
3 kHz. These uncertainties are added in quadrature to give the
final uncertainties of the center of gravity frequencies given in
Table 2. All of the uncertainties are summarized in Table 3.

The center of gravity for the two stable isotopes agrees well
with the Doppler broadened spectra obtained by Smith and
Tomkins, whose Doppler broadened spectrum had a center
value of 652, 387, 360 = 600 MHz and a width of 6000 MHz
[10]. There is a slight disagreement with previously published
results for europium-151 for the magnetic dipole hyperfine con-
stant of the y® 5, state and the electric quadrupole hyperfine
constant for the y® 7, state. There was also a small discrepancy
in the isotope shift for both transitions [13].

Table 2. Final Results for the Spectral Analysis of the y8P5,2 and y3P7,2 States

AR T yeP,
Units: MHz This Work From Ref. [13] This Work From Ref. [13]
A(151) —157.01(3) —157.2(3) — 218.66(4) —219.1(2)
B(151) 74.5(4) 78(3) —293.4(8) —295(3)
A(153) —69.43(14) —69.2(3) —97.15(13) —97.0(4)
B(153) 191.0(26) 192(3) —750(3) —753(7)
Jeog(151) 642,894,493.3(4) 647,708,930.6(6)
Jeog(153) 642,891,693.3(9) 647,705,958.4(26)
Isotope Shift 2799.54(20) 2804(2) 2972.8(5) 2977(2)
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Table 3. Error Budget for the Center of Gravity
Frequencies

v Psp P
Units: kHz Eu-151 Eu-153 Eu-151 Eu-153
Pressure Extrapolation 300 800 240 2100
RF Discharge Voltage 200 150 500 1300
Laser Power 150 350 300 900
Pump/probe parallelism 100 100 100 100
Laser frequency 3 3 3 3
Overall (quadrature sum) 400 900 600 2600

4. CONCLUSION AND FUTURE WORK

This paper reports the first measurements of the center of gravity
frequencies for 4 f76s? 85‘7’/2 —4f7(88°)6s6p(' P°) ¥ 5y
and 4 f76s2 85‘7’/2 —4f7(38°)6s6p (' P°) # P;/; transitions in
neutral europium-151 and europium-153. We found a small
discrepancy in the hyperfine constants for europium-151 for
the y® P5s;; B constant and y® P, A constant. There is also a
discrepancy in the isotope shift measurement for both isotopes.
Otherwise, our results are in good agreement with previously
published results. Combined with previously published results
[1], all transitions from the ground state to the y 8 Pj states have
been measured to sub-MHz precision.

Further reduction in the number of crossover features, and
thus a possible improvement in the statistical results, can be
obtained by either performing crossover-free saturated absorp-
tion spectroscopy [20], by cooling the hollow cathode lamp
to reduce the Doppler width of the individual transitions, by
performing the spectroscopy on a well collimated atomic beam,
or by performing spectroscopy on laser cooled and trapped
europium atoms [3,4,06].
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