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Characterization of ytterbium resonance lines at 649 nm with modulation-transfer spectroscopy
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We report modulation-transfer spectroscopy (MTS) on the 6s6p 3Py <> 6s7s S, transition in neutral yt-
terbium (Yb) isotopes in a hollow cathode lamp. The MTS dispersive signals show an effective linewidth
of 70 MHz, contributed primarily by the pressure broadening. MTS has demonstrated the capability of
completely resolving all isotopic lines, except the one in low-abundance '®*Yb. Frequency measurements of
the isotope-stabilized laser are performed using an optical comb, and systematic shifts therein are corrected.
We have examined the relative isotope shifts, and the hyperfine constants for the 65s7s 3S, state are given as
A(''Yb) = 6837.83(19) MHz, A('*Yb) = —1891.46(7) MHz and B('*Yb) = —0.62(16) MHz. Our results
are in reasonable agreement with previously reported values and essentially resolve the existing discrepancies.
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I. INTRODUCTION

In recent years, neutral ytterbium (Yb) has attracted con-
siderable experimental attention in the study of atomic par-
ity nonconservation [1,2], optical atomic clocks [3-8], and
quantum degenerate gases [9—12]. The 6s6p 3py < 6575 38
transition can be availably used as a repump transition among
these applications. It would be of great interest to determine
the accurate location of isotopic resonance lines, for example,
for optimizing the normalized shelving detection in '7'Yb-
based optical clocks. Furthermore, precise measurement of
isotope shifts and hyperfine constants can provide important
tests for atomic structure theory. There are, however, very
few reports of frequency measurement on this transition. The
only one was carried out by roughly aligning the laser to
the absorption peaks [13]. Nevertheless, results therein lack
the adequate discussion of systematic errors.

The 656p 3Py <> 6s7s 3, transition in Yb atoms is located
at around 649 nm with a natural linewidth of y, = 1.5 MHz
[14]. The absorption lines and the hyperfine structure have
been investigated either by saturated absorption spectroscopy
(SAS) or optogalvanic spectroscopy in a hollow cathode lamp
(HCL) [13,15,16]. In these experiments, isotope shifts were
determined by peak fitting of the scanned spectra, where the
frequency scale was calibrated by a Fabry-Pérot (FP) inter-
ferometer with known free space range. Some disagreements
of hyperfine constants exist between different measurements
[15,17,18], which may be caused by the nonlinear laser scan-
ning or the imperfect multipeak fitting.

In this article we characterize Yb spectral lines through
laser frequency stabilization and precise frequency mea-
surement. Active laser stabilization is implemented with
modulation-transfer spectroscopy (MTS) [19,20] in the HCL.
MTS is one of the highly sensitive Doppler-free spectroscopic
techniques commonly used in absorption detection of He [21],
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Li [22], K [23,24], Ca [25], Rb [26-28], Te, [29], I, [30,31],
Cs [32,33], Ba™ [34], Ho [35], Er [36,37], Yb [38-40], etc.
With the MTS technique, the frequency shift induced by the
Doppler background signal can be sufficiently suppressed.
It is worth noting that the above lines are often cycling
transitions involving the ground state. To our knowledge, we
here present the first demonstration of MTS on the Yb 649-nm
line, which starts from the metastable state. Fully resolved
dispersive signals with remarkable signal-to-noise ratio (SNR)
can be readily generated for eight lines in all isotopes but
18Yb. Further, the laser frequencies are measured against
the hydrogen maser using an optical frequency comb, and
systematic errors are also addressed. Therefore, the advance
compared to all previous work is the ability to make direct
precision frequency measurements, thus determining the iso-
tope shifts as well as hyperfine constants with an enhanced
reliability.

This article is organized as follows. Section II describes
the experimental setup. In Sec. III we obtain the spectra of Yb
resonance lines in the HCL. In particular, the MTS dispersive
signals are prepared for laser frequency stabilization and
the absolute measurement, followed by the determination of
isotope shifts and hyperfine constants. Section IV summarizes
our work and presents an outlook.

II. EXPERIMENTAL SETUP

Figure 1 shows a schematic of the experimental setup used
in MTS. Ytterbium’s low vapor pressure does not permit it
to be used in a vapor cell at room temperature. Usually the
ytterbium atomic gas is obtained from a heated oven or a
vapor cell with temperature of several hundred Kelvin [41,42].
An HCL, which is well suited for performing spectroscopy
in refractory elements such as Yb, can replace these complex
apparatuses. The cathodic sputtering could populate Yb atoms
on many metastable states by generating the discharge plasma,
thus allowing possible observation of the 649-nm absorption.
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FIG. 1. Simplified schematic of the experimental setup for the modulation-transfer spectroscopy and the frequency measurement. Variant
arrangements for saturated absorption spectroscopy and frequency modulation spectroscopy are described in the text. ECDL, external cavity
diode laser; PMF, polarization maintaining fiber; A/2, half-wave plate; PBS, polarization beam splitter; Pol., linear polarizer; EOM, electro-
optic modulator; RE, radio frequency; LIA, lock-in amplifier; AOM, acousto-optic modulator; f,, carrier-envelope offset frequency of the
comb; fi.p, repetition rate of the comb; f,, heterodyne beat note between the comb and the 649-nm laser; HCL, hollow cathode lamp; PD,
photodetector; R, ballast resistor; HV, high-voltage power supply; OSC, digital oscilloscope.

Nevertheless, it is still a challenge to obtain a fairly large op-
tical depth (OD) of the medium since the fraction of atoms on
the 3Py state could be very small. Here, the see-through HCL
(Hamamatsu L.2783-70Ne-Yb) is filled with the Ne buffer gas
at a pressure of 5—-10 Torr. The discharge is sustained by a dc
high-voltage power supply with a 10-mA maximum current
suggested by the manufacturer. A ballast resistor (R = 47 k2)
is required to keep the discharge for stable operation.

An external cavity diode laser emitting at 649 nm is used
as the light source. Its spectral bandwidth is comparable to the
natural linewidth of the atomic transition. The laser is mainly
divided into three beams. Tens of microwatts of laser power
are connected to a wavemeter (HighFinesse WS7-60) for
monitoring the laser mode hopping and coarsely recording the
frequency. The second beam with about 4 mW power is sent to
an optical comb for frequency measurement. The major power
is delivered to the spectrometer (about 7 mW after delivery)
through a polarization-maintaining fiber. The incident polar-
ization is accurately aligned parallel with the slow axis of the
fiber through a polarization analyzer. The pump and probe
beams are generated by the polarization beam splitter and
are collinearly counterpropagated in the HCL. Their relative
power ratio can be controlled by the front A /2 waveplate.

In the MTS experiment, the pump laser field is phase
modulated through an electro-optic modulator (EOM) (Qubig
EO-Tx16M3-NIR) resonant at 15 MHz, and the probe beam
is frequency downshifted by 78 MHz with an acousto-optic
modulator (AOM). The insertion of AOM prevents the pos-
sible mutual interference in the HCL [43]. To obtain a pure
phase modulation, the beam polarization is aligned parallel
to the optical axis of the EOM with a linear polarizer and
the EOM is intentionally tilted with a slight angle [44]. Both
sizes of the incident beams are adjusted to a diameter of
about 3 mm, just fitting with the axial region of the discharge
plasma. The electric signal from the fast photodetector, by

collecting the probe beam intensity of about 0.7 mW, is sent
to a high-frequency digital lock-in amplifier (LIA) (Liquid In-
struments Moku:Lab) for frequency demodulation. The cutoff
frequency of the integrated low-pass filter is 50 Hz with a
roll-off slope of 24 dB/octave. This LIA also provides the
driving rf source for the EOM, where the modulation index
is moderately set around 1.1 rad [45].

The obtained error signal is captured by a digital oscillo-
scope and is also sent to the servo system for laser feedback
control. The optical frequency comb (MenloSystems FC1500-
250-ULN) is based on a femtosecond Er-doped fiber laser.
The primary source of light at 1560 nm passes a high-power
amplifier and is converted to 780 nm using the integrated
frequency-doubling module. Then the radiation is spectrally
broadened by supercontinuum generation in a photonic crystal
fiber. The carrier-envelope offset frequency (fp) is derived
from the common f-to-2f interferometer [46]. f, and the
repetition rate of the comb (fip) are both phase locked to
the direct digital synthesizers (DDSs) at 35 and 250 MHz,
respectively. The beat note (fy) between the 649-nm laser
and the comb is amplified and filtered before sending to
the frequency counter (Stanford Research SR620). All rf
signals are referenced to the common 10-MHz source from
the hydrogen maser. The maser reference is calibrated with
an absolute accuracy of about 1 part in 10'?> via the GPS
link with a time transfer system. It provides a short-term
instability (Allan deviation) less than 2 x 10~!3 at 1-s av-
eraging time and attains the floor of about 3 x 10~" over
500 s.

III. RESULTS AND DISCUSSION

A. Saturated absorption spectrum

Prior to performing the FMS and MTS experiments,
the isotopic distribution is verified with conventional SAS.
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FIG. 2. Saturated absorption spectrum of the ytterbium isotopes
observed in a hollow cathode lamp with about a 20-GHz scanning of
the 649-nm laser. The frequencies are all relative to the !"*Yb isotope
resonance. The inset shows the spectrum of four even isotopes with
better resolution.

Compared with the MTS setup in Fig. 1, the AOM is
swapped into the pump path and the EOM is removed. Ex-
ternal amplitude modulation (AM) is applied on the AOM
with a 100% modulation depth at frequency of 30 kHz.
The absorption signal amplitude increases with the discharge
current of the lamp, which is the direct consequence of
increased OD of the ytterbium atoms. The current is set at
9 mA for compromise of a guaranteed discharge lifetime.
Figure 2 shows a typical spectrum with a laser scan of
about 20 GHz, which has also identified the isotope and the
hyperfine structure according to previous work [13,15,16].
The frequency scale is calibrated by the two farthest peaks
with their frequencies monitored by the wavemeter. There are
no visible crossover isotopic resonances, thus simplifying the
identification.

Spectral profiles in the odd isotopes are well resolved due
to the large splitting of the hyperfine energy levels. Since
there is only one ground state, hyperfine pumping [47] is
absent for the 649-nm transition. Each peak has an inhomoge-
neous width of about 700 MHz by fitting to the sub-Doppler
collision shape [48,49], corresponding to a Doppler width
of Yb vapor at 900 K. The fitted homogeneous linewidth
of about 120 MHz, which is substantially larger than the
natural linewidth, arises from various broadening mechanisms
such as the beam misalignment, the pressure, and the power
effects [15]. The closely spaced lines with about 400 MHz
separation in even isotopes cannot be completely resolved.
With the fifth-harmonic detection by another LIA (Stanford
Research SR830), the spectrum shows a better resolution, as
shown in the inset of Fig. 2. Specifically, the feature of '7°Yb
appears at around —934 MHz, in close agreement with the
previous measurement [15]. The weak transition in '®Yb is
unsurprisingly obscured in the Doppler-free spectrum, since it
has the lowest abundance of 0.13%.

FIG. 3. Selected dispersive signals of the ytterbium isotopes in
frequency modulation spectroscopy (FMS) and modulation-transfer
spectroscopy (MTS). The MTS signal is intentionally offset from
the zero baseline for visual clarity. The inset shows the '"*Yb signal
without offset at higher resolution (blue solid line) and the theoretical
fitting (red dashed line), where the observable width and the effective
linewidth are 50 and 70(1) MHz, respectively.

B. Dispersive signals with MTS and FMS

To generate an antisymmetric dispersive signal with a steep
zero-crossing in the SAS for laser frequency locking, the
optical field is preferred to be phase or frequency modu-
lated. In the MTS experiment, the pump laser field is phase
modulated, whereas the counterpropagating probe laser is
unmodulated. Modulation is transferred from the pump beam
to the probe beam, and the MTS signals are well explained by
the nonlinear four-wave mixing [20].

Apart from MTS, there is another frequently used tech-
nique termed frequency modulation spectroscopy (FMS)
[50,51]. The arrangement in our FMS experiment has a su-
perficial similarity to that in MTS (see Fig. 1), but they differ
fundamentally in principle. As for FMS, the EOM is swapped
with the AOM into the probe path for phase modulation. To
suppress the baseline offset, amplitude modulation is imparted
to the pump beam via the AOM with the same modulation
parameters as used in SAS. The final signals are recovered
with two LIAs, first by the frequency demodulation and
subsequently by the amplitude demodulation.

Both the FMS and MTS experiments could yield dispersive
signals, as shown in Fig. 3. Spectral profiles in the FMS have a
comparable width to the MTS signals. However, the FMS still
has a visible residual background, which results in different
offsets of the locking point from the baseline in even isotopes.
This phenomenon also occurs in other FMS experiments
such as in Ref. [28], although it looks much worse in our
case. The MTS signals show a spectacular improvement in
resolution and also feature a flat baseline. Since all hyperfine
transitions are closed, the odd-isotope signals are relatively
strong as expected. In addition, the '7°Yb signal is completely
distinguished from other isotopic components, and the peak
position just coincides with that in the inset of Fig. 2.
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FIG. 4. The beat-note frequency of the laser stabilized on the
74Yb 656p 3Py <> 657s 3§, resonance and the comb. Each frequency
data point is calculated from a one-hour recording. The inset shows
the last frequency record. The green solid line is a linear fit with zero
slope to seven data points. The yellow shaded band indicates the
statistical uncertainty. All measurements are carried out with HCL

current of 9 mA, pump power of 2.64 mW, and probe power of 1 mW
(both measured just before the HCL).

MTS signals have an observable width of 50 MHz, as
shown in the inset of Fig. 3. As we do not observe a clear
correlation of the width with the lamp current at 6-9 mA or
with the laser power (pump: 1-2.4 mW, probe: 0.36-0.9 mW),
the broadening primarily comes from the pressure contribu-
tion. A deeper discussion about the pressure broadening is
promoted in the next section. We will see pressure and power
broadenings contribute factors of 45 and at most 8 in the
linewidth, respectively. For all Yb isotopes but '%*Yb, MTS
has the capability to provide clear dispersive signals in the
HCL. As the four-wave mixing process only occurs under the
sub-Doppler resonance condition, MTS signals have stable
zero-crossings over time and are more suited as the frequency
discriminant for laser frequency stabilization.

C. Frequency measurement and systematic errors

Closed-loop laser locking is implemented by regulating
the laser diode electric current with the MTS dispersive
signal. The diode laser can be reliably stabilized on the
atomic resonances, even with relatively low SNR signals
of °Yb, *Yb(5/2 — 5/2) and '*Yb(5/2 — 3/2). The fre-
quency counter records the individual beat note, and the
optical frequency is calculated from

V= nfp + 2o £ fo — 39 MHz, (1)

where 7 is the integer of the comb mode number. The factor
2 accounts for the doubling effect from the comb primary
source. The ambiguous signs & can be removed by observing
their change directions through slightly altering the DDS
frequencies. The negative offset of 39 MHz is the necessary
correction with one half the AOM frequency [43].

TABLE 1. Systematic frequency shifts of the 6s6p *py <
6s7s S transition in 174Yb. RAM: residual amplitude modulation.

Effect Shift (MHz) Uncertainty (MHz)
Pressure -14.0 32

Laser power 0.13 0.04

Lamp current 3.59 0.09

RAM —0.12 0.08
Locking offset 0 0.08

Total -10.4 32

Figure 4 shows seven frequency measurements of the
beat note spanning one week. The average frequency is
138.489 MHz, with a statistical uncertainty of 25 kHz. Each
data point contains a one-hour frequency recording on the
counter with 1-s gate time. The vertical error bar ranges from
36 to 137 kHz, which corresponds to a relative statistical
uncertainty of 3 x 107%~1 x 1073. We attribute it to the
environmental temperature fluctuation and air disturbance.
The beat note gets more stable when the experimental setup is
placed into the acrylic enclosure. A typical improved record-
ing is shown in the inset of Fig. 4.

The systematic shifts and their uncertainty budgets in
174Yb are listed in Table . Since the buffer gas pressure in the
HCL is not exactly specified, we estimate it from the effective
linewidth of y, = 70(1) MHz in MTS signals (see the inset
of Fig. 3). y, is a combined linewidth of power and pressure
broadening (y;,) and can be described by [52]

1 ¥ 2
Ye = Vn —+<1+—”), 2)
Lot Yn

where [ is the laser intensity, and Iy is the saturation intensity
of 0.74 mW /cm?. I/l is less than 60 in our experiments,
and then we find y, is 67.5 MHz from Eq. (2). Using the
broadening rate in Ref. [53], we expect a pressure of 5.4(7)
Torr, meeting the specification of 5-10 Torr. The pressure shift
coefficient was given as —2.6(5) MHz/Torr at 22°C for the
Ne buffer gas [53]. Therefore, the pressure shift is —14.0(32)
MHz. We measure the dependences of the frequency on the
laser power and the lamp current. As shown in Fig. 5(a), these
quoted laser powers have taken into account a loss of 10% at
each glass surface of the HCL. It seems the frequency has little
or almost no correlation with the laser power. The frequency
shift due to the HCL current has a linear trend with a slope of
0.40(1) MHz/mA, as shown in Fig. 5(b). Extrapolation of the
data to zero current gives a shift of 3.59(9) MHz.

MTS signals may suffer from minor distortion by the
residual amplitude modulation (RAM) [54-56]. By fitting
the dispersive signal, the ratio between the AM and FM
sideband amplitudes is less than 0.1%, as shown in the inset of
Fig. 3. The frequency shift is estimated to be —0.12(8) MHz,
where the beam misalignment has been already included as
a balanced effect [55,56]. The zero-crossing point in each
locking phase is carefully chosen with an offset uncertainty of
0.2 mV in the LIA controller, which could make a frequency
inaccuracy of 83 kHz for an error signal of 120 mV (peak-to-
peak amplitude). The metal cathode in the discharge region
of the HCL has a magnetic attenuation factor of 2-3 [57,58],
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FIG. 5. Relative frequency shift of the beat note with (a) laser
power and (b) HCL current. The solid lines are the linear fittings.

and no attempt is made to null the residual magnetic field
in the lamp. We are aware it has an insignificant effect on
our measurements. The errors from the comb system and the
maser reference are also negligible. According to Eq. (1) and
taking all systematic uncertainties into account, the absolute
frequency of !7*Yb is determined to be v = 461, 868, 929.9 +
3.2 MHz.

In this manner, absolute frequencies of other isotopes are
figured out and they are summarized in Table II. The only
previous measurement of these frequencies was reported in
Ref. [13], where the absorption-peak frequencies were tracked
by a spectrum analyzer without laser locking. Our results
disagree with these values by about 54—-86 MHz, which are
one or two times their uncertainties. None of the error sources
we have evaluated can account for these discrepancies. This
is probably attributable to their imprecise determination of
resonance peaks, which are still broad with SAS.

D. Isotope shifts and hyperfine constants

Given that the same HCL are operated under identical
conditions, the dominating pressure shift would be the same
for different isotopes. Moreover, we have observed in exper-
iments that the frequency dependencies on the laser power

TABLE II. Absolute frequencies of the 6s6p 3py <> 6575 38,
transition lines. Systematic shifts are corrected to give the center
frequency. The given transitions have a common absolute uncertainty
of 3.2 MHz due to combined statistical and systematic uncertainties.

Line Center frequency (MHz)

yb(1/2 — 1/2)
BYb(5/2 —7/2)

461 861 338.1
461 863 970.9

and the HCL current behave almost the same for different
isotopes, respectively. Based on Table II, relative isotope shifts
are calculated in Table III. Previously reported results of
another group [15] are included as well for comparison. Our
measurements agree well with the spectral fitting results but
improve the accuracy by factors of 60—190.

The hyperfine frequency shift with respect to the unper-
turbed level is associated with the magnetic dipole and electric
quadrupole interactions [59]:

KK+ 1) =21+ 1)JJ + 1)
2021 — 1)2J (27 — 1)

where K=F (F + 1)-I(I 4+ 1)-J(J 4 1), with A the magnetic
dipole constant, B the electric quadrupole constant, F' the
quantum number of the total angular momentum F =1+ ],
I the quantum number of the nuclear angular momentum, and
J the quantum number of the total electronic angular mo-
mentum. There are two isotopes in Yb with nonzero nuclear
spin: '7'Yb (I = 1/2) and 'Yb (I = 5/2). Since the upper
6s7s 3S) state has J=1, one can get F={1/2, 3/2} for '"'Yb
and F={3/2,5/2,7/2} for '>Yb, respectively.

The hyperfine constants can be deduced from the hyperfine
frequency shifts in Table II after some algebraic calculations
according to Eq. (3). Our results are compared with previous
measurements in Table IV and Fig. 6. For A('"'Yb), there
is an apparent discrepancy between Ref. [15] and others.
Meanwhile, the two results [17,18] are almost completely
scattered outside their uncertainties. Our result is in good
agreement with Ref. [17] but disagrees with the most precise

)

1
Vnfs = EAK +B

TABLE IV. Hyperfine constants of '"'Yb and '*Yb for the
657s 3§, state. All data are given in units of megahertz, and
their corresponding one-standard-deviation uncertainties are given in
parentheses.

171 173 173

0yh 461 867 9819 A(C"'YDb) A(C'’YDb) B('"°YDb) Reference

12¥pb 461 868 512.3 6860 —~1900 <10 [60]

174Yp 461 868 929.9 6857.2 -1892.2 0 [61]

176yp 461 869 328.3 6837(9) —1894(8) / [17]
BYb(5/2 —5/2) 461 870 590.3 6810(10) —1879(10) <-3(18) [15]
7yb(1/2 —3/2) 461 871 594.9 6847.7(17) —1892.78(42) -0.2(10) [18]
BYb(5/2 — 3/2) 461 875 319.7 6837.83(19) —1891.46(7) -0.62(16) This work
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FIG. 6. Summary of the hyperfine constants for the 649-nm line
in Yb. We make comparisons with previous measurements.

measurement reported previously by six times the combined
uncertainties [18]. As noted previously, we suspect that this
discrepancy might result from the nonlinear laser scanning or
imperfect spectral fittings in Ref. [18]. A(*”3YDb) in this work
agrees well with the previous value [17] but differs from that
in Refs. [15,18]. Our new value for B('’3Yb) is in reasonable
agreement with all previously reported results but has a much
smaller uncertainty.

IV. SUMMARY

In summary, we perform MTS in an HCL to carry out
absolute frequency measurements of the 649-nm transition

lines in Yb isotopes using the optical comb. We have also
examined the isotope shifts and hyperfine constants. The ab-
solute frequencies and the isotope shifts are at least one order
of magnitude more accurate than previous measurements,
which are useful to atomic physics experiments. Our hyperfine
constants also resolve some discrepancies between previously
reported values.

We have investigated the systematic errors from the pump
power, the probe power, and the HCL current. The RAM shifts
induced by the unwanted AM and the beam misalignment
are corrected together by fitting the MTS signal shape. The
pressure shift, which comes from collisions of Yb atoms with
the Ne buffer gas in the HCL, dominates all other sources of
error. Further developments can be expected in the direction of
frequency calibration by other sources, such as the Yb atomic
beam method, by comparing absorption profiles in the vapor
cell with fluorescence data [62].
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