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Using a two-step, two-color laser spectroscopy technique, we have completed a measurement of the
hyperfine structure within the (55%6p) 2P, excited state in '"*In (1=9/2). A frequency stabilized GaN diode
laser at 410 nm is locked to the 5P;,— 6S;,, ground-state transition and a second 1291 nm diode laser is
scanned over the 65, — 6 P53, transition to produce hyperfine spectra for the 6P3,,(F=3,4,5,6) manifold. We
find the hyperfine splittings of consecutive sublevels to be as follows: Aw, 3=275.25(42) MHz,
Avs_4=384.05(71) MHz, and Avg_s=517.48(44) MHz. The magnetic dipole, electric quadrupole, and mag-
netic octupole hyperfine coupling constants derived from these three splittings are, respectively,
a=79.33(7) MHz, b=62.5(5) MHz, and ¢=-0.04(4) MHz. The measured value of the dipole constant, a,

agrees to within 2% with a recent theoretical prediction.
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I. INTRODUCTION

Precise measurements of the atomic structure of heavy
atoms play an essential role in guiding the refinement and
testing the accuracy of ab initio atomic theory calculations.
Accurate approximations for the valence electron wave func-
tions of these atoms are a key component in a number of
atomic-physics-based tests of elementary particle physics. In
the group IITA atoms, new calculational techniques for these
three-valence systems make use of a hybrid method combin-
ing perturbative features with a configuration interaction (CI)
approach to address valence electron correlations. In thal-
lium, we have completed a series of atomic structure tests
[1-3], using both vapor cell and atomic beam spectroscopy
techniques, which are in excellent agreement with these re-
cent calculations [4,5]. When such atomic theory calcula-
tions are combined with an experimental parity nonconser-
vation (PNC) measurement in thallium [6] the combination
provides an important test of standard-model electroweak
physics. At present, the current quoted theory accuracy lags
that of the experiment by roughly a factor of 2. In the single-
valence cesium system, the latest round of PNC calculations
[7] in conjunction with the existing Cs PNC experimental
result [8] have produced the most precise atomic-physics-
based electroweak test to date. The existence of two atomic-
physics-based electroweak physics tests of comparable over-
all accuracy in different atomic systems would not only have
important intrinsic value, but would provide independent
confirmation of the accuracy of both atomic theory and ex-
periment.

In recent years, an analogous theoretical approach to that
described above for thallium has been used to predict an
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extensive list of atomic properties of indium, another group
IIIA system [9]. Very recently, a new technique combining
CI and all-orders methods [10] has been applied successfully
to one- and two-valence systems and has potential to further
improve precision in these three-valence systems. In com-
parison with alkali metal systems, relatively few precise ex-
perimental tests are available in these three-valence systems
to provide stringent tests of the theory. Existing work in in-
dium includes lifetime measurements [11] and various hyper-
fine structure measurements using microwave techniques
[12,13], atomic beam laser spectroscopy [14,15], as well as a
Fourier transform spectrometer [16]. Unlike measurements
of lifetimes and polarizabilities in atoms, which test long-
range behavior of electron wave functions, hyperfine struc-
ture (HFS) measurements test short-range wave function be-
havior and can probe nuclear structure models. Since atomic
searches for high-energy physics phenomena, including
searches for violations of discrete symmetries, depend
strongly on the behavior of the electronic wave function near
the nucleus, these HFS measurements serve as particularly
useful tests of the relevant calculations.

For high-spin nuclei such as the /=9/2 indium isotopes,
there can be electric quadrupole and magnetic octupole con-
tributions to the observed hyperfine structure, so that HFS
measurements here can probe higher-order nuclear multipole
moments. All of the experimental results in this atom, includ-
ing our own, reveal a substantial electric quadrupole compo-
nent to the observed splitting. Indeed, if the newest indium
calculations [9] were extended to compute the 6P3,-state b
constant, this result, combined with our measurement, would
likely produce the most precise value of the indium electric
quadrupole moment (Q) to date.

In the past few years, the development of GaN semicon-
ductors has led to the production of laser diode radiation in
the blue and near-uv wavelength range. We have made use of
such a laser source, operating at 410 nm, in conjunction with
a second InGaAs diode laser operating at 1291 nm, to excite
indium atoms in a heated quartz vapor cell to the 6P5, state.
This two-step excitation scheme has allowed us to measure
the hyperfine structure within this excited state. The avail-
ability of two relatively inexpensive low-power diode laser
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FIG. 1. (Color online) Relevant low-lying (6s%nl) energy levels
of the 'In atom are shown along with our two-step excitation
scheme.. The solid line and closed dot combination indicates the
allowed second-step transitions originating from the F’=5 hyper-
fine state of the 65}/, level, whereas the dotted line and open dots
show allowed transitions from F'=4.

systems makes this method a practical alternative to the use
of a higher power red laser with which one could also per-
form two-photon excitation. From the measured hyperfine
splittings we have obtained values for the hyperfine a, b, and
c constants. The hyperfine a constant shows good agreement
with a recent theoretical prediction [9]. In the course of this
work, we have developed a scheme for diode laser frequency
stabilization [17] and employed several complementary
methods to calibrate and linearize our diode laser frequency
scans, all of which contributed to the final sub-megahertz
accuracy of our hyperfine splitting measurements.

II. ATOMIC STRUCTURE DETAILS

The diagram in Fig. 1 shows the relevant transitions of
"5In. We focus only on the (5s2nl) configurations of this
atom in this paper. The large hyperfine splitting of the ground
5P, state and the intermediate 6S,, state (11.4 and 8.4
GHz, respectively) yield a fully resolved transmission spec-
trum, even in the presence of Doppler broadening, when we
scan our 410 nm laser through this transition. The experi-
ment is carried out in an indium vapor cell which also con-
tains '"*In with a relative abundance of 4%. We do not ob-
serve resolved contributions to the spectra from this isotope
and we have performed extensive experimental and theoret-
ical checks to gauge its potential contributions to systematic
errors in our line-shape analysis (see Sec. V below). As can
be seen, dipole selection rules forbid access to all four hy-
perfine sublevels of the 6P, state in a single two-step exci-
tation sequence. We therefore tune the blue laser to either the
5P,,(F=4)—6S8,,(F'=5) transition or the analogous
F=5— F'=4 transition and alternately probe an overlapping
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set of three 6P, hyperfine levels, as shown in the figure. We
note that both the “3-4-5" and “4-5-6” spectra share the com-
mon 6P5,,(F=4— 5) hyperfine splitting allowing for a useful
consistency check in our experiment.

At our operating cell temperature, we observe an optical
depth of order unity for the first-step transition. A powerful
feature of our two-step scheme is that the infrared laser tuned
to the second-step transition will promote to the final 6P5,
state only those atoms velocity selected by the blue laser.
This produces a nearly Doppler-free hyperfine spectrum
whose width is determined predominantly by the natural life-
time of the relevant states (roughly 25 MHz), with some
additional power broadening. Because only a small fraction
of the ground-state population is velocity selected in this
way, we observe only of order 1% absorption of the second-
step infrared laser. One can see that if the blue diode laser
frequency drifts by an amount of order 100 MHz (typical for
free-running external cavity diode laser systems over time
scales of seconds to minutes), then the resonant frequency of
the second-step transition will drift by an equivalent amount,
leading to unacceptably large fluctuations in the Doppler-free
absorption pattern as the infrared laser is scanned. Our
scheme for frequency stabilizing the blue laser is summa-
rized below.

Depending on the precise frequency of the blue laser, we
will excite a small amount of the less abundant **In isotope.
While the isotope shift has been measured for the 410 nm
transition [18], there exists no such measurement for the
second-step transition. Moreover, the observed shift between
isotopic peaks will reflect not only the true isotope shift, but
also the relative Doppler shift of the two isotopes (due to the
different velocity classes selected by the blue laser). We can-
not detect the presence of the less-abundant isotope given
our signal-to-noise ratio. Yet, by either tuning the lock point
of the blue laser or by reversing the relative direction of the
blue and infrared beams, we clearly will substantially change
the relative positioning of the isotopic spectra. Studying the
consistency in the observed fit results for various lock points
and for both beam propagation configurations thus provides
a test of potential systematic errors in our line-shape analysis
due to the possible presence of very small '*In peaks.

The observed splittings in the ''“In 6P5,(F=3,4,5,6)
sublevels can be interpreted in terms of a multipole expan-
sion of nuclear moments [19]. Using first-order perturbation
theory, we can express dipole, quadrupole, and octupole
terms in the hyperfine Hamiltonian in terms of the nuclear
spin, I, the electronic angular momentum, J, and the total
angular momentum, F. Explicit forms for these terms can be
found, for example, in [20]. For the case of the 6P, state of
510, then, we can then express the observed splittings in
terms of the dipole, quadrupole, and octupole constants, a, b,
and c, as follows:
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FIG. 2. (Color online) A schematic of the experimental setup
showing both the layout for the 410 nm laser locking apparatus (top
portion) as well as the two-laser indium vapor cell spectroscopy
arrangement.

2 16
Avg_s=6a+—-b+—c.
3 3
From these expressions and our experimental results, we can
derive both values and corresponding uncertainties for each
of the three hyperfine constants.

III. EXPERIMENTAL DETAILS
A. Optical system

This experiment requires control over two semiconductor
diode laser systems which are directed in an overlapping
fashion through a heated quartz vapor cell of indium. The
410 nm laser system, tuned to the 5P;,—6S;, line, is a
commercial external cavity GaN diode laser configured in
the Littrow arrangement (Toptica Photonics, DL100). As
mentioned above, in order to produce stable, reproducible
hyperfine spectra, the frequency of the blue laser must be
stabilized at or below the 1 MHz level for time scales of
order 1 min (the time scale of our infrared laser scans). For
this experiment, we developed a simple and convenient
method for frequency stabilization. Rather than relying on a
locking scheme based on saturated absorption, we use the
Doppler-broadened transmission spectrum of a heated in-
dium cell contained in a small supplementary oven. The
large spectral linewidth allows a very wide capture range and
allows us to lock the laser over a 1 GHz frequency range in
the vicinity of the relevant 410 nm hyperfine transition.

The basic components of the locking scheme can be seen
in the top portion of Fig. 2. Further details can be found in
[17]. Briefly, we create a variety of frequency-shifted 410 nm
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blue laser beams by employing second-order diffraction and
double passing of the laser beam through a 200 MHz
acousto-optic modulator (AOM). We pass two of the laser
beam components, intensity matched and separated in fre-
quency by 800 MHz (roughly half of the 1.6 GHz Doppler
full width), through a single heated indium vapor cell and
direct the transmitted beams to a differential photodetector.
The laser is initially tuned so that the two frequency compo-
nents are located symmetrically on either side of the relevant
transition. By monitoring the differential transmission signal,
we can detect and remove frequency drift by sending a cor-
rection signal to the piezoelectric device that fine tunes the
external cavity laser frequency. The differential technique
helps to remove some common-mode noise sources and the
Doppler-broadened transmission spectrum allows a clean
lock anywhere within =500 MHz of line center. When
locked, we find an rms residual noise in the laser of less than
1 MHz for time scales from 107> to 10 s. Various other
laser beam components produced by the AOM are used to
monitor laser power and to monitor laser frequency in a 0.1
ppm Wavemeter. A frequency component of the stabilized
laser near line center containing roughly 1 mW of power (out
of ~10 mW originally incident on the AOM) is then di-
rected toward the furnace containing the spectroscopy cell.

The second laser system, an InGaAs external cavity diode
laser system (Sacher Lasertechnik, TEC-100), operates at
1291 nm and is tuned to the 6S,,— 6P5, transition. This
laser passes through the heated indium cell, overlapping the
blue laser, in either a copropagating or counterpropagating
arrangement. The frequency of the infrared laser is scanned
across several GHz, revealing three of the four hyperfine
sublevels of the upper state. As indicated in the bottom por-
tion of Fig. 2, we monitor the laser frequency scan by send-
ing a portion of the light to a stable Fabry-Perot (FP) cavity
(Burleigh, RC-110). Prior to entering the cell, the light also
passes through an electro-optic modulator (EOM) (New Fo-
cus, model 4423). When driven by a 1 GHz synthesizer and
microwave power amplifier, this device produces FM side-
bands on the laser. We generally keep the modulation depth
to a modest value resulting in substantial first-order side-
bands but little higher-order sideband contributions. When
we employ the EOM-generated FM spectrum, the more com-
plex atomic transmission spectrum yields valuable informa-
tion for both frequency calibration and scan linearization as
discussed below.

The two laser beams are arranged to have similar beam
profile and focusing characteristics and with the aid of geo-
metrical collimators on either end of our 1 m furnace, the
roughly 1-mm-diam beams are made to overlap as they
traverse the indium cell. A flip mirror in the path of the blue
laser allows us to redirect this beam in either a copropagating
or counterpropagating configuration with respect to the infra-
red beam. “Hot” and “cold” mirrors are used to combine and
separate the blue and infrared laser beams, and we detect the
infrared laser transmission signal in a commercial InGaAs
photodiode with preamplifier. We modulate the blue laser
beam at roughly 1 kHz using a chopping wheel. Since the
infrared laser absorption signal is quite weak to begin with,
and since the IR absorption vanishes in the absence of the
410 nm laser beam, we can then use a lock-in amplifier
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(SRS, model 810) referenced to the chopping wheel to pro-
vide a high signal-to-noise, background-free absorption spec-
trum from the 1291 nm laser which can be modeled as a sum
of Lorentzian peaks.

B. Oven and interaction region

The interaction region for this experiment consists of a
custom-built 1-m-long cylindrical furnace which houses a
20-cm-long, 3.5-cm-diam quartz indium cell at its center.
Two alumina tubes surround and extend from the cell leaving
exposed a small section in the center where a small amount
of indium metal resides in the cell stem. Pairs of clamshell
heaters are mounted on the alumina leaving a several inch
gap. The goal is to keep the cell windows free of indium
metal by maintaining the cell center at a slightly lower tem-
perature. We insert a small stainless steel tube into the center
of the furnace allowing us to apply a small adjustable flow of
room temperature air to that portion of the cell. Thermo-
couples separately monitor cell center and cell window tem-
peratures. We also insert empty quartz cylindrical tubes, of
identical diameter to the cell, into the oven, in contact with
the cell windows, and extending well beyond the furnace
ends. This effectively eliminates laser transmission instabili-
ties due to convection currents of hot air near the cell en-
trance and exit regions. Substantial amounts of insulation
surround the heaters and we require roughly 300 W of ac
power to maintain the cell at our 800 °C operating point.

A cylinder of mumetal shielding and a final outer alumi-
num cylinder complete our furnace design. The mumetal
provides roughly two orders of magnitude reduction in trans-
verse magnetic-field components in our interaction region as
measured by a three-axis magnetometer. A loosely wound
solenoid on the outside of the aluminum cylinder allows us
to cancel residual longitudinal fields to the level of roughly
1 uT.

C. Data acquisition system

To scan the 1291 nm laser, we use a function generator to
produce a triangular voltage ramp pattern with roughly 20 s
period and apply this ramp to the piezoelectric transducer
(PZT) controlling the grating within the diode laser external
cavity. We generate upward and downward frequency
sweeps of 4-5 GHz, with the three-peak hyperfine spectrum
located in the central ~1 GHz portion. As mentioned, a
lock-in amplifier processes the infrared laser transmission
signal detected on an InGaAs photodiode as we modulate the
410 nm laser light. A digital oscilloscope (Textronix, model
TDS3014B) triggered on the ramp signal collects the lock-in
signal (the hyperfine spectrum), the Fabry-Perot cavity trans-
mission signal, as well as the ramp voltage itself. A PC run-
ning LABVIEW downloads and stores large numbers of indi-
vidual spectra from the digital oscilloscope.

IV. DATA AND ANALYSIS

A typical data acquisition run consists of first locking the
blue laser to either the F=4— F'=5 or F=5— F'=4 transi-
tion of the 5P,,,—6S;,, line. The IR laser is then tuned to the
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corresponding  6S,,— 6P3, resonance frequency and
scanned across the relevant three-peak hyperfine spectrum
(refer to Fig. 1). Typically we store a 1000 point spectrum for
both an up and down sweep through the resonance. Prior to
changing an experimental run parameter, we typically ac-
quire several hours of nominally identical spectra yielding
several hundred total spectra. A large number of experimen-
tal parameters were varied in an effort to identify potential
systematic errors. These included sweep direction, speed and
width, blue laser lock point, polarizations of the two lasers,
copropagating vs counterpropagating beam configuration,
and, of course, hyperfine spectral group (henceforth referred
to as the “345” and the “456” group). Finally, substantial
amounts of data were accumulated both with and without the
presence of FM sidebands on the infrared laser (simply con-
trolled by turning on or off the synthesizer driving the
EOM), allowing us to compare results from “three-peak” vs
“nine-peak” spectra for a given hyperfine group.

The analysis of a given spectrum proceeds via a MATLAB
routine as follows. We first analyze the FP transmission spec-
trum in a similar fashion that was described in Ref. [2] by
locating transmission peaks and creating a map of laser scan
point number to frequency using the measured FP free spec-
tral range (FSR) and a low-order polynomial function. We
find that the scan nonlinearity never exceeds a few percent
and is well characterized by a third-order polynomial. These
nonlinear coefficients are consistent from scan to scan and
have a small but reproducible difference between upward-
and downward-going scans due to PZT hysteresis. Having
linearized our frequency scan, a standard nonlinear least-
squares analysis routine fits our hyperfine spectra to a sum of
Lorentzian functions. In fact, our peaks are properly modeled
as Voigt convolution profiles due to a small Gaussian line-
shape component from residual Doppler broadening (due
principally to laser beam divergence through the cell). We
explicitly refit a representative set of data using a Voigt pro-
file, which revealed fit residuals which were not significantly
improved from those of our purely Lorentzian fits. Line cen-
ters were entirely consistent to those obtained with the purely
Lorentzian fits within statistical errors. The typical Voigt fits
gave Lorentzian component widths of order 40 MHz and
Gaussian components of roughly 10 MHz. The former is
quite consistent from what would be expected from natural
linewidth of this transition with a small amount of additional
power broadening. The latter value, which is roughly 0.5%
of the full Doppler width, is consistent with our estimated
beam divergence. Given this analysis and the relative nu-
merical simplicity of the Lorentzian line-shape model, re-
sults discussed below reflect the purely Lorentzian peak fit-
ting. We note that in our purely Lorentzian fits, 60-70 MHz
widths (full width at half maximum) are typical. Figure 3
shows a typical scan of both a 345 and 456 spectrum, as well
as the fit results, with residuals of the fit included. Such a fit
to an individual 20 s scan locates hyperfine peaks with a
typical statistical uncertainty of =5 MHz.

By turning on our frequency synthesizer and delivering
roughly 4 W of microwave power to our EOM, we can add
FM sidebands at =1.000 GHz to our laser frequency, which
produces two additional copies of our hyperfine spectrum as
shown in Fig. 4. In addition to providing extra sets of peaks
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FIG. 3. (Color online) A typical 20 s scan across the hyperfine
6P3,(F=3,4,5) components (top) and 6Pz,(F=4,5,6) compo-
nents (bottom). Blue data points are superimposed by red fitted
curve (solid line) with expanded residuals of the fit shown below
each spectrum.

with which to determine hyperfine splittings, this method
provides a crucial frequency calibration feature for our ex-
periment. Our analysis of these spectra begins with the same
FP transmission spectrum analysis to linearize the frequency
scan. At this point we fit our nine-peak spectrum to a func-
tion of the form

3
a a
L(V) — E k + k+3

o (=) + C/% (v=by—Apo)* + C/%+3

(3
+ 2, 2
(v=bi+App)™ + Chug

where Ag represents the modulation frequency of the EOM.
ay, by, and ¢, are fitting parameters associated with indi-
vidual Lorentzian peak amplitude, center frequency, and
width, respectively. As can be seen from this expression, we
constrain the fit so that the three peaks within a sideband
group have the same relative splittings. No significant
change in the y? or the values of the fitted line centers results
from constraining, for example, all of the widths to be iden-
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FIG. 4. (Color online) A typical nine-peak scan across the hy-
perfine 6P3,(F=3,4,5) components (top) and 6P3,(F=4,5,6)
components (bottom) with 1 GHz FM sidebands applied to the la-
ser. Due to the overlap of sideband peaks in the 456 spectrum, we
only see seven distinct peaks. The red solid line indicates a fit to a
sum of Lorentzians and expanded residuals are again shown below.
The small double peak feature on the low-frequency edge of the
bottom scan results from a second-order FM sideband contribution.

tical, or constraining peak heights to a consistent ratio be-
tween sideband groups. This summation can easily be ex-
tended to include terms that account for small second-order
laser sidebands and corresponding absorption peaks, as nec-
essary. The fitted value for Ag, reflects the assumed free
spectral range of the FP cavity used to generate the linearized
frequency axis of the scan. We found that, after fits to many
repeated scans in a variety of configurations, Ay, appeared
in our fits to be 0.30% larger than the known 1.000 GHz
value of our frequency synthesizer indicating a correspond-
ing calibration error in the Fabry-Perot FSR. Such discrep-
ancy is consistent with the accuracy with which we origi-
nally determined this FSR. A one-time correction was then
applied to all data sets in the form of a simple frequency-axis
scale factor. The small uncertainty in the exact value of this
scale factor does not contribute in any significant way to the
final hyperfine splitting uncertainties.

The nine-peak FM spectrum for the 456 hyperfine group
is more complicated. Due to the larger F'=5 — 6 splitting, the
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*1 GHz sidebands cause several of our nine peaks to par-
tially overlap. Nevertheless, given our high signal-to-noise
ratio and the fact that we constrain our fit to extract identical
intrapeak splittings from each sideband group, we are able to
achieve robust and reliable fits to this hyperfine group as
well. The bottom plot in Fig. 4 shows an example of such a
fit.

We note that the particular polarizations of the blue and
infrared laser beams significantly affect the relative heights
of the individual hyperfine peaks in our spectra. We collected
data for a variety of relative peak heights and laser polariza-
tions. In a separate analysis, we searched for a correlation in
the values of our measured hyperfine splittings with particu-
lar peak height ratios and found no such evidence at the level
of our statistical precision.

It is possible, with the nine-peak spectrum, to generate a
frequency mapping and calibration without any reliance on
the Fabry-Perot data. For the case of the well-resolved 345
spectra (top portion of Fig. 4), we analyzed our spectrum to
find the location of all nine peaks in terms of the original
“raw” scan point number. Then, by looking at the variation
in intrapeak splittings among the three sideband sets, we ex-
tracted scan linearity information and also could impose the
known 1 GHz calibration. For the case of the 345 spectra, the
two independent nine-peak analysis methods gave excellent
consistency giving us confidence that the frequency linear-
ization and calibration procedure does not suffer from hidden
systematic errors. This alternative analysis method for the
nine-peak spectrum did not give reliable results for the case
of overlapping peaks in the 456 spectrum. For the final
analysis discussed here, we wused results from the
(calibration-corrected) three-peak spectra as well as the first
nine-peak analysis method described above to arrive at our
final hyperfine splitting results.

Figure 5 shows two histograms representing data subsets
for the F=3 —4 hyperfine splitting from three-peak spectra,
one for the case of copropagating and the other for counter-
propagating beams. We organized data into configurations
characterized by particular hyperfine splitting, laser sweep
direction, copropagation vs counterpropagation, and three-
versus nine-peak spectrum and analysis method. The histo-
gram of results for each splitting and for each particular ex-
perimental configuration is modeled extremely well by
Gaussian line shapes from which we can extract mean and
standard error values for each experimental configuration. In
all, we collected nearly 8000 20 s hyperfine spectrum scans
over the course of a several-month period.

On occasion, day-long data sets showed evidence of long-
term variation (over time scales of tens of minutes to hours)
in hyperfine splitting values beyond what would be expected
from the run-to-run statistical variation. These drifts never
exceeded a few megahertz in magnitude (below the statistical
error for a single run, but “resolved” when comparing groups
of 50-100 individual runs). We suspect the origin of this to
be slow changes in beam pointing or overlap in our spectros-
copy oven, or thermal or mechanical drifts in our locking
oven optical setup which might cause long-term drift in blue
laser lock point at the level of a few megahertz. To assess
what potential effect this instability has on our mean values
for the splittings, we binned all of the data into consecutive
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FIG. 5. (Color online) Two examples of histograms from subsets
of our overall data set. Here, for the F=3 — 4 splitting derived from
three-peak spectra, data subsets for copropagating and counter-
propagating laser beams are compared. Histograms such as these
are constructed for all experimental configurations and fit to Gauss-
ian distributions.

half-hour sections (roughly 100 individual runs), computing
a weighted mean, standard error, and reduced x> for each
bin. We can then consider whether our final mean value is
influenced by the extent of long-term instability. We found
that the mean of the lower-drift data and the higher-drift data
agree well within their respective statistical errors. The con-
clusion that the higher-drift data is indeed randomly distrib-
uted about the same mean is reinforced by the highly Gauss-
ian distributions resulting from the histograms of all data
from a given configuration. Our final statistical errors for
each subgroup of data reflected the overall statistical varia-
tions observed for that configuration.

There are a number of ways to arrive at a final mean value
and statistical error for each splitting. One can aggregate all
data for a given splitting and simply compute the weighted
average of all scans. On can also analyze each subgroup of
data, obtaining a mean and standard error for each configu-
ration, then compare these results, an approach we outline
below in our search for potential systematic errors. One can
also consider different weighting schemes in averaging data
from each experimental configuration. We have pursued vari-
ous approaches to reaching a final mean value and statistical
error, all of which give results which are consistent at the
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0.1 MHz level, which, reassuringly, is well below our final
quoted uncertainty for each hyperfine splitting.

V. CONSIDERATION OF POTENTIAL SYSTEMATIC
ERRORS

By carefully comparing hyperfine splitting data accumu-
lated in each of our distinct experimental configurations, we
can assess a number of potential systematic errors. We find
excellent agreement in all configurations when comparing
upward-going to downward-going laser sweep results (at the
level of 0.1 MHz). We find a similar level of consistency
comparing scans of varying frequency width and sweep
speed. Comparing results for copropagating vs counterpropa-
gating laser beams as discussed above is useful for revealing
potential systematics associated with the presence of residual
peaks of By, Independent of this experimental comparison,
we have performed extensive simulations of the potential
impact of the second isotope by generating data consisting of
one large and one small Lorentzian absorption peak. The
relative heights of our isotopic peaks depend not only on
abundance but on the relative detuning of the blue laser from
the Doppler-broadened resonance for each isotope. Given re-
alistic values for peak widths and relative height ('*In/'"*In
height ratio between 0.02 and 0.03), we use our analysis
program to locate the line center of the larger peak in the
simulated data. We find that the asymmetry induced by the
smaller peak, in the worst case, never caused fit errors of
greater than 1.5 MHz. Unsurprisingly, the systematic error
occurs only when the small peak happens to lie near the
half-max point of the large peak. One could then conclude
that a systematic difference in fitted peak splittings of our
experimental data for based on laser propagation direction, if
present, would be of this approximate magnitude. Obviously,
the particular hyperfine splitting that might be susceptible to
this systematic would depend on the (unknown) details of the
shifted spectrum for the weaker isotope. One could also
imagine that the three-peak and nine-peak spectra might be
influenced differently.

Looking at relevant subsets of our data we see a small
(~1.5 MHz) discrepancy in copropagating vs counterpropa-
gating results for the F'=4 — 5 splitting, but only for the case
of the nine-peak data and only within the 456 spectra. We
note that the average of copropagating and counterpropagat-
ing data for this subset of data remains in quite good statis-
tical agreement with values for this splitting derived from
subsets of data not showing this systematic error. Neverthe-
less, we have included a small systematic error contribution
to the final value for this interval. For the case of the
F=5—06 splitting, we see a small resolved difference be-
tween copropagating and counterpropagating runs, again at
the 1.5 MHz level, but here only for the three-peak spectra.
The results for all data with and without the FM sidebands
agree very well for the case of the 3 —4 and 5— 6 splitting.
The middle 4—5 splitting shows a statistically significant
discrepancy between three- and nine-peak data, but only for
the results extracted from comparing the 456 spectra. In each
of the cases identified here, one could attribute the small 1-2
MHz systematic discrepancy to the influence of small line-
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FIG. 6. (Color online) For each of the three splittings, we divide
the overall data set in half based on one of four criteria as indicated
in the figure and discussed in the text.

shape asymmetries induced by the !"*In isotope which could
indeed manifest itself differently for these particular data
subsets. In each case, we have averaged the mean values
from each pair of data subsets and assigned a systematic
error contribution to our final error budget.

For the case of this middle splitting, we note that a final,
powerful test of the robustnesss of our overall analysis pro-
cedure is the fact that we obtain values for this splitting both
for the 345 and the 456 spectra. In general, we would expect
a variety of potential systematic effects to contribute differ-
ently to these very different spectral shapes. Indeed, we see
good agreement in the F=4—5 splitting value derived from
the two different hyperfine group spectra.

To summarize these considerations graphically, Fig. 6 pre-
sents a simplified comparison of subsets of our data that
reflects our systematic error investigation. For the purpose of
this graph we have bisected our overall data set based on
three different criteria (sweep direction, laser propagation di-
rection, and fit method). In addition, for the middle splitting,
we show the overall comparison of results obtained from
scans of the two different hyperfine groups. Some of the
small systematic differences mentioned above are masked in
this comparison, for which we have aggregated data from
several distinct experimental configurations.

VI. RESULTS AND DISCUSSION

Table I lists our final values and lists contributions to the
total uncertainty of each measured frequency interval. We
have separated the contributions to the total uncertainty into
statistical and systematic errors. The systematic uncertainties
are based both on the comparisons of subsets of data (dis-
cussed above), as well as limits placed on a number of other
potential systematic error sources which we have investi-
gated.

Given the three experimental values for the 6P5), hyper-
fine splittings, we can derive expressions for the three hyper-
fine constants from the expressions quoted in Sec. II. We find
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TABLE I. Summary of error contributions to individual hyper-
fine splitting measurements.

Hyperfine interval 3—4 4—-5 5-6

Final result (MHz) 275.25 384.05 517.48
Statistical error (MHz) 0.24 0.30 0.18

Systematic error source

Laser sweep characteristics 0.10 0.10 0.10
Copropagation vs counterpropagation 0.15 0.25 0.33
Spectrum type and fit method 0.30 0.55 0.20
Hyperfine group 0.20

Combined error total (MHz) 0.42 0.71 0.44

1
a= _(77A Vg3 + 128AV5_4 + 117A V6_5),

1650
1
= FO(_ 77A Vy_3— 32A Vs_4+ 78A V6_5),
7
c= %(1 lAV4_3 - 16AV5_4 + 6AV6_5).

Uncertainties in the hyperfine constants can similarly be
derived by propagating the individual errors in the hyperfine
splittings. Our final results for the hyperfine constants are
listed in Table II along with older measurements of other
nP,,- and nP;,-state hyperfine splittings. As can be seen
from the table, the value we have obtained for the 6P;),
hyperfine a constant differs from the theoretical value by less
than 2%, where the typical experiment-theory differences
throughout the table are at the 5% level. At our current level
of precision, our experimental value for the octupole con-
stant, ¢, which we derive from our measurements is consis-
tent with zero. Theoretical expressions for the b constant
contain a term related to the gradient of the wave function at
the nucleus, but are also directly proportional to the nuclear
electrical quadrupole moment, so that a direct test of atomic
theory from the b constant requires independent information
concerning this quadrupole moment. Experiments with pi-
onic and kaonic ''"°In nuclei have allowed the determination
of this quadrupole moment [21] with a quoted accuracy of
about 10%. Two independent laser-based measurements
[14,15] of Q (inferred by combining HFS measurements and
atomic theory) agree with the exotic atom results (see Table
II). Taking the average of these measurements we find Q
=0.82 barns at about the 10% level of accuracy. Given the
improved state of atomic theory, it is likely that a new cal-
culation of the b constant would result in a more precise
semiempirical value for Q ('"°In).

Finally, one could consider taking the ratio of our experi-
mental result for the 6 P5/,-state b constant with, for example,
that of the 5P;, ground state, which was measured very
precisely with microwave techniques [12]. It should be fea-
sible to compute the ratio of these two b constants in a way
that would be largely insensitive to uncertainties in the
nuclear quadrupole moment [22] and therefore would repre-
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TABLE II. Experimental values for a and b hyperfine constants
from all measured '"°In(5s>np)*nP,, 3o-state hyperfine splittings.
The column of theoretical values for the a constants is from the
recent work of Safranova et al. [9]. Semiempirical values for the
electric quadrupole moment are inferred from relevant b constant
measurements in conjunction with atomic theory estimates. All val-
ues are in MHz, except for those in the final column, which have
units of barns.

Level [Ref.] Aoy beyp Aheory 0
5P, [12] 2281.96 2306
5Py, [13] 242.16 262.4
449.55

6P, [16] 250.2(3) 263.2
6P3, [This work] 79.33(7) 77.8

62.5(5)
7Py, [14] 90.7(1.0) 95.6
TP5,, [14] 32.3(2) 30.8

24.5(1.5) 0.81(10)
8Py [15] 44.0(5) 46.0
8P3; [15] 16.3(3) 15.4

11(3) 0.79(20)

sent a distinct and exacting test of the atomic theory.

VII. CONCLUSIONS

In summary, we have been able to measure the hyperfine
splittings within the indium 6P5,, level making use of a two-
laser excitation scheme and a laser-locking procedure. The
sub-megahertz precision of these three intervals has allowed
precise determination of the magnetic dipole and electric
quadrupole contributions to the overall hyperfine splitting.
The dipole term agrees well with a recent ab initio calcula-
tion in indium, while the measured quadrupole term presents
a challenge to both atomic theory and nuclear structure mod-
els required to predict this value. An analogous two-color,
two-laser spectroscopy scheme is presently underway to
study the hyperfine splittings of the thallium 7P, level, and
the 2*T1->%*T1 isotope shift within the 7S;,, to 7P, 1301
nm transition. Here, the first step 6P, ground state to 7Sy,
intermediate state excitation is being provided by a 378 nm
uv diode laser system presently operating in our laboratory.
In the future we hope to combine these two-color laser spec-
troscopy systems with our existing atomic beam and high-
voltage electric-field apparatus to pursue future precision
measurements of atomic polarizability in both indium and
thallium.
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