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Radiative lifetime of the A 211, /2 state in RaF with relevance to laser cooling
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The radiative lifetime of the A *I1;,» (v = 0) state in radium monofluoride (RaF) is measured to be 35(1)
ns. The lifetime of this state and the related decay rate I' = 2.86(8) x 107 s~! are of relevance to the laser
cooling of RaF via the optically closed A 2T, <— X >%,, transition, which makes the molecule a promising
probe to search for new physics. RaF is found to have a comparable photon-scattering rate to homoelectronic
laser-coolable molecules. Owing to its highly diagonal Franck-Condon matrix, it is expected to scatter an order
of magnitude more photons than other molecules when using just three cooling lasers, before it decays to a dark
state. The lifetime measurement in RaF is benchmarked by measuring the lifetime of the 8P;, state in Fr to be

83(3) ns, in agreement with literature.

DOI: 10.1103/PhysRevA.110.L010802

Introduction. The properties of the lowest-lying *IT > state
in alkaline-earth-metal monofluorides and other homoelec-
tronic molecules are of central importance for their suitability
for direct laser cooling and trapping. The diagonal Franck-
Condon matrix and closed optical cycle between the X 2%+
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ground state and the lowest-lying A [1;,, state of these
molecules has enabled the direct laser cooling of molecules
to mK temperatures or lower, such as CaF [1], StF [2], YbF
[3], YO [4], CaOH [5], SrOH [6], and the symmetric-top
CaOCHj; [7]. The short radiative lifetime of the A 2IT; /2 state
is key for efficient laser cooling based on the optically closed
A 2114 n <X 2s+ transition, and decelerating the molecules
to the capture velocity of a magneto-optical trap [8].

The homoelectronic and radioactive RaF has been pro-
posed as a sensitive probe for searches of parity or time-
reversal (P, T') violating properties, such as the electric dipole
moment of the electron (éEDM). Extending laser cooling and
trapping to RaF would enable highly sensitive searches for
new physics by significantly increasing the interrogation time
of the RaF molecules.

Published by the American Physical Society
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Owing to the high atomic number of Ra (Z = 88),
the ground state of RaF, whose longest-lived isotopologue
226Ra 1°F has a half-life of 1600 years, is highly sensitive to
the eEDM [9,10]. Furthermore, the octupole-deformed shape
of the 22>~2%Ra nuclei [11] also enhances the sensitivity of
RaF to a number of P, T-violating nuclear properties [12],
such as the Schiff moment [9,13]. Combined with the poten-
tial to achieve exceptionally long coherence times owing to
laser cooling, RaF is a promising system to search for new
physics with potentially unprecedented sensitivity.

To determine the maximum photon scattering rate and the
required interaction time for laser slowing of RaF, knowledge
of the radiative lifetime of the upper state in the closed opti-
cal cycle is necessary. This Letter presents the experimental
measurement of the radiative lifetime of the A 2T, 2 state
in RaF at 35(1) ns, via delayed multistep ionization using
broadband pulsed lasers (> 3 GHz). Prior to this work, only
an upper limit of 7 < 50 ns was reported for this state [14].
The result is benchmarked by applying the same measurement
procedure also for the 8P;/, state of neutral Fr, for which a
lifetime value was previously reported and lies in the same
order of magnitude as that for A m /2 in RaF. The benchmark
measurement of 83(3) ns in this study is consistent with the
literature value of 83.5(15) ns [15] within 1o

Methods. The measurements were obtained via delayed
multistep ionization with the collinear resonance ionization
spectroscopy (CRIS) experiment using beams of 2*°Ra '"F+*
and Z'Fr* produced at the ISOLDE radioactive ion beam
facility at CERN. The technique and the employed laser
schemes are shown schematically in Fig. 1, and further ex-
perimental details can be found in the Supplemental Material
[16] and in Refs. [17-19].

Fast ions (~40 keV kinetic energy) of *?°Ra!°F* and
221Fr+ released as a pulsed beam from a linear Paul trap (100-
Hz repetition, 5-us temporal spread, 0.8-m longitudinal spatial
spread), were delivered to the CRIS experiment and were
neutralized via collisions with a vapor of sodium atoms in a
charge-exchange cell, while the remaining ions were deflected
onto a beam dump. The neutralized bunches entered the in-
teraction region, where they were temporally and spatially
overlapped in a collinear geometry with pulsed laser beams
[see Fig. 1(a)] that stepwise excited the molecules/atoms from
the ground state to above the ionization potential, as per the
laser schemes shown in Figs. 1(b) and 1(c). The resonantly
reionized molecules were deflected onto a MagneTOF single-
ion detector, while the residual neutral beam was discarded
onto a beam dump.

All lasers in this study were pulsed and broadband, with
linewidths A f > 3 GHz. The 753-nm step in RaF was pro-
duced with the fundamental output of a Ti:sapphire laser,
while the 423-nm excitation step in Fr was produced by
second-harmonic generation of the same Ti:sapphire laser.
The 646-nm step in RaF was produced using a dye laser
pumped by a 532-nm Nd:YAG laser. The 532- and 1064-nm
steps were produced by the second and fundamental harmon-
ics of a Nd:YAG laser, respectively. The 646- and 532-nm
steps in RaF and 1064-nm step in Fr are referred to as the
ionization steps, while the 753- and 423-nm steps are referred
to as the excitation steps in the respective schemes in this
Letter.
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FIG. 1. Top: (a) Summary of the experimental setup, showing the
production, mass separation, bunching in a Paul trap, neutralization
in the charge-exchange cell (CEC), and resonant ionization in the
interaction region (IR). Bottom: Laser excitation scheme used for
(b) RaF and (c) Fr in this work, denoting the rest-frame transition
wavelengths.

The pulses of the laser used for the excitation steps had a
full width at half maximum (FWHM) of 38(2) ns, while the
pulses of the Nd: YAG lasers used for the ionization steps had
a FWHM of 15(1) ns. The shot-to-shot jitter of the excitation
step was measured to be 4 ns and that of the ionization steps
to be 3 ns, for a total relative shot-to-shot jitter of 5 ns (added
in quadrature) between excitation and ionization steps in both
schemes (details in the Supplemental Material [16]). As the
646-nm step in the RaF scheme was provided by a pulsed dye
laser pumped by an identical Nd: YAG laser as the one used for
the 532-nm ionization step, the FWHM and jitter of the second
and third steps were measured to be the same, as expected.

To determine the lifetime of the A 2T, ,2 state in RaF
and the 8P3, state in Fr, multiple measurement cycles were
performed for various timing arrangements between the ejec-
tion of the molecular/atomic beam from the gas-filled linear
Paul trap of the ISOLDE facility [20] and the timing of
the laser pulses. First, an optimal setting for the Paul trap
ejection timing was determined based on the maximum laser-
molecule/atom spatial and temporal overlap, and a lifetime
measurement was taken for these settings, by moving the
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FIG. 2. (a) Example decay curve (top) and fit residuals (bottom)
for a single measurement cycle in RaF. The y errors include both
statistical and systematic components, and the x error, the same for
all points, corresponds to the total relative jitter of the lasers (see
text and Supplemental Material [16] for details). The inset shows the
same plot with the y axis in logarithmic scale. (b) Example curve of
reduced x? as a function of the fit start point in the data subset of
the full decay curve for a single measurement cycle in RaF, used to
confirm the start of free radiative decay (see text for details). (c)

timing of the ionization steps forward in time while keeping
the timing of the excitation step fixed. Lifetime measurements
(denoted as cycle 1 for both RaF and Fr) were performed for
this optimal ejection timing, as well as for ejection timings 0.5
us earlier and 0.5 us later compared to the optimal for Fr (1-us
steps for RaF). One lifetime measurement was also performed
at the optimal ejection timing, but moving the excitation step
timing backwards while keeping the timing of the ioniza-
tion steps fixed. Only for the RaF experiment, an additional
measurement [cycle 4 in Fig. 2(c)] had been performed in
a separate proof-of-principle experimental campaign 2 years
prior to the rest of the cycles; details about this measurement
cycle can be found in the Supplemental Material [16].

Figure 2(a) shows an example of the measured ion count
rate as a function of the delay time ¢ between the excitation
step and the subsequent ionization steps (all decay curves are
shown in the Supplemental Material [16]). For delay times
larger than the sum of the pulse widths (FWHM) and the
relative jitter, the data represent the radiative decay from the
excited A 2I1, /2 state, and the curve can then be fitted with
the natural decay law:

N(t) = Noe '" + C. (1)

In Eq. (1), N(¢) is the population of molecules in the
AT, /2 state as a function of the delay, Ny is the population
at delay time r = 0, 7 is the radiative lifetime of the A 1, 2
state, and C is a constant representing the ion background on
the detector that stems from nonresonant ionization. In order
to exclude data points where the radiative decay law is not
valid (at times when there is an overlap of the lasers), the first
60 ns were omitted when fitting the decay curve, shown as
the “laser overlap regime” in Fig. 2(a). This span of 60 ns
is approximately equal to the sum of the FWHM and relative
jitter of the lasers (see Supplemental Material [16] for details).

The laser overlap regime was confirmed as shown in
Fig. 2(b), where the delay time at which the reduced x>
saturates is verified, which marks the end of the laser overlap
regime. While saturation already start from 40 ns, all decay
curves were analyzed with a 60-ns start point to exclude data
with partial laser overlap. Fitting the decay curves with start
points between 40 and 70 ns resulted in consistent lifetime
values. The same procedure was followed for Fr.

A 5-ns error was adopted for the laser delay time, which
corresponds to the combined shot-to-shot laser jitter of the
excitation and ionization lasers (see Supplemental Material
[16]). Repeating the fit procedure with a smaller x error
yielded a reduced x? progressively closer to 1, while the life-
time result remained unchanged. The uncertainties on the final
lifetime values were not scaled with the respective reduced
x of each fit, as this would reduce the uncertainty, and it is
preferred to remain conservative in the result.

The fit residuals for the decay curve are shown in Fig. 2(a).
The fraction of data points whose deviation from the fit ex-

Extracted lifetime values for individual measurement cycles in
RaF. The line and surrounding band denote the error-weighted
mean and its standard deviation across all five measurement cycles,
respectively.
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FIG. 3. Lifetime results for the 8P;, state in Fr as a benchmark
study. The central line and surrounding band represent the error-
weighted mean and one standard deviation of the lifetime values of
the individual measurement cycles. The final result of 83(3) ns in
this benchmark study is in agreement with the literature value from
Ref. [15].

ceeds the y error is consistent with the 1o confidence interval.
A potential oscillatory trend in the residuals, not seen in all
data sets (see Fig. 4 in Supplemental Material [16]), falls
within the confidence interval.

In Fig. 2(c), the final results from the lifetime analysis
for RaF are presented, extracted from the different measure-
ment cycles that cover different experimental conditions. The
weighted mean value of the independent measurements is
found to be 35(1) ns.

To test the accuracy of the experimental approach and
analysis procedure, the lifetime of the 8Ps/, state in Fr was
measured using the same approach, and compared with a
literature value from Aubin er al. [15]. The results are pre-
sented in Fig. 3, leading to a weighted mean value of 83(3) ns,
consistent with the literature value of 83.5(15) ns [15].

Results and discussion. The lifetime of the A 21T, /2 state in
RaF was measured to be T = 35(1) ns. The radiative lifetime
and excitation energy of the A *I1j, (v = 0) states across
alkaline-earth-metal monofluorides (and the homoelectronic
YbF) are shown in Fig. 4. A trend of gradually increasing
lifetime for increasing molecular mass is evident, which ap-
pears correlated with a decrease in the excitation energy of
the A 21y states.

The excitation energy is of importance for the laser-cooling
scheme, as it determines the single-photon recoil velocity,
hik /m, where m is the mass of the molecule, k = 27”, and A
is the transition wavelength. The trends in Fig. 4 imply that
laser-cooling efficiency decreases for heavier alkaline-earth-
metal monofluorides, as the molecular mass and transition
wavelength increase, while the increasing lifetime of the up-
per state leads to a reduced photon scattering rate. For the
laser-cooling transition in RaF, the recoil velocity is equal to
022 cms™!.

Based on the lifetime v = 35(1) ns, the radiative decay
rate I' = 1 =2.86(8) x 107 s™! can be extracted. I' is a key
quantity for a number of spectroscopic properties, such as
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FIG. 4. Comparison of the radiative lifetime (upper) and excita-
tion energy (lower) of the A 21T, ,2 state in RaF with MgF [21], CaF

[22,23], SrF [24,25], BaF [26,27], and YbF [28,29]. In most cases,
the error bar is smaller than the data marker.

the natural linewidth (I"/27) of the A 11, n <X Zy, /2 tran-
sition, which is found to be equal to 4.6(1) MHz, and the
maximum photon scattering rate Rg"* of the transition.

For the laser-cooling scheme proposed in Ref. [30], RZ™
can be approximated for optimistic conditions of a magneto-
optical trap as R0™ = I'/7, based on a set of rate equations
as summarized in Ref. [31], which in this case is equal to
R™ =4.1(1) x 10° s~!. With this scattering rate, the op-
tically closed A 21, n <X s, s> transition in RaF could
scatter 100 000 photons in 24.4(7) ms, assuming identical I"
for the v =0, 1, 2 states of A 21‘[1/2 [30]. It is noted that the
accuracy of this expression for R;™ is limited by the validity
of the rate model in a practical setting [31], and these results
thus represent optimistic values. It is possible that experimen-
tal measurements of the scattering rate could be lower than
this value.

Lastly, considering the photon recoil velocity of 0.22 cm
s~!, the maximum scattering rate implies a photon scattering
acceleration of a, = R™ik/m = 9.0(3) km s~2. These re-
sults are summarized in Table I.

Figure 5 compares, based on the lifetime of the A *IT;)»
state and the Franck-Condon factors, the expected perfor-
mance of laser cooling for RaF and stable diatomic molecules

TABLE I. Summary of present results on the radiative decay of
the A *I1y), (v = 0) state in RaF.

Radiative lifetime 7 (ns) 35(1)
Radiative decay rate I" (s™!) 2.86(8) x 107
Maximum scattering rate R"™> (s~!) 4.1(1) x 10°
Natural linewidth I' /27 (MHz) 4.6(1)

Recoil velocity /ik/m (cm s™') 0.22
Doppler limit iI" /2kp (uK) 109(3)
Scattering acceleration @, (km s72) 9.0(3)
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FIG. 5. (a) Comparison of number of photons that can be scat-
tered using the A I1-X ¥ transition before RaF, SrF, CaF, YbF, and
AIF molecules would land in a dark state as a function of the number
of cooling lasers. It is noted that laser cooling in AlF is based on
the A 'TT —X 'S transition, contrary to the AT —X %% transition for
the other molecules. (b) Average time to scatter 10° photons for the
same molecules using the ATI-X ¥ laser-cooling cycle. Values were
extracted using reported Franck-Condon factors and radiative decay
rates [2,3,30,32,33], and the current result for the lifetime of A 1, )
in RaF. (c) Comparison of mean distance required to slow to the
Doppler limit a molecular beam produced by a cryogenic buffer-gas
cell.

that have been successfully cooled, all featuring a laser-
cooling cycle based on optically closed X —II transitions.
Due to its highly diagonal Franck-Condon matrix for the
ATI—-X X transition [30], which far exceeds the diagonality
of the transition in the other molecules, the A >T; 2—X 2y, 2
transition in RaF can scatter an order of magnitude more
photons when using three cooling lasers before a significant
fraction of the molecules is lost to higher vibrational states,
while potentially scattering up to 10° photons using only two
lasers that address the v = 0, 1 vibrational states, as shown in
Fig. 5(a).

Although the radiative decay rate I' is the smallest for RaF,
the time required to scatter 10° photons, which can also serve
as a measure of the time required to slow a molecular beam
down to the capture velocity of a magneto-optical trap, is
comparable to that for other molecules [Fig. 5(b)]. Molec-
ular beams produced by cryogenic buffer-gas cells, which
most often serve as the source in molecular trapping setups,
are emitted with forward velocities that appear to be weakly
dependent on the molecular mass of the beam [34,35]. Fig-
ure 5(c) compares the distance required to slow a molecular
beam down to the Doppler limit using counterpropagating
laser cooling. For a forward velocity of 50 m/s, which is
achievable with a two-stage buffer-gas cell at 1 K, the dif-
ference in slowing RaF compared to the lighter molecules
becomes insignificant for a beamline of realistic dimensions.

As a result, the diagonality of the transition in RaF, which
could allow effective laser cooling with fewer lasers, is ac-
companied by a scattering rate that is comparable to that of
other laser-cooled molecules. A more conclusive discussion
on the number of photons scattered by RaF per cooling laser
would require direct measurements of vibrational branching
ratios in the future.

Beyond RaF, other radium-containing molecules have also
been proposed for searches of new physics based on cal-
culations of a laser-coolable electronic structure. Neutral
polyatomic radium-containing molecules appear to have life-
times in the ns range, such as 7.y = 40 ns for RaOH [36],
making them similarly promising candidates as RaF for laser
cooling and trapping. Therefore, experimental methods for the
measurement of symmetry-violating moments based on laser-
slowed and laser-cooled neutral molecules [37] are expected
to be critical for progress in designing sensitive searches for
new physics with radium-containing molecules.

Conclusions. In this Letter, the measurement of the radia-
tive lifetime of the A 21T, 2 (v = 0) state in RaF is presented.
The lifetime was measured via delayed multistep ionization
using the CRIS experiment at the CERN-ISOLDE radioactive
ion beam facility. The lifetime is determined to be T = 35(1)
ns. Using this value, the radiative decay rate I' = 2.86(8) x
107 s7! is extracted, which further determines the maximum
photon scattering rate R"™ = 4.1(1) x 10° s~!. The validity
of the lifetime measurement in RaF is benchmarked via a
measurement of the lifetime of the 8P, state in Fr using the
same technique. The extracted lifetime for the 8P5,, state in
Fr at 83(3) ns in this work is in agreement with the literature
value.

The quantities reported in this Letter are of direct relevance
to simulations for efficient laser cooling of RaF. Laser-cooled
and trapped neutral molecules are envisioned as sensitive
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probes for future searches of new physics, and owing to its ex-
ceptionally diagonal Franck-Condon matrix, RaF is expected
to scatter 10° photons using only two cooling lasers, while
using three cooling lasers allows scattering an order of mag-
nitude more photons than other laser-cooled molecules. While
the photon-scattering acceleration is lower in RaF compared
to the lighter homoelectronic molecules, it is shown that the
difference becomes insignificant for a molecular source that
produces a sufficiently slow beam (~50 m/s).
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