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Abstract:

We propose to perform the first measurements of the level energies, fine and hyperfine
structure, and lifetimes of the 6D3/55/2 states of neutral francium using Collinear
Resonance Ionization Spectroscopy. We furthermore propose to map the nP and nF
Rydberg series. All data can be gathered using the isotope ?2!Fr, which is continually
produced from a previously irradiated UC, target. These measurements will lay the
groundwork for future precision experiments, e.g. searches for atomic parity violation
using transitions to these 6D states. To date, no experimental information is known on
these states, despite predictions of their superior sensitivity to new physics.

Requested shifts: 14 shifts in 1 run



1 Physics Motivation

Studies of parity non-conservations (PNC) form one of the current frontiers in the search
for physics beyond the standard model (BSM) [1]. In atomic systems, there are two main
sources of parity non-conservation interactions. The first is the interaction between the
nuclear anapole moment and the atomic electrons, while the second is due to neutral
current weak interactions involving the exchange of Z; bosons between electrons and
the nucleus [2—4]. The latter can be classified into nuclear spin-independent and nuclear
spin-dependent PNC interactions, depending on whether the vector and axial-vector
currents come from the nuclear or electronic parts of the atomic system [5]. So far,
the most precise measurement was performed on the 6S;,, — 7S5;/2 transition in Cs
with the use of a spin-polarized atomic beam, achieving a precision of 0.35% [6,7], in
agreement with predictions from the standard model. However, the anapole moment
extracted from the nuclear spin-dependent contribution in the measurement is neither
consistent with shell model theory, nor with scattering experiments [8,9]. For this reason,
to find evidence for BSM physics, and to interpret this evidence, it is crucial to perform
additional measurements on different atomic systems.

Since the successful measurement of an atomic parity violation (APV) amplitude in
Cs, atomic theory has been continuously developing, aiming to reach the required
precision in the weak-interaction-perturbed E1 matrix element to constrain new physics.
Precise calculations of the E1 matrix element are necessary in order to interpret the
measurement in Cs and use it to constrain new physics [10]. Improving the precision
of atomic calculations in Cs to the 0.5% level or better remains a topic of active
research, benchmarking the theory through numerous observables [11-14]. As APV
experiments using Fr are underway, similar benchmarks are being developed based on
what is currently known in Fr [15]. The importance of QED contributions to atomic
structure has been long recognized in terms of its relevance to new physics searches with
Cs [10, 16, 17], but such studies are limited in Fr, partly due to the lack of available
experimental information. The proposed measurements in Fr can provide valuable
input to the theoretical campaigns, as demonstrated by similar comparisons between
predicted excitation energies and Collinear Resonance Ionization Spectroscopy (CRIS)
measurements in RaF molecules, which have proven to be a powerful benchmark of QED
effects at the 0.5% level [18].

Francium has no stable isotopes; the longest-lived isotope has a half-life of 22 minutes.
Nevertheless, in-depth studies of the atomic structure have been performed, from
which the energies of the stationary states [19-22], hyperfine splittings [21, 23, 24], and
radiative lifetimes [25-29] have been determined. A compilation of all atomic data up
to 2007 is given in [30]. This experimental knowledge of atomic structure has enabled
extensive studies of hyperfine structure and isotope shifts of long isotopic chains over the
years [20,31-33], most recently at ISOLDE [34-39] and TRIUMF [40-42]. The empirical
understanding of francium, and the possibility of trapping and cooling neutral Fr atoms,
has set the stage for precision PNC measurements in both optical and microwave
regimes [43]. Currently, there are active collaborations operating francium atom traps at



TRIUMF [44], Legnaro [45], and RIKEN [46,47].

Recent theoretical work has highlighted that the differences between caesium and
francium result in a larger PNC amplitude in the 75, — 857/, optical transition in
Fr as compared to the 65/, — 75/, transition in Cs, by a factor of about 15 [48,49].
Moreover, while there is a significant cancellation in the s-s PNC amplitude due to
different correlation corrections, this is not the case for s-d PNC amplitudes, both for
caesium and francium, as reported in [50]. As a result, the PNC amplitude in the
7512 — 6D3/55/2 transitions in Fr is predicted to be almost 4 times larger than the
7512 — 852 transition in Fr and more than 50 times larger than in the 651/, — 75/,
transition in Cs [49,51,52]. Considering also the predicted long lifetimes of the excited
63/, and 6D5/, states [53], they represent an attractive future candidate for unprece-
dented precision in a PNC experiment. However, to date, these states have not been
experimentally studied.

2 Proposed measurements

Utilizing the efficiency and versatility of the CRIS experiment at ISOLDE, we propose
to perform the first measurements of the level energies, fine structure, hyper-
fine structure, and lifetimes of the 63/, and 6D5/, states. These measurements
are motivated as follows. In Figure 1 calculated level energies of the 6D3/, and 6Dj /s
states are summarized; the spread is as large as a few 100 cm~!. By pinning down these
level energies, and their fine structure splitting, an important benchmark for the accuracy
of current and future atomic theory calculations will be set. Measurements of hyperfine
structure of heavy atoms provide an excellent probe of the accuracy of calculated wave-
functions [15], which is understood as an important ingredient in new physics searches [1].
Verification of the predicted lifetimes of these states is equally important to test atomic
theory, but also from a pragmatic perspective, as sufficiently long lifetimes are a require-
ment for future precision studies [46] - verification of the theoretical calculations is thus
of critical importance. One of the co-authors of this proposal, B. Sahoo, is an expert in
relativistic coupled-cluster calculations, and will provide all required theoretical input for
the interpretation of our results.

In addition, we also propose to perform first studies of the nF Rydberg series,
and to clarify the evolution of the nP Rydberg series. In contrast to the well-
studied nS and nD series, thoroughly explored up to about n=20 (except the 6D states, as
discussed before), these two Rydberg series have essentially not been studied experimen-
tally at all [58]. In doing so, we will provide the remaining missing data on the heaviest
alkali element. The study of these Rydberg series also feeds into the development of more
sensitive laser ionization schemes relying on field ionization [59], which may enable online
measurements beyond our previous limits.
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Figure 1: Theoretical values of the 6D level energies, taken from [54-58]. Note that the
rightmost data point represents an extrapolation based on a Rydberg-Ritz fit of the nD
Rydberg series [58].

2.1 Proposed measurement scheme

The goals set out by this proposal can be reached through the study of any isotope
of francium. The isotope 2?'Fr is continually produced in a previously-irradiated
uranium-carbide target through the a-decay of ?°Ac. It should also be noted that
francium is produced via surface ionization, thus not needing the RILIS ion source for
production. Thus, the proposed measurements could be flexibly scheduled, as no new
target, proton irradiation, or RILIS support is needed. The experiment can thus also be
performed during the ‘winter physics’ part of the ISOLDE programme.

Figure 2 summarizes the experimentally directly measured levels in francium. As
mentioned in the previous section, 6Ds3/95/2-states have so far not been studied exper-
imentally. The level energies have only been predicted via an analysis of the energies
of the other nD states, using the Rydberg-Ritz formula [58], and all other observables
(hyperfine structure, lifetime) are based only on theoretical calculations. Similarly, the
nP (n > 9) and nF series have so far not been observed.

Part of the reason for this absence of data lies in the fact that it is difficult to excite Fr
atoms into these states. For the 6D-states, only three options present themselves. The
first is to perform an electric quadrupole excitation from the 757/, state; however, the
small transition matrix elements for this process render this challenging. The second
option is to attempt an optical pumping process, whereby the atoms are excited to
higher-lying nP states, from where they can decay spontaneously into the 6D-states; the
spectroscopy can then be performed with (an) additional laser(s). As a third option, a
laser can be applied to drive these nP-6D transitions. This last option represents the
optimal route for experiments in a collinear geometry, as this can be done efficiently
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Figure 2: Levels and dipole-allowed lines in neutral Fr. Grey numbers are energies, in
cm™1, of each level [19,20,58,60]. Theoretical values are in parenthesis. The colored
arrows correspond to the three steps of the step-wise excitation and ionization scheme
(discussed in more detail in the text).

during the few us the atoms are present in the beamline.

We propose the following measurement scheme.

Step 1:  Optimize the CRIS setup with the previously used, highly efficient 422 nm
+1064 nm laser ionization scheme (Si/2 — 8P — continuum). By doing these
measurements in high-resolution, we will also determine accurately the S/, — 839
transition energy.

Step 2: Leaving a 10 GHz bandwidth laser tuned to the 422 nm resonance, spectroscopy
can be performed on the 8FP3/ — 6D3/o and 8P3/5 — 6D5/, transitions. In this
scheme, these resonances are detected as a drop in the ionization signal, since only
atoms in the 8 P3/5-state can be ionized by the 1064 nm laser. The transition wave-
lenghts are predicted to be 1346 nm and 1383 nm. We will use a continuous wave,
narrowband (bandwith < 1 MHz) laser to ensure the hyperfine structure can be
resolved.

Through this sequence of measurements, the absolute energies of the 6D
states, their fine structure splitting, and hyperfine structures, can all be
obtained, thus reaching most of our goals. Note that, in order to ensure the results
are not just precise but also accurate, careful measurements of both laser wavelength
(using a frequency-comb calibrated wavemeter, see [61]) and the beam energy (by taking
data in an anti-collinear/collinear geometry [62]) have to be performed.

To improve the quality of these data, and to prepare for the lifetime measurements, the
following step will be undertaken:
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Figure 3: Simulated spectra of the 8P 33/ — 6D3/25/9 transitions. For details on the
assumptions made, see text. In total, these three spectra would require 5 shifts.

Step 3:  With the precise energies of the 6 D35 5/9 levels, the nP, nF Rydberg series will
be searched for. This will be done by blocking the 1064 nm laser, and scanning a
pulsed-dye laser up in wavelength, starting from 602 nm. This laser will excite from
the 6D3/55/2 state to an nP or nF state, which is then field ionized at the end of
the CRIS interaction region [59]. From this point on, all measurements can be per-
formed using S/, — 8P3/2 — 6Ds3/5 52 — nP/nF’, thus obtaining a background-free
detection scheme. The improved signal-to-noise ratio of these spectra will signifi-
cantly improve the quality of the (hyper)fine structure constants we extract for the
6D states.

This second stage of the experiment will yield the energies of the nP, nF
Rydberg series. The convergence of Rydberg series, in general, provides an excellent
and accurate way to measure ionization potentials. Thus, the new data will improve the
precision of the ionization potential of francium. Finally, the lifetime of the 6D states can
also be measured:

Step 4: Lastly, a lifetime measurement can be performed on the 6D states by delaying
the timing of the 6D3/55/2 — nP/nF Rydberg laser and monitoring the decrease in
ion yield. Theoretical predictions place the lifetime of these states at 540(10) and
1704(32) ns [53].

With this step, all the targeted observables will have been measured.

3 Shift estimates

As this experiment both involves level searches, and aims perform precise and accurate
measurements, a prognosis of the shift request is not straightforward. In this section, we
go through the steps outlined above one by one, to motivate the shift request.

To set up Step 1 of the experiment, and to optimize our setup, we request
three shifts of beamtime.

From previous experience with irradiated targets, we expect a production of 10 pA of
21y, For this experiment, we plan to use 1 pA. At this intensity we are confident we



are not saturating ISCOOL, which would otherwise affect the resonance center positions
systematically [63]. The total efficiency for the 422 nm +1064 nm scheme has been
demonstrated to be of the order of 1%; we will assume here it is 0.5%. Signal rates
of ~ 30 kHz are thus expected in step 1 of the experiment. Estimating the efficiency
of transferring the electrons from the 8P states to the 6D state is not straightforward;
however, typically, we have been able to transfer at least 5% in any given step of a
multi-step excitation scheme. Figures 3 show the simulated spectra, taking hyperfine
constants from [64] scaled with the known electromagnetic moments of ?*'Fr. The size of
the scan range is based on the current uncertainty on the predicted level energies of 0.05
cm~1.! Note that this uncertainty may be underestimated; faster, broadband resonance
location strategies can be used to narrow down the scan ranges, as was successfully done
in the original Fr measurement campaigns, and our recent molecular structure studies
of RaF [65]. Each datapoint in Figure 3 represents an average of 5 seconds of data
taking; in total, these three spectra present about 10 hours of cumulative data-taking.
This sequence of measurements should be repeated at least three times for a complete
statistical analysis. Thus, we request 4 shifts for data taking in step 2, with an
additional shift of overhead to set up the lasers and their associated frequency
measurement systems, for a total of 5 shifts.

Step 3 of the experiment consists of directly ionizing from the 6D states, by exciting to,
and field-ionizing, the Rydberg nP and nF series. Here, the entire operational range (=
50 nm) of a dye laser (utilising DCM dye) will be scanned. The width of these resonances
is determined by the bandwidth of the dye laser, which is of the order of 10 pm. We
thus need to make 5000 frequency steps, allowing for a few seconds of data taking per
point. Covering the entire range for both the 63/, and 6Ds/, is thus expected
to take about two shifts. At this point, measurements of the hyperfine structure
of the 6D states can be repeated, to further improve the significance of the extracted
(hyper)fine structure information under different conditions. For step 3 we request
two shifts.

The lifetime measurement consists of recording the ion counts as function of the delay
of the last step of the RIS scheme. For step 4, we request two shift for this
measurement, most of which will be dedicated to fully exploring possible sources of
systematic uncertainty.

Finally, we would like to request two shifts to investigate the possibility of measuring
isotope shifts of the 6D states, by studying 220:222.223Fyr. These isotopes are likely only
produced in comparatively small amounts; however, if an efficient RIS scheme is found,
their study may still be feasible. This would provide perspectives for resolving hyperfine
anomaly effects [42], and for reducing uncertainties in PNC extractions due to electronic
wave functions.

In total, we thus request 14 shifts using a previously irradiated UC, target.

1

1Ref. [58] states “our predicted values should not exceed a few 0.01 cm™! in ns and nd series”; we

thus take a limit of 0.05 cm~!.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (name the fized-ISOLDE installations, as well as
flexible elements of the experiment)

Part of the Availability | Design and manufacturing

CRIS experiment X Existing | X To be used without any modification

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Hazards

named in the document relevant for the fixed CRIS installation.
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