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Optical lattice clocks based on the narrow (5s2)' So-(555p)° Py transition in neutral strontium (Sr) are among
the most precise and accurate measurement devices in existence. Although this transition is completely forbidden
by selection rules, state mixing from the hyperfine interaction in ¥ Sr provides a weakly allowed transition that
can be coherently driven with practical clock laser intensities. While the coherent interrogation times of optical
clocks are typically set by the linewidth of the probe laser, this limitation can be overcome in synchronous
differential comparisons between ensembles. In such measurements the natural lifetime of the 'Sy—>Py clock
transition becomes the fundamental limiting factor to the duration of a single run of the experiment. However, a
direct measurement of the decay rate of the clock excited state is quite challenging due to the competing effects
of other loss channels such as Raman scattering, inelastic collisions, and atom loss due to background gas. In this
work, we monitor the decay of Sr atoms trapped in an optical lattice and initialized in the 3P, state. By making
measurements of high and low density ensembles of both 8’Sr and 3Sr across varying lattice trap depths, we
isolate radiative decay, which accounts for a significant fraction of the observed decays at low depths. We obtain a
natural radiative decay lifetime of 167ﬂg s for the > Py clock state in ¥Sr, a value that is consistent with previously
reported measurements and theoretical predictions. We also introduce an additional measurement scheme that
involves repeated measurements of the ground-state population within a single experimental sequence, validating
our model and the consistency of the measured rates. We expect that the techniques introduced in this work are
applicable to lifetime measurements of long-lived metastable states in other atoms and ions used for clocks and
quantum computing. The results presented in this work inform performance estimates of proposed gravitational

wave detectors and long-baseline atom interferometers making use of %Sr.

DOI: 10.1103/f6pt-fint

I. INTRODUCTION

Over the past two decades optical atomic clocks have
rapidly developed into the most precise and accurate fre-
quency references ever realized [1], with clocks based on
neutral strontium (Sr) now demonstrating fractional frequency
accuracy at the level of 8.1x 10~'9 [2], and clock instabilities
down to 4.8x10717/ +/Hz [3]. These Sr optical lattice clocks
make use of the transition between the 55> 'Sy and 5s5p° Py
state, both of which are magnetically insensitive states due
to their lack of electronic angular momentum. While this
transition is completely forbidden by selection rules, hyper-
fine interactions from the nuclear spin of ¥’Sr induce state
mixing within the 5s5p°P; manifold, creating a narrow op-
tical transition near 429 THz [4] that balances the competing
requirements of a long excited-state lifetime with a sufficient
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transition dipole moment to enable coherent excitation with
moderate clock laser intensities. ®’Sr-based systems have,
therefore, now been used for tests of the gravitational redshift
down to cm and mm scales [5-7], to constrain ultralight dark
matter coupling [8,9], for clock frequency ratio measurements
toward a redefinition of the SI second [9-11], and for relativis-
tic geodesy [12—14]. They have also been proposed as leading
candidates for long-baseline optical clock atom interferome-
ters [15,16] and quantum computing [17].

The ultimate limit to the achievable coherent interroga-
tion time of a clock measurement is set by the lifetime of
the excited clock state. Theory calculations predict a life-
time for the 3P, state in ¥’Sr of >100 s, with calculated
values ranging from 110(30)s to 156(9)s [18,19]. Experi-
mentally measuring this value more precisely will allow for
better estimations of the sensitivities and bandwidths that can
be achieved in existing and future platforms that make use
of the ¥Sr clock transition. For example, the excited-state
lifetime is a contributing factor in estimating the sensitiv-
ities of future clock-based gravitational wave detectors in
space [20].

An accurate measurement of such a long excited-state
lifetime is made challenging by competing decay processes
in an optical trap. These include optical lattice trap-induced
Raman scattering, black-body radiation (BBR)-induced scat-
tering, background gas collisions, inelastic scattering from
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FIG. 1. Population decay in an optical lattice. Two ensembles of 3’Sr or 33Sr atoms are loaded into an optical lattice (left) and prepared
in the excited *P, state. The zoomed-in portion of the atomic ensemble shows atoms that have decayed into the 'S, ground state (red) and
atoms that remain in the excited state (blue), along with the decay and loss mechanisms considered in our model. These processes are also
represented using different line styles in a Sr level diagram (right). The line colors correspond to different parameters in the rate equation [see
Eq. (1)]. These include one-body losses I', and I', from the ground and excited states, two-body loss y.., and decay rate from excited to ground
state I',,. The radiative decay rate I'y, corresponding to the natural lifetime of the clock state, is highlighted in yellow.

collisions between excited state atoms, and other mechanisms
of loss of atoms from the lattice. To the best of our knowledge,
the only previously reported direct measurement was made
by Dérscher et al. [21], in which ¥’Sr atoms were loaded
into a one-dimensional (1-D) optical lattice trap, initialized
in the excited state, and held for varying time intervals, af-
ter which the populations of the ground and excited states
were measured. However, the extraction of the 3P, lifetime
from these measurements was particularly constrained by the
vacuum-limited lifetime of 6s, which was far below their
reported value of 330(140) s.

While the 8 Sr lifetime can be inferred from a measurement
of the dipole matrix element of the g, to 3P, transition,
the two other reported values [22,23] that use this method
disagree with each other well beyond what would be expected
based on their statistical and systematic uncertainties, indicat-
ing that one or both of these measurements may be limited
by additional systematic uncertainties, and motivating direct
measurements of the quantity of interest.

In this work, we perform direct lifetime measurements sim-
ilar to those of Dorscher et al. However, we take advantage of
the significantly longer trapped-atom lifetimes (38-95 s), and
also introduce the concept of making simultaneous measure-
ments of multiple ensembles at high and low density, and with
both ¥Sr and ®8Sr. This allows us to isolate the contribution
of radiative decay from other competing rates, obtaining a
natural lifetime of 167:7‘8 s for the 3 py state in ¥’Sr. Inspired
by the concepts of “erasure conversion” and midcircuit mea-
surement from quantum computing with alkaline-earth atoms,
we also confirm the consistency of our measurements and
the extracted rates by performing measurements in which
the population decaying into the ground state is repeatedly

measured while the population remaining in the excited state
is left undisturbed and continues to decay.

II. EXPERIMENTAL SETUP

To measure the lifetime of the 3P, state of 3Sr, we load
ensembles of 8 Sr or #Sr into a vertically oriented 1-D optical
lattice at the “magic” wavelength of 813.4 nm (see Fig. 1)
for the Sr clock transition [24]. Our loading sequence starts
with a standard two-stage magnetooptical trap (MOT), which
cools the atoms to ~1 uK. As the atoms are cooled, they
fall into the overlapping optical lattice potential. Multiple
spatially resolved atomic ensembles are then loaded into dif-
ferent regions of the lattice by modulating the zero-field point
of the narrow-line second-stage MOT with additional bias
coils [25]. The atom number in each ensemble is controlled by
varying the duration of time for which the narrow-line MOT is
overlapped with the lattice at each location. We operate with
two ensembles separated by 0.8 millimeters, and with a factor
of 3 difference in atom numbers to separate out the effects
of density-dependent two-body loss. Once these ensembles
are loaded into the lattice, we employ sideband and radial
cooling and then ramp the lattice intensity from the loading
depth of ~70 E. to ~8 E. to filter out hotter atoms. The
recoil energy is given by E. = h*/(2mg;A2), where mg; is
the atomic mass of 3’Sr, A = 813 nm is the wavelength of
the lattice laser, and 4 is Planck’s constant. The lattice is then
ramped back up to our operational depth, between ~(20 and
65)E.... Finally, we initialize our ensembles into the excited
clock state, |*Py, mp = 3/2), as shown in Fig. 2(a). For ¥’Sr,
we initialize into the excited state with a coherent  pulse on
the 'Sy to 3Py transition. In 33Sr, this transition is completely
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FIG. 2. Population decay measurement scheme and example data for 8Sr loaded at 40 E,.. (a) After loading, ¥’Sr atoms are directly
initialized in the 3Py excited clock state using a 7 pulse. In %Sr, the atoms are first initialized in the *P; state, then are optically pumped into
3p, via the 3§, state. The readout procedure is the same for ¥’Sr and 3Sr; the 'S, ground-state population is read out using fluorescence from
the ! P, state after a 461-nm cycling pulse. The excited state population is excited to the 3S; state where it decays to the ground state via the 3 P,
state and is then read out. (b) In the standard measurement, the atoms are prepared in the excited state using a 7 pulse and allowed to decay for
time 7, after which the ground- (purple) and excited-state (blue) populations are read out destructively. This process is repeated while varying
T, and the resulting decay curves are fit to the rate equations for the state populations. The data points and error bars result from averaging
over ten sets of population data. This representative plot is of high-density 3’Sr atoms held at a trap depth of ~40E.. (c) In the multireadout
measurement, the ground-state population is read out at regular time intervals within a single experiment sequence, while atoms in the excited
state are unaffected and continue to decay. The data points and error bars are obtained by median averaging the data over 48 experimental
runs. The final read out destructively measures populations of both states. To estimate the initial population of the excited state, the atoms are
prepared using a v /2 pulse and the remaining ground-state population is destructively read out immediately at # = 0. The model curves use

parameters inferred from the standard measurement. The shaded region indicates the uncertainty in model parameters.

forbidden in the absence of a magnetic field, and the dipole
moment remains too weak to drive at the magnetic fields
we currently achieve in our apparatus. We instead drive the
1s,-2P;, 3P-3S;, and 3p,—3S; transitions simultaneously to
optically pump the atoms into the excited state. After initial-
ization into the excited state we use a strong 461-nm pulse
on the 'Sy—' P, transition to clear any residual ground-state
atoms out of the trap. To extract the radial temperature of the
atoms, we direct a probe beam radially at ground-state atoms
and measure their Doppler-broadened excitation profile. For
87Sr, we probe using the 150—3 Py clock transition, but in 88Sr,
we cannot directly use this transition, so we use 'So—>P;. To
account for heating during loading of ¥ Sr, we measure the
radial temperature after performing one cycle of loading in
and out of 3Py as described above.

To measure the decay curves shown in Fig. 2(b), we hold
atoms in the lattice for a variable time 7, after which the
populations of the ground and excited states are destructively
read out in a series with florescence imaging using a 461-nm
probe beam. By performing this experiment across different
lattice trap depths between ~(20 and 65) E.., we observe

how the decay rate from the excited to ground state is affected
by Raman scattering induced by the 813-nm trapping light.
Simultaneous loading of two ensembles with a factor of 3
difference in atom number is used to check for consistency
between different initial densities during the same experiment.

We also perform a modified experiment that is meant to
reduce the effects of run-to-run differences in initial atom
number and to confirm the consistency of the extracted rates.
We initialize atoms into the excited state, but then repeatedly
image the atoms that have decayed or scattered into the ground
state during the lattice hold time while leaving the excited
state undisturbed. This imaging is repeated with a constant
interval, #.p, between 3 and 5 seconds depending on the trap
depth. We thereby measure almost all atoms that decay to the
ground state, as these atoms are quickly counted before they
have a chance to escape the lattice. This imaging protocol
leaves the population of the excited state intact, such that
we construct the entire ground-state population curve with
a single initialization of excited state atoms. To determine
the initial population of the excited state (r = 0), we reduce
the duration of the initialization pulse such that a specifically
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calibrated ratio of atoms are prepared in the excited state, with
the rest remaining in the ground state. By then, immediately
imaging the leftover ground-state atoms, we estimate the num-
ber of atoms in the excited state. We then only directly read out
the population of the excited state at the end of the sequence.
We refer to this second experimental method as the “multi-
readout” technique to differentiate it from the previously de-
scribed “standard” or “single-imaging” technique. Since this
method captures multiple snapshots of the ground-state popu-
lation throughout a single experiment, we construct a ground-
state population curve [see Fig. 2(c)] with only a single exper-
imental run, which both speeds up data taking and reduces the
effect of run-to-run variance in the initial atom number.

III. MODEL AND RESULTS

To account for the various sources of decay and loss in the
optical lattice, we use the model diagrammatically represented
in Fig. 1. We consider the following rate equations:

Ne = —(Te +TeNe = YeeN], Ny = —TeNg+TeNe, (1)

where the N, is the ground-state population, N, is the excited
clock-state population, I',, is the rate of decay from the ex-
cited to ground state, I is the background loss rate from the
ground state, I', is the background loss rate from the excited
state, y,.N, = K,./V is the density dependent two-body loss
rate, where K,, is the e-e collision rate and V is the effective
trapping volume (see Appendix A 2), and the dot signifies a
derivative with respect to time. The decay rate can further be
expanded as

Teg = (Do + yU), @

where [y is the radiative decay rate, y is the Raman scattering
rate per unit trap depth, and U is the effective optical trap
depth, calculated by using the measured axial trap depth Uyia,
and radial atomic temperature 7., through [26]

U= Uaxial(l + kBTr/Uaxial)71~ (3)

We fit our model to standard readout data, averaged over
ten sets of population measurements [Fig. 2(b)] for both Sr
isotopes Eq. (1). While using the multiread-out data [Fig. 2(c)]
to infer model parameters is challenging due to the lack of N,
data, we instead use it to verify the consistency of the model
and rates extracted from the other measurements. To numeri-
cally solve the equations for the multireadout technique, N, is
set to zero after every read out while N, remains unchanged
(here, we use the data corresponding to the higher-density
ensemble; we discuss the low-density data in Appendix B).
Additional fit parameters are discussed in Appendix A. The
uncertainty in the fit parameters is estimated by resampling
the data according to the distribution of population measure-
ments.

We then plot the extracted values of I'y; as a function of
depth and a linear fit allows us to extract the Raman scattering
rate for 3Py to 3P, as well as the decay rate extrapolated to
a depth of 0 E¢.. This should correspond to I'y, along with
additional contributions from black-body scattering that is
common to both ”Sr and 38Sr. As radiative decay is expected
to be absent in 3Sr, we subtract the inferred value of I, for
8Sr from that of 87Sr to obtain [y for 3Sr. These results are

0.040;
0.035
0.030;
0.0251
% 0.020
.S 0.0151
0.0101
0.005
0.0001

87Sr y=46(2) X 10°° (EecS)”
—— 85y y=40(5) X 10 (EcS)™

1Ty = 1672 s

0 10 20 30 40 50 60
Trap Depth (E..)

FIG. 3. Decay rate I',, from the excited 3py state to the ground
1Sy state in 87Sr (blue) and 3Sr (red) as a function of lattice trap
depth. The data are fit to Eq. (2) to extract the Raman scattering rate
from the excited to ground state. The natural lifetime (1/T) of ¥ Sr is
given by the inverse of the difference between the decay rates of the
two isotopes extrapolated to 0 E\... The error bars on the lifetime are
obtained by fitting resampled data to obtain a distribution of model
parameters. The x axis is an effective depth, where the radial profile
of the trapping light is factored into the total intensity the atoms
experience. The x-axis errors in this measurement arise mostly from
the uncertainty in the determination of the radial temperature of the
atomic ensembles.

plotted in Fig. 3. By simulating the experimental data based
on the model we use to fit to observed data, we verify that
the systematic uncertainty due to covariance in fit parameters
is negligible compared to the statistical uncertainty, which is
dominated by the run-to-run variation in the number of ini-
tially loaded atoms. The other major systematic contribution
to the uncertainty in the linear fits in Fig. 3 arises from the
effective trap depth uncertainty, which is ultimately limited
by our measurements of the atomic temperature.

We measure Raman scattering rates y, of 46(2)x107>
(Erees)™" and 40(5)x 107> (Erees)™! for ¥7Sr and Sr, re-
spectively, which are in agreement with each other and
with the previously reported values of ~(42—55)x107°
(Erees)™! [21,27]. For %St at 0 Ey., we find T',, to be
—0.8(17)x 1073 s~!, which is roughly 20 from the theoreti-
cally predicted black-body-induced scattering rate at 300 K of
2.47(14)x 1073 s~! (see Appendix C). This discrepancy may
be the result of statistical fluctuations, or could arise from an
unaccounted for systematic effect. However, as we subtract
the intercept of the 3¥Sr rate from that of 8’Sr, any systematic
effect that is common to both will cancel out in our extracted
radiative decay rate. The calculated black-body-induced scat-
tering rate also subtracts out and does not contribute. The
resulting radiative decay rate we obtain for the excited clock
state in ¥Sr is 6.0(19)x 1073 s~!, corresponding to a lifetime
of 167’:13 s. Note that our measurement and analysis method
results in a radiative decay rate with symmetric uncertainties.
Inverting the measured decay rate then results in asymmetric
uncertainties in the extracted radiative lifetime. We compare
this value with previous measurements in Fig. 4. The contri-
butions of atom number and temperature uncertainties to the
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FIG. 4. Comparison of measured ¥Sr lifetime values from
Refs. [21-23]. This work and Dérscher both measure the 3P, life-
time through observations of radiative decay. Lu and Muniz both
measured the dipole moment of the clock transition, leading to their
lifetime values. Muniz used a cavity QED comparison between 'S
to 3Py and 'S, to P, dipole moments, and Lu measured the Rabi
frequency of the transition in conjunction with characterization of the
laser intensity. The dashed line and shaded region indicate theoreti-
cal lifetime value and uncertainty, respectively, calculated in Boyd
et al. [28]. Boyd applied Breit-Wills theory to calculate the lifetime
from measured hyperfine splitting values. The theory uncertainty
arises from the choice of theoretical framework and confidence as-
sociated with lifetimes of the ! P, and 3P, states.

uncertainty in the extracted radiative decay rate are listed in
Table L.

The larger uncertainty in the measured 3®Sr radial temper-
ature arises primarily due to the fact that the relatively broad
15y —3 P, transition is used for this measurement.

IV. CONCLUSIONS AND OUTLOOK

We presented a measurement of the natural lifetime of the
excited 3Py clock state in %’Sr through the direct observation
of radiative decay. We find the lifetime to be 1677 s. This
value is largely consistent with previous measurements by Lu
et al. [23], Dorscher et al. [21], and Muniz et al. [22]. It also
lies within the theory uncertainty given by Boyd et al. [28].

By varying the lattice depth, ensemble density, and measur-
ing with two different isotopes, we disentangled the radiative
decay rate from the other decay processes occurring in a 1-D
optical lattice trap. At lower trap depths, ultrahigh vacuum and
long atom lifetimes in the optical lattice allowed us to attribute

TABLE I. Contribution of statistical and systematic uncertainties
to the total uncertainty in extracted radiative decay rates.

Source Uncertainty (X 1073571
87Sr 0.9
Atom number 0.9
Atom temperature 0.3
8Sr 1.7
Atom number 1.3
Atom temperature 0.8
Total 1.9

a significant fraction (~50%) of the measured ground-state
population from the excited state to radiative decay.

The primary limitations in our measurement were the sta-
tistical uncertainty due to variation in the initial number of
loaded atoms between experimental runs and uncertainty in
the radial temperature of 3¥Sr, both of which could be mit-
igated through technical improvements to the experiment in
future work. To mitigate the systematic uncertainty arising
from uncertainty in additional fit parameters, adding a res-
onant laser that rapidly repumps out of the 3P| state would
suppress decay events from 3Py to 'S, through the *P; state
due to Raman and black-body scattering. Finally, varying the
effective trapping volume could help in isolating the two-body
loss rates from the rest of the measurement.

The lifetime of the 3Py state sets an ultimate limit on the
coherence of the narrow-line clock transition of ¥’Sr. Our
measurement of this value helps to determine the achievable
performance of comparisons between ¥’ Sr clocks in applica-
tions where differential measurement techniques bypass the
limits imposed by the local oscillator [6,24]. The experimental
techniques described in this work could also be used to make
direct lifetime measurements of other similarly long-lived
atomic transitions in atoms and ions.

Note added. In a complementary work [29], Kim et al.
report a value of 174(28) s for the radiative lifetime of the 3py
clock state in ¥7Sr, which is fully consistent with the measured
value reported in this work.
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APPENDIX A: MODEL PARAMETERS

Along with the excited-state decay, the population data are
used to estimate the other parameters of the rate equation.
These parameters are listed in Table II.

1. One-body loss

The one-body loss from the ground state I', is measured
independently by loading atoms in the ground state and mea-
suring the population decay. The extracted values and their
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TABLE II. Summary of experimentally measured rates and com-
parison with existing theory.

Rate This work Other Expt. Theory

Ty 6.0(19) 6.6(2) [23],
(x1073) 8.5(2) [22],
s™h 3.0(13) [21]
y ¥Sr 46(2) 55.6(1.5) [21]
(x107%)
(EI"CC s)il

y 8XSr
(x1073%)
(Erec )™

K., 87Sr
(x107%)
(cm3s7'K™1)
K., 8gr
(x10713)
(cm’s™)

6.9(19) [28]

49.8 [21]

40(5)

1L(1)xT,

42T, [31]

262(6) 180(30) [32]

uncertainties, shown in Fig. 5, are used to constrain fit param-
eters in the standard read out data analysis. The excited-state
loss is extracted from fitting the rate equations [Eq. (1)] to the
standard readout data.

2. Two-body loss

In Eq. (1), the two-body loss term y,, can be written as
K../V where V is the effective volume of the ensemble. To
calculate V, we must first sum the rate equation over every

0.06
+ —-—
—~ 0.041 ——
: t
)
X +
0.021 } ¥
I 87sr (High) 87Sr (Low)
885y (High 885y (Low)
0.0 HH (High)
R
@
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0.01 ¥ L -
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FIG. 5. One-body loss rates for ground I', and excited I', states
for high and low density ensembles of ®’Sr and %Sr. I", is measured
independently while I', is inferred by fitting standard readout data to
the decay model [Eq. (1)].

3 Kee= (262 + 6)10713 cm3s~1

Kee (cm3/s)
N

Kee=Tx (11 +1)10"% cm3s~1K?

01—~ : , ,
0 2 4 6
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FIG. 6. Inferred values of two-body loss I', for high-density en-
sembles of 8’Sr and % Sr.

individual lattice site

ZNe,i = _(Fe+FEg)ZNe,i_Z‘I/<eeNZi, (Al)

site

where the volume of an individual lattice site Vi is as-
sumed to be constant. Additionally assuming that the atoms
are approximately distributed normally and the width of the
distribution across sites o does not change significantly with
time, we can rewrite the above equation as
. N?
Ne= (Tt TV, = Kug oo (A2
Using the fitted values of y,, and experimentally mea-
sured values of o and V., we extract K, by com-
paring the above expression to Eq. (1), which gives
us an effective volume V = 2./mo V.. We show these
values for the high-density ensemble in Fig. 6. For
87Sr, we obtain an atomic-temperature-dependent two-body
loss rate K,, = 11(1)xT,x107%cm3s~'K~!. We note that
this value is larger than the previously reported value
of 42)xT,x10"°cm3s~ 'K~ [31]. For %¥Sr, we obtain
K., = 262(6)x10~ 13 cm3s~!, which is close, but not en-
tirely consistent with the previously reported value of
180(30)x 10~ cm3s~! [32]. A possible reason for the in-
consistencies might be that the relatively minor contribution
of two-body loss cannot be efficiently decoupled from other
losses by the curve fitting routines due to the high covariance
between the various fit parameters. Additionally, the assump-
tions in Eq. (A2) cease to be valid when individual sites have
low atom numbers. Future experiments could leverage greater
control of experimental parameters, ideally enabling a triple-
zero extrapolation in atom number, trap depth, and radial
temperature. This would help isolate the effects of various loss
channels with low uncertainty.

APPENDIX B: LOW-DENSITY DATA

In Fig. 7, we observe that while the data from high- and
low-density ensembles of 8 Sr are largely consistent with each
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FIG. 7. Comparison of extracted decay rates between high
(solid) and low (dashed) density ensembles of ¥Sr and *Sr as a
function of trap depth.

other, there is a significant difference between the fit param-
eters for the two ensembles in 3¥Sr. A possible reason for
this discrepancy might lie in the calculation of the effective
trap depths, which depends on the radial temperature of the
ensembles. While our analysis assumes that this temperature
is the same across both densities, Fig. 5 seems to suggest
a systematic shift in the ground-state loss between high and
low densities, which could be a result of higher temperatures
for the low-density ensembles. This, in turn, would give us a
smaller effective trap depth for the low-density data in ®Sr,
thereby suggesting a larger increase in Raman scattering rate
with trap depth. While a thorough analysis of this effect is
more suitable for future work, we do observe that if we let
the estimated radial temperature of the low-density data be

increased by a factor in the decay model, the decay rates of
the two ensembles are more consistent with each other.

APPENDIX C: BLACK BODY SCATTERING RATE

BBR can scatter atoms out of the 3P, state primarily
through two channels, the EI transition *Py — *D; and the
M1 transition Py — 3P;. The BBR scattering rate for each
channel can be calculated through (Gaussian electromagnetic
expressions)

27 )

Rg1 = WP(UED TsBr)ZE ), (C1)
2 2

Ry = WP(VMl, Tger)Ziy; 5 (C2)

where vg, is the 3Py — 3D, transition frequency, vy is the
3py — 3P transition frequency, Zg; is the reduced matrix
element (3Py||D||>D;), Zy is the reduced matrix element
(Py||m]|?Py), and p(v, Tagr) is the BBR spectral energy den-
sity at frequency v and temperature Tgr, given by

8w hv? 1

p(v, Tggr) = Ty (C3)

While the reduced matrix element for the electric dipole tran-
sition is a factor of ~1/« larger than that of the magnetic
dipole transition, the BBR spectral energy density at 300 K
is much greater at vy than vg;.

Considering both of these channels when calculating the
BBR-induced scattering rate out of 3 py, we arrive at a value of
2.47(14)x 1073 s~!. This value differs from the value reported
in Dorscher et al. [21], as they did not consider the extra
contribution from the M1 channel, which amounts to a ~1.7 o

correction from their reported value of 2.23(14)x 1073 s~
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