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Efficient quantum-state detection is crucial for many precision control experiments, such as the ongoing effort
to probe the electron’s electric dipole moment using trapped molecular >*>ThF* ions at JILA. While quantum-
state detection through state-selective photodissociation has been successfully implemented on this molecule,
progress has been hindered by low dissociation efficiency. In this work, we perform spectroscopy on the molecule
to identify excited states that facilitate more efficient photodissociation. For the most favorable transition, we
achieve a dissociation efficiency of 57(14)% with quantum-state selectivity. Additionally, we discuss several
state detection protocols that leverage favorable excited states that will facilitate simultaneous readout of all
EDM relevant states, allowing further improvement of overall statistics.
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I. INTRODUCTION

The field of quantum-state control of molecules has seen
remarkable growth over the past decade, leading to ground-
breaking advancements in quantum information, quantum
simulation, the probing of chemical reactions at the quantum
level, and precision measurements of new physics [1-3]. Our
current work builds on an effort to refine state-selective read-
out in molecules, paving the way for precision measurements
that explore physics beyond the standard model (BSM) of
particle physics. One manifestation of BSM physics is the
presence of electric dipole moments (EDMs) in both elemen-
tary and composite particles [4—7]. Measurements of EDMs,
e.g., Refs. [8-20], serve to constrain the nature of new physics
and guide us toward a more comprehensive understanding of
the universe.

Recent advancements in the quantum state control of
trapped HfF ™ at JILA have resulted in the current best limit on
the electron’s EDM [8,21]. Building on these efforts, the JILA
group is now transitioning to **ThF™, which offers greater
sensitivity to the electron’s EDM than HfF " [22-26]. Concur-
rently, TRIUMF has identified the radioactive isotopologue
22IThF* as a promising candidate for measuring the nuclear
Schiff moment [27-31]. The nuclear Schiff moment mani-
fests as a molecular EDM, which is sensitive to new physics
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within the atomic nucleus, further advancing the growing
field of research on radioactive molecules [32-38]. Efficient
and effective quantum state control of ThF*, a less-studied
molecule, is essential for the successful execution of these
experiments.

While spectroscopy had been conducted on ThF*
[22,23,39—41], the overall performance of quantum-state con-
trol for this molecule left much to be desired. Progress
in the JILA ThF' experiment had been hindered by
low efficiency in state readout techniques; in particu-
lar, resonance-enhanced multiphoton dissociation (REMPD)
[41] achieved an estimated dissociation efficiency of only
4%. In contrast, the dissociation efficiency in the JILA
HfF" experiment was estimated to be about 20%. Both
the JILA and TRIUMF experiments stand to gain sig-
nificantly from a state detection protocol that offers im-
proved efficiency. This work will focus on identifying
transitions within the molecule to enhance dissociation
efficiency.

This paper proceeds as follows. We present an overview of
the energy landscape of ThF' in Sec. II. We give a summary
of a protocol that enables two-state detection in Sec. III,
with which we derive general guiding principles to search
for intermediate states suitable for this purpose. We present
our setup for the survey spectroscopy in Sec. IV A, followed
by our methodology for extracting molecular parameters of
rotational bands found in Sec. IV B. We briefly discuss the
complexity of the energy landscape above molecular dissocia-
tion threshold in Sec. IV C. We show examples of asymmetric
photofragments and discuss state selectivity and dissociation
efficiency for select bands in Sec. V. In Sec. VI, we ex-
plore the prospects of using 2 = 0F intermediate states for
multistate detection. Finally, we conclude with Sec. VII.

Published by the American Physical Society
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FIG. 1. Schematic overview of the energy landscape of ThF*.
Not drawn to scale. The numbers along the vertical axis indicate
energy above the ground state. The horizontal axis in (d) corresponds
to the internuclear separation of the atoms within the molecule. The
horizontal axis does not convey meaning in other panels. Horizontal
lines in (a)—(c) indicate energy levels. (a) Lowest-lying states. EDM
measurements are performed in the X > A (v = 0) vibronic manifold.
(b) Low-lying electronic states used for optical pumping. Numbers
in square brackets correspond to the energy of the states in units
of 1000cm~!. (c) High-lying electronic states used for REMPD.
(d) Conceptual simplified representation of the predissociating en-
ergy landscape. The dissociation energy is 52300 cm~!. Dashed lines
represent diabatic curves connecting to different asymptotic atomic
states. Th** and Th™* represent two (of many) excited states of
the thorium ion. In this example sketch, nonadiabatic couplings can
result in avoided crossings, resulting in adiabatic curves illustrated by
two of the black solid lines. In this work, we perform spectroscopy
to search for states in (c). The arrow connecting states in (a) and
(c) indicate a tunable first REMPD photon. The arrows connecting
(c) and (d) indicate the second REMPD photons. We repeat the
spectroscopy with two different energies for the second REMPD
photon to access different energy regions in (d) (see Sec. IV A in
the main text).

II. ENERGY LANDSCAPE OF ThF*

The energy landscape can be largely split into four regions,
as indicated by the four colored panels [Figs. 1(a)-1(d)].

EZ(‘,(éman ~ 100 Hz

FIG. 2. Schematic diagram of the EDM-sensitive states within
the X 3A,(v = 0,J = 1) manifold. Not drawn to scale. Hyperfine
structure is omitted and only the EDM-sensitive states are shown
for clarity. Within this manifold, there are two Stark doublets, each
described by quantum numbers m;Q2 = +1 and —1, corresponding
to the molecule aligned parallel and antiparallel to the polarizing
electric field, respectively; the electric and magnetic fields point
upward in this figure. The doublets are split by the Stark shift, and
the energy levels within each Stark doublet are split by the Zeeman
shift. EDMs introduce additional shifts in the energy levels, resulting
in energy levels indicated by the gray lines.

We use the ground state in ThF, X 3A; (v =0,J = 1) to
measure the EDM, where v and J correspond to the vibra-
tional and rotational quantum numbers, respectively. In the
presence of a bias electric field with a magnitude of 225 V/cm,
within the X 3 A, (v =0,J = 1) ground rovibronic manifold,
there are two Stark doublets, described by quantum numbers
myQ2 = +1 and m;Q = —1, corresponding to the molecule
aligned parallel and antiparallel to the external electric field,
respectively. Here, 2 and m; are the projections of J onto
the internuclear axis and laboratory frame, respectively. These
levels are illustrated in Fig. 2.

These Stark doublets have very similar magnetic field
susceptibilities [22] and have sensitivities to the EDM with
opposite signs. An EDM measurement is, in its essence, a
measurement of the difference of the energy splittings of each
Stark doublet [21].

We can move the population of our molecules between
states in Fig. 1(a) using optical pumping through intermediate
states in Fig. 1(b). In this work, we survey many potential
intermediate states, as in Fig. 1(c), with the goal of improving
REMPD-based readout of the population in the various states
in Fig. 1(a).

III. RESONANCE-ENHANCED MULTIPHOTON
ASYMMETRIC DISSOCIATION

The use of resonance-enhanced multiphoton asymmetric
dissociation (REMPAD) for two-state readout has seen great
success in HfFt [8,21]. Our two-state readout protocol al-
lows us to simultaneously read out the population in states
of a selected m; in both Stark doublets. This enables us to
perform EDM measurements on both Stark doublets simulta-
neously, bringing two benefits: (i) enabling faster collection
of ion numbers for better statistics, and (ii) suppressing
common-mode noise from ion production and magnetic field
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FIG. 3. Schematic diagram of relative directions of dissociation
laser beam, rotating electric field, and ion detector. (a) A rotating
electric field in the x-y plane defines the direction of molecular
orientation. ThF" molecules are prepared in a statistical mixture of
states aligned either parallel or antiparallel to the field. The molecu-
lar orientations are depicted with varying transparency to represent
snapshots in time, as they adiabatically follow the instantaneous
direction of the rotating field. At each snapshot, the rotating electric
field points towards the dot at the center of the rotating micromo-
tion. (b) Laser beams (shown in pink) are introduced along the y
axis at the moment when the molecular ensemble is instantaneously
aligned with this direction. At this instance, the rotating electric field
is pointing in the —§ direction. Photofragments are emitted along
the £y direction, depending on the orientation of each molecule at
the time of dissociation. (c) After dissociation, the rotating field is
switched off and an electric field along the z axis ejects the Th' ions
toward an ion detector positioned along the same direction. (d) The
(x, y) impact positions of the Th* ions on the detector encode their
velocities in the x-y plane. Ions ejected in the +y direction during
dissociation land on the +y side of the detector, and vice versa.

fluctuations. For more information, please refer to Ref. [21]
and references therein.

The same technique has also been demonstrated in ThF™
[41] but with lower efficiency [42]. We set out to search for
new intermediate states with suitable quantum numbers to
boost the efficiency of the REMPAD protocol.

The physics behind maximizing the efficacy of REMPAD
is rather involved (see, e.g., Refs. [42—45]). Here, a brief
summary follows.

In the presence of an external electric field, heteronuclear
molecules such as ThFT can have well-defined orientations
(i.e., parallel or antiparallel) with respect to the field, as shown
in Fig. 2. In the context of an EDM measurement with ThF™,
the quantum states of interest exhibit molecular orientations
that are maximally aligned and anti-aligned with the field.
Semiclassically, the photofragments (i.e., Th™ and F) are
ejected along their alignment direction upon dissociation. By
directing the ejected ions towards an ion detector in a direction
orthogonal to the direction of photofragment ejection as seen
in Fig. 3, we can identify ions landing on one half of the
detector as belonging to one quantum state and those on the
other half as belonging to another quantum state.

Quantum mechanics dictates that the angular distribution
of ejected photofragments depends on both the quantum
state of the molecule before dissociation and the photon
used for dissociation. Angular distributions that are highly
directional enhance the contrast in two-state detection using

REMPAD. To achieve maximal directionality, it is generally
advantageous to dissociate from a state where the quantum
numbers satisfy J = Q2| = |my]|, as this maximizes molecular
alignment with the laboratory frame. For our purposes, it also
helps to work with the largest accessible J = |Q2| = my state
[42].

When working with a thermal cloud of ions, it is essential
that the kinetic energies of the photofragments are predom-
inantly due to the dissociation process itself, with smaller
contributions from the thermal energies that the ions possess
before dissociation. An appealing approach might be to excite
the molecules to energies significantly above the dissociation
threshold to increase the dissociation kinetic energy. However,
because thorium is a heavy atom, there exists a complex
landscape of dense molecular potential energy curves [hinted
at in Fig. 1(d)] above the dissociation threshold. As a result,
there is a risk of transitioning to a molecular potential curve
that asymptotically connects with excited states of Th* and F.
In such cases, excess energy above the dissociation threshold
may go into exciting the atomic internal degrees of freedom
of Th™ and F, rather than being released as kinetic energy in
the photofragments.

The EDM-sensitive state in ThF* is the X 3A,(J = 1,
my = £1) state, i.e., J = || = |[my| = 1. Hence, we wish
to drive a transition with a circularly polarized photon (the
first REMPD photon) on an R(1) transition to a J = |Q| =
|my| = 2 intermediate state. The second REMPD photon, also
circularly polarized, subsequently excites the molecule to an
energy above the dissociation threshold. The general guiding
principles for the survey spectroscopy are thus to focus on the
search for |2| = 2 intermediate states with high dissociation
efficiency and high photofragment kinetic energies.

IV. SURVEY SPECTROSCOPY
A. Setup

The setup used for the REMPD spectroscopy is detailed
in previous work, see Ref. [22] and references therein and
Sec. 3.3 of Ref. [42]. Here is a brief summary.

After a molecular creation process including ablation, su-
personic expansion, and state-selective photoionization [40],
a thermal cloud of approximately 5000 2**ThF* molecular
jons distributed across the X *A;(v = 0, J = 1-8) manifold
is trapped in a two-dimensional (2D) Paul trap with axial
confinement (secular frequencies of about 2 kHz in all three
directions). We can optionally populate the excited vibrational
manifolds X *A (v = 1,J = 1-2) ora ' X" (v = 0) by apply-
ing optical pumping through states in Fig. 1(b). Two pulsed
laser beams are introduced into the trap from the radial di-
rection, with their k vectors aligned in parallel, to dissociate
the molecules. The pulsed lasers are represented by vertical
arrows connecting Figs. 1(a) to 1(c) and 1(c) to 1(d). Although
the transverse beam profiles of the pulsed lasers are highly
multimodal, we make an effort to mode match the beam
envelopes with the ~5 mm rms size of the ion cloud.

The first REMPD photon is generated by a dye laser with
a 2400 /mm grating, giving a linewidth of about 0.06 cm™!
at 570 nm. The dye laser is pumped at 355 nm by a
flashlamp-pumped Nd:YAG laser (10 ns pulse width, 10 Hz
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repetition rate) with a conversion efficiency of about 15%.
The output of the dye laser is frequency doubled with a
temperature-controlled BBO crystal. Dyes used in this work
include Coumarin 153/540A and Coumarin 307/503. The
wavelength of the frequency-doubled laser is swept across the
entire region covered by the two dyes, from 35500cm™! to
41500cm™!,

The second REMPD photon is generated by the selfsame
pump laser that pumps the dye laser, using either the 532 nm
or 355 nm harmonic. The second REMPD laser pulse, also
10 ns in duration, lags behind the first REMPD laser pulse
by about 2 ns. Temporal delay between the two pulses can be
adjusted with a delay line.

No polarizing electric field is used for the initial survey
spectroscopy. For the follow-up studies characterizing angular
distribution of photofragments through REMPAD, we apply a
rotating electric field to polarize the molecules. For REMPAD
studies, we use optical pumping to prepare our molecules in
the X3A,(v=0,J = 1, my = +1) state at an electric field
strength of 60 V/cm, and reduce it to 20 V/cm for dissociation
and efficient ion kickout.

Immediately after the REMPD lasers hit the ion cloud, all
the ions are ejected towards an ion detection setup formed by
a microchannel plate assembly with phosphor screen (P43).
The ejection direction is orthogonal to the plane of the rotating
electric field and the k vectors of the REMPD photons. Th™
generated from the dissociation and the remaining ThF* are
separated during the time of flight (about 180 us) and arrive
at the ion detection setup separated by 12 us. The phosphor
screen is time gated to image the transverse positions of only
ions arriving within the time window corresponding to that of
Th*. The slower moving ThF* ion bunch is not imaged, but
the total charge collected during the ThF* window provides a
useful shot-to-shot normalization [46].

For survey spectroscopy, the frequency of the first REMPD
photon is scanned in steps of 0.5cm™'. The pulse energies
used are 70 wJ to 400 wJ for the first REMPD laser pulse (lower
energy towards the edge of the effective ranges of the dyes)
and 25 mJ for the second REMPD laser pulse. Both REMPD
photons are circularly polarized with the same handedness,
unless otherwise stated. The entire scan for a combination of
one dye and one choice of Nd:YAG harmonic for the second
photon takes about 50 hours.

We identify several strong bands from the initial survey
spectroscopy and perform scans with finer steps (0.05cm™!
or 0.1 cm™") with reduced pulse energies to resolve the lines
within each band for fitting purposes. Wavelengths of the first
REMPD photon are measured with a wavemeter calibrated to
the rubidium D2 line during the scan.

B. Fitting to rotational bands

Our survey of 6000 cm™! bandwidth reveals hundreds of
rotational bands. Data is available in Ref. [47]. We have the
signal-to-noise and patience to perform finer scans for 57 of
them. Molecular parameters for the bands are determined by
fitting with the following procedure:

(i) All observed bands conform to Hund’s case (c). The
energy of each observed line is fit to the following equation:

E=T+BJU +1)=B"J'J"+1), (1)

where Tp is the band origin of the excited state, B is the
rotational constant, J, once again, is the quantum number
for the total angular momentum of the molecule, and singly
(doubly) primed variables correspond to those of the excited
(ground) electronic state.

(i1) For an unsaturated transition, the intensity of each line
is proportional to the initial population of each rotational state
and by the Honl-London factor:

2
) ) J! 1 J’
HL = 2J' + 1)(2J" + 1)(_9, Q- Q") Q”) )

where €2, once again, is the quantum number related to
the projection of J onto the internuclear axis, and the last
term is the Wigner 3-j symbol, following the convention
in Ref. [48]. The initial populations of the rotational states
are determined by the intricacies of the resonant-enhanced
multiphoton ionization process used to create our molec-
ular ions (see, e.g., Refs. [40,42]). It is not a thermal
distribution.

(>iii) Each of these discrete lines is modeled with a Gaus-
sian profile sharing the same linewidth to be determined by
the fitting algorithm. The resulting intensity profile is used for
the contour fit to data.

(iv) For most bands, we fix B” = 0.24261 cm~! and
Q" = 1, corresponding to the X A (v = 0) vibronic mani-
fold [23]. For bands that only appear after optical pumping
has moved population between vibrational bands, we fix
B”" =0.24161 cm™! and Q" =1, corresponding to the
X 3A (v = 1) vibronic manifold.

(v) Parameters allowed to vary in the fit include Tj, B,
initial population in each of the rotational states up to J” =
8, linewidth, and overall intensity background offset. @’ is
determined by hand from the set {0, 1, 2} by noting the rela-
tive intensities of the PQR branches and presence of certain
lines in the band [e.g., a P(2) line would be absent for an
|| =2 <« X 3A, transition].

(vi) Additionally, we denote = 0 bands as Q = 0" if
we observe dissociation with Q@ =07 < a!Z% as the first
REMPD transition. This applies to those situations where we
intentionally populate the a!=* level; if the parity is not
specified, the parity was not determined.

The fit parameters are shown in Tables I and II in the
Appendix for bands found with 532 nm and 355 nm as the
second REMPD photon, respectively. Examples of the fits are
shown in Fig. 4. As seen in the data from the figure, we have
the option of parking our laser at the desired rotational line
to selectively dissociate a desired J state with low levels of
background from undesired J states.

C. Discussion on energy landscape above dissociation threshold

Certain rotational bands are observed in the photodisso-
ciation signal only when the second photon is 532 nm, and
conversely, other bands appear only when using 355 nm. This
is illustrated in Fig. 5. This observation could be attributed
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FIG. 4. Examples of contour fits performed on bands obtained
from spectroscopy. In all plots, the blue and gray traces correspond
to data and contour fits, respectively. Triangle markers are used to
annotate locations of the P, Q, and R lines to guide the eye. Error
bars in the data are attributed to the standard error in the number of
Th" ions counted across five shots.

to the differences in the energy landscape accessed by the
REMPD photons when using 532 nm versus 355 nm as the
second photon. With 532 nm, we access energy levels from
1000cm™" to 7000cm~! above the dissociation threshold,
while with 355 nm, the accessible range is higher, from
10000 cm~! to 16000 cm™!. The 532 nm and 355 nm photons

are illustrated in Fig. 1(d) by the green and purple arrows,
respectively.

To confirm that the difference is not due to the coarse
steps used in survey spectroscopy resulting in missing lines,
we conduct fine scans on several strong bands and observe
a distinct dependence of their intensities on the wavelength
of the second REMPD photon. Our second REMPD pho-
ton is tunable only with a single large step from 532 nm
to 355 nm. It would be interesting to use a tunable
laser with smaller tunable steps to characterize the struc-
tures of the energy landscape above the photodissociation
threshold.

The energy landscape of a molecule such as ThF*
containing a heavy atom could be quite complex, with
nonadiabatic couplings of molecular potential curves adding
to this complexity. This is illustrated in Fig. 1(d). A
deeper understanding of the molecular landscape above
the dissociation threshold could enable more precise
quantum manipulation and more efficient quantum-state
readout.

V. CASE STUDIES ON € = 2 STATES

We observe several strong dissociating transitions that
involve intermediate states with |2| = 2 character. These
transitions exhibit dissociation efficiencies that significantly
exceed those achieved in the previous REMPAD protocol used
in the JILA ThF' experiment [41]. We first share results
of asymmetric photofragments observed for several bands in
Sec. V A. We then discuss state selectivity of our REMPD
protocol and the distinguishability of the two states in our
two-state detection with REMPAD in Sec. VB. We show
plots of saturation of dissociation for selected transitions in
Sec. V C. Finally, we discuss observed dissociation efficiency
in Sec. VD.

A. Spatial distribution of asymmetric photofragments

When dissociating on the R(1) line, we detect an asym-
metric spatial distribution of the photofragments on our
ion detector. This asymmetry arises from a velocity-mapped
imaging of the ejection of photofragments along the molec-
ular axis and the alignment of the molecules relative to
the polarizing electric field: molecules in m;Q2 = +1 states
are aligned with the electric field, while m;Q = —1 states
are anti-aligned (see Fig. 2). Examples of these photofrag-
ment distributions are shown in Fig. 6. At 20 V/cm, the
linewidths of our REMPD lasers are broad enough to
address both my;Q = +1 states at the same time. To gen-
erate the plots in Fig. 6, we depopulate one or the other
of the m;Q = %1 states using microwaves and optical
pumping [41,42].

We note that the spatial separation of photofragments from
different m; <2 states depends on the polarization of the second
dissociation photon. This dependence may arise from the en-
ergy landscape of the molecule above the dissociation thresh-
old [42]. For example, maximum separation occurs when the
first and second dissociation photons are o+ and o ~ polarized,
respectively, for the bands at 36727 and 37394 cm~!. This
suggests that these transitions connect to |2| = 1 predissoci-

053104-5



KIA BOON NG et al. PHYSICAL REVIEW A 112, 053104 (2025)

Coumarin 153/540A

40 I
z I
G 20 1 i I
R I
(%)
<2 &J—l—nﬁ l “LﬂhLm
c 3 04 M M | —— .
5L = L - 1fy i * LI . "1k
-8 ) [ 532 nm; no optical pumping 1 N |
o . . . | I
2 5004 | 355 nm; no optical pumping I
a | 532 nm; with optical pumping
[ 355 nm; with optical pumping I
400 T T T T T
35500 36000 36500 37000 37500 38000
First REMPD photon energy (cm~1)
Coumarin 307/503
150
I I [ 532 nm; no optical pumping

2 100 1 I ! | 355 nm; no optical pumping
%A I 1 l , f | 532 nm; with optical pumping
‘é‘g 50 1 . n g {1 355nm; with optical pumping
g S 0 . 228l 5 I oo 3 ;' H
=gl i - H R e e
T g B P 13 L TR =1 i ot I
37 100 - : HI LI . 1 pire ! s | .
i T s I
=)

200 A ! I I .

300 T T T T T T T T

38000 38500 39000 39500 40000 40500 41000 41500

First REMPD photon energy (cm~1)

FIG. 5. Comparison of bands observed in survey spectroscopy with two different wavelengths used as the second REMPD photon. In
both plots, the bands observed with 355 nm as the second REMPD photon are presented inverted for easier comparison. For clarity, the ticks
on the vertical axes are different for the 532 nm and 355 nm second REMPD photons. At this scale, each vertical line traced out by the
points corresponds to a rotational band. Top: Bands obtained with frequency-doubled Coumarin 153/540A as the first photon. Bottom: Bands
obtained with frequency-doubled Coumarin 307/503 as the first photon. The bands labeled “no optical pumping” and “with optical pumping”
are attributed to excitation from the X *A (v = 0) and X A, (v = 1) vibronic manifolds, respectively.
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FIG. 6. Asymmetrical distribution of dissociation photofragments for three different |Q2| = 2 intermediate states. Each dot in the plots
represents a Th* photofragment detected by our spatially resolving ion detection system. Dissociation occurs on the R(1) line of each band,
with a 355 nm photon serving as the second photon. The ThF" molecules are initially prepared in the X 3A; (v = 0,J = 1, m; = +1) state,
and one of the Stark doublets (i.e., m;2 = +1 or m;2 = —1) is selectively depleted prior to dissociation. The dots are color-coded according
to the state from which the molecules are dissociated. In each plot, data from two sets of experiment (one dissociating from m; 2 = +1 and
the other from m,;2 = —1) are overlaid for comparison. Histograms displayed at the top and side of each scatter plot show the distribution of
photofragments along the relevant axis, with integration along the orthogonal axis. Dashed lines indicate the first moment of the photofragment
distribution, serving as a guide to the eye. The polarizing electric field is oriented in the positive vertical direction in all plots at the time of
dissociation. The polarization configurations for the first and second dissociation photons in each of the bands are as follows: (a) o™, 0™,
(b)oT,07,and (c)ot, 0.
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ation states. In contrast, the band at 37610 cm~! shows maxi-
mum spatial separation when both photons are o+ polarized,
indicating that this transition connects to an |2| = 3 predisso-
ciation state. For a detailed explanation, see, e.g., Chap. 3 of
Ref. [42].

We observe that the kinetic energies of photofragments
for the entire range of our survey spectroscopy do not vary
significantly. This suggests that while we may be connect-
ing to predissociation states with different quantum numbers,
e.g., 2, at large internuclear separation, these molecular
states asymptotically tend to atomic states that are similar in
energies.

B. State selectivity and distinguishability

The key to REMPAD’s state selectivity is that the angular
distribution of the photofragments bears a memory of the
orientation of the molecule before dissociation. Selectivity in
J and v arises from having REMPD laser linewidths that are
much narrower than the rotational spacings. As one can see
from Fig. 4, the low R lines, corresponding to dissociating
from low J states, are very well resolved and have negligible
background.

We increase the REMPD laser energies for our EDM
measurements to improve dissociation efficiency, which leads
to power broadening of the R lines. However, at the pulse
energies achievable with our laser system, we observe that
power broadening only causes slight leakage from each R line
to the neighboring one. At the start of each experiment, all
molecules are prepared in the X *A; (v = 0, J = 1) rovibronic
manifold through optical pumping, with other rotational states
(e.g.,J = 2, 3) intentionally depopulated. While ion-ion colli-
sions and blackbody radiation can excite some molecules into
the J = 2 state during the experiment, we deplete this state via
optical pumping immediately before dissociation. As a result,
we maintain rotational state selectivity in our REMPD scheme
through dissociation on the R(1) line.

As mentioned earlier, at a polarizing electric field strength
of 20 V/cm, the linewidths of our REMPD lasers are not
narrow enough to energetically resolve the Stark doublets,
meaning both doublets are dissociated simultaneously. To dis-
tinguish between them, we selectively deplete the m; Q2 = +1
or — 1 states prior to dissociation (see, e.g., Fig. 1 of Ref. [22]),
leaving only one Stark doublet for analysis. This allows us
to characterize how well we can differentiate whether an ion
detected on one side of the ion detector corresponds to the
upper or lower m; Q2 states. Despite the highly directional ejec-
tion of photofragments using our REMPAD protocol, Figure 6
shows that some ions from each Stark doublet leak into the
other channel. This is largely due to the thermal energy of
the trapped ThF™ ions not being fully negligible compared to
the kinetic energy of dissociation of the Th™ ions. As a result,
we cannot reliably assign a Stark doublet to ions that fall near
the center of the ion detector. To mitigate this, we define a
swatch region around the middle of the ion detector, ignoring
any ions that fall within it.

Figure 7 illustrates an example of how the swatch can help
reduce unwanted leakage into the other channel at the expense
of reducing total ion counts. We operate with a swatch width
that balances maximal ion counts with minimal leakage. In

(a) Swatch at 34 pixels wide (b) Swatch at 136 pixels wide

600 11%1 600 4%
< 400 4 400 4
X x
CHERARN - . T N CHENE. . S
> 200 > 2004
76% 47%
0 T T T 0 T T T
0 200 400 0 50 0 200 400 0 50
X (pixels)  Occurrences X (pixels)  Occurrences

FIG. 7. Effect of swatch widths on ion counts and leakage ions.
These plots are reproduced from part (c) of Fig. 6. Swatches (in
gray) of various widths are overlaid onto each plot. (a) Above the
swatch, we count 80% and 11% of the ions in m;2 = +1 and —1,
respectively. Below the swatch, we count 7% and 76% of the ions
in m;Q2 = 41 and —1, respectively. (b) Above the swatch, we count
40% and 4% of the ions in m; 2 = 41 and —1, respectively. Below
the swatch, we count 2% and 47% of the ions in m;Q = +1 and
—1, respectively. While contamination from the unwanted doublet
has been suppressed by using a wider swatch in (b), the total ion
counts also decrease. An optimal swatch width balances high ion
counts with low leakage into the other channel.

previous work [21,49], we have characterized the possible
systematic effects of this leakage on the determination of the
electron’s EDM and have developed procedures for keeping
these errors minimal. For more information on the detailed
studies of the swatch using HfF", see Secs. Il and VII of
Ref. [21] and Sec. 3.8.2 of Ref. [49].

C. Saturation of dissociation

Figure 8 contains plots showing the saturation behavior of
the dissociated Th™ ions as a function of REMPD laser pulse
energies for selected transitions. Our REMPD laser beams
have spatial structures due to the multimodal nature of our
pulsed lasers. Averaging over the smaller structures, we fit
our REMPD laser beams to 2D Gaussian profiles with 1o
mean radius of ~4 mm for both the first (tuned) and second
(355 nm) REMPD laser pulses.

The number of dissociated Th™ ions saturate towards the
higher pulse energies (above 20 mJ) of the second REMPD
laser pulse, as can be seen from the plots in the (i) column in
Fig. 8. While the results of only two selected bands are shown
here, this is representative of most strong bands found in our
survey scan.

Similarly, the dissociated number saturates beyond 50 pJ
of the first REMPD laser pulse for the band at 36727 cm™ !,
as can be seen in part (bii) of Fig. 8. However, this is not
representative of most strong bands found in our survey scan.
Instead, most of the bands exhibit saturation behavior, or the
lack thereof, similar to that shown in part (aii) in Fig. 8, where
the dissociated ion numbers continue to increase linearly with
increasing first REMPD laser pulse energy.

D. Dissociation and detection efficiency

For dissociation efficiency studies, we use the highest first
REMPD laser pulse energies achievable with our setup, lim-
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FIG. 8. Saturation of dissociated Th' ions versus REMPD laser
pulse energies for selected bands using 355 nm as the second
REMPD photon. The (a) and (b) rows correspond to dissociation
from the R(1) line of the bands at 37610cm~' and 36727 cm™!,
respectively. The (i) column corresponds to scans performed with
the first REMPD pulse energy held fixed at either 20 or 100 w.
The (ii) column corresponds to scans performed with the second
REMPD pulse energy held fixed at either 10 or 20 mJ. Saturation
in dissociated ion numbers is observed within the ranges scanned
in all plots except for (aii). Details of the laser beam profiles are
discussed in the main text. Lines connecting the points serve to guide
the eye. Each point is an average of ten shots of the experiment and
error bars are associated with the standard error of dissociated ion
numbers. The plotted ion yields have been corrected for off-resonant
contributions of dissociation, which accounts for the decrease in
effect of yields seen at high pulse energies.

ited by the output of our dye laser. We keep the second
REMPD laser pulse energy at 30 mJ.

We determine the dissociation efficiencies of various tran-
sitions as follows. First, we scan a band with well-separated
lines (e.g., the band at 37610cm™") to deduce the relative
population of molecules in each rotational state. We observe
that the distribution of molecules across rotational states re-
mains stable from day to day and we characterize the level of
fluctuation. Second, we dissociate only the J = 1 state via the
R(1) line of the band of interest, simultaneously counting the
dissociated Th™ ions and the undissociated ThF* molecules
with our ion detector. Finally, we extract the dissociation effi-
ciency by taking the ratio of the Th™ counts to the fractional
population of ThF™ in the J = 1 state. We ensure that our Th™
and ThF™ counts are not affected by saturation effects in the
ion detector. To the best of our ability, we ensure that the entire
ion cloud is illuminated by both dissociation laser pulses.

We observe dissociation efficiency as high as 57(14)% on
the R(1) line in the transition with the band at 36727 cm™!,
more than ten times as efficient as the transition used in
our previous protocol [22,40]. The uncertainty is associated
with the combined standard deviations from fluctuations in
the rotational population distribution and detected ion counts.

We notice that depleting the J = 2 state before dissociation
changes the number of detected dissociated Th™ ions by less
than about 2%, suggesting that leakage from neighboring R
lines due to power broadening is minimal. The state selectivity
for the band at 36727 cm™' shown in Fig. 6 is expected to
improve as the ion temperature is reduced below the current
level (~30K), an improvement that is the focus of ongoing
efforts in the JILA experiment.

Most of the observed transitions exhibit dissociation effi-
ciencies on the order of 30%, also surpassing that used in our
previous protocol. Since we are limited by the pulse energies
from our lasers, we do not make attempts to make more sys-
tematic studies on increasing dissociation efficiencies beyond
what are currently observed.

The overall detection efficiency is more involved. This
involves the following: (i) dissociation efficiency, (ii) ion kick-
out transfer efficiency, and (iii) detector efficiency. The first
has already been discussed. The second depends on a multi-
tude of factors. After dissociation, all ions are kicked towards
the ion detector. To optimize the kickout transfer efficiency,
we adjust the ion trajectory by steering the ions during kickout
and tuning the ion optics to modify the focusing strength.
We aim to keep the ions well focused, ensuring that most
reach the detector, but slightly defocused to avoid ion pileup
and allow the ions to spread across the detector surface for
counting via imaging. We estimate the fraction of ions that
miss the detector to be less than 10%. A larger detector and
better controlled kickout conditions will further suppress ion
loss. The third involves an interplay of the fractional active
area and gain of the microchannel plates. The open area
ratio is about 70% in our microchannel plate assembly. The
impact energy of the ThF™ ions is limited to approximately
3 keV, at which the quantum efficiency is estimated to be
30% [50]. Overall, we estimate the detection efficiency to be
57(14)% x 90% x 70% x 30% =~ 11%.

VI. PROSPECTS OF USING 2 = 0* STATES FOR STATE
DETECTION

REMPAD has allowed us to simultaneously measure the
population in two distinct molecular levels. The associated
suppression of various sources of common-mode technical
noise was a key advance responsible for much of the im-
provement in precision between the first [51] and second [8]
generations of the JILA electron’s EDM measurement.

A significant advance would be the ability to separately
measure the populations in all four of the states shown
in Fig. 2. Conceptually, one could convert from spatially
resolved detection of dissociation products to temporally re-
solved. One could, for instance, apply four sets of REMPD
laser pulses, separated by a few milliseconds in time. The
four sets of pulses would represent different combinations
of energies and helicities. Resonance conditions and angular-
momentum selection rules would cause the four sets of laser
pulses to each dissociate a distinct state of the four shown in
Fig. 2. The corresponding dissociation product would arrive
at our detector spaced by the temporal delays between the sets
of pulses. Unfortunately, as a practical matter, the upper and
lower pairs of states in Fig. 2 are separated by only ~100 MHz
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FIG. 9. Proposed four-state detection scheme. (a) Energy struc-
ture of the J = 1 manifold of the X *A (v = 0) “science state”; a
redraw of Fig. 2. Following a Ramsey sequence, we want to measure
the four populations indicated by disks colored red, yellow, green,
and blue. Not shown are the hyperfine structure and the effects of
the magnetic field. (b) The J = 1 manifold after the bias electric
field has been adiabatically turned off. In a simplified understanding,
the color-coded populations shown in (a) track in to the correspond-
ing colors in (b). (c) Schematic level diagram showing the X A,
(v=10,J =1) levels again and two 2 = O states of opposite par-
ity. The = 0 states are spaced by ~100 cm~! and are located
~30000 cm~! above the X *A; ground state. Four sets of REMPD
laser pulses with varying energies and helicities are indicated. Each
set of laser pulses is separated from the others by temporal delays of
tens of milliseconds. Energy resonance conditions allow for coupling
only to the J = 0 excited states [a P(1) transition]. Parity and angular
momentum selection rules are such that the populations represented
by each of the colored disks can be dissociated by only one of
the laser pulses. (d) Schematic electrostatic potential showing the
confining potential trap plus an approximately linear gradient that
will accelerate the photodissociated products (which escape from the
trap) onto the ion detector.

in ThF™", not enough to resolve with our lasers with high
contrast.

Our extensive survey spectroscopy of intermediate states
for REMPD has pointed us to a way around the energy-
resolution limitation. The procedure we propose below is still
under development, but could offer several advantages. In
our survey data, we found a number of 2 = 0 states with
good photodissociation efficiency and well-defined parity. In
several cases the odd and even parity 2 = 0 states are spaced
by ~100 cm~!, readily resolved by our pulsed lasers. In its
simplest version, a four-state detection protocol could go as
follows.

(1) As shown in Fig. 9(a), after the Ramsey sequence, we
have varying populations of molecules in four levels of the
X3A (v =0,J = 1) manifold, states characterized by good
alignment of the molecule along a bias electric field.

(i) Adiabatically ramp down the bias electric field so that
the levels are now states of good parity, separated by the
Q-doubling splitting of ~10 MHz. For now, let us assume
that the populations distinguished by color in Fig. 9(a) adi-
abatically track to the same colors in Fig. 9(b).

(iii) Apply four sets of REMPD laser pulses, each spaced
by a few tens of ms of time delay, with the relevant helicities
and energies such as to be resonant with a Q = 07 (J = 0) or
Q=07 =0)level.

(iv) As shown in Fig. 9(d), the ions are confined in a
shallow ion trap superimposed on a linear gradient, which
can accelerate ions towards a detector. The recoil energy of
photodissociation would be greater than the trap depth, so
that as each level is dissociated, the Th™ ions fall on the
ion detector and are separately counted. The concept here is
basically that of trap-loss spectroscopy [52] and similar to
leak-out spectroscopy [53].

The vision presented above is oversimplified. In particu-
lar, in the presence of (i) rotation of the bias electric field,
(ii) a magnetic field, and (iii) hyperfine structure, the effect
of adiabatically ramping down the electric field is less ideal
than is suggested in Figs. 9(a) and 9(b). In reality, ensuring
that the populations wind up in the desired final states will re-
quire engineered ramps and pulse sequences. We are currently
exploring these issues.

While the vision presented above is inherently interesting
and may have applications in molecular physics or quan-
tum information, the potential gain in data collection over
the current protocol is, at best, a factor of two. More-
over, several technical challenges remain unresolved, and it
is unclear whether even this modest improvement can be
achieved in practice. Therefore, we consider it unlikely that
this approach will be adopted in a fully developed EDM
experiment.

VII. CONCLUSION

We conducted survey spectroscopy from 35500cm~! to
41500 cm™! above the ground state to identify intermediate
states with high dissociation efficiency. Several intermediate
states were found to exhibit dissociation efficiencies surpass-
ing those used in our previous protocol. Molecular parameters
for these states were extracted through contour fitting. Among
the identified bands, several were found to have favorable
quantum numbers, specifically |2| = 2, suitable for two-state
detection using REMPAD. We also propose a new protocol
based on adiabatic mapping, which explores the potential of
using 2 = 0 states for multistate detection. While this work
focuses on ThF™, we believe the principles of REMPAD and
adiabatic mapping could be extended to other molecular ions
with similar structures.
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APPENDIX: IDENTIFIED BANDS

We perform contour fits for 12 and 45 bands identified
with 532 nm and 355 nm as the second REMPD photon,
respectively. The fitting procedure is detailed in Sec. IV B.
Fit parameters are presented in Tables I and II for the bands
associated with 532 nm and 355 nm second REMPD photon,
respectively.

TABLE 1. Bands identified with 532 nm as the second photon. All v =0 and v” =1 bands are fit to B” = 0.24261 cm~' and
B” = 0.24161 cm™!, respectively. Uncertainties are attributed to 90% confidence level obtained from the bootstrap procedure [54] with
100 iterations. We observe long-term drifts in the wavemeter frequency calibration of about 0.1cm™', so all T values are reported with
an uncertainty of this value, much larger than the uncertainties obtained from the bootstrap procedure. The raw data for bands marked with
uncertainties labeled as “(?)” fit poorly with the fit function due to several factors, including low signal-to-noise ratio, presence of overlapping
bands, and the presence of unidentified structures. For these bands, B’ is reported to three decimal places. We use combination differences on
bands with the same €’ to infer vibrational progressions on the X 3A1 (v =0, 1) state. We assume that the transitions address the same v’ in
the excited state. We denote these correlations in the table with (v’, v”), where v” € {0, 1}.

Ty (cm™1) B (cm™) Q v Additional notes

36191.0 0.215(?7) 2 0 Could correspond to the 36190 band in Table I1.

37292.1 0.22237(5) 2 0 -

37315.9 0.20467(4) 0 0 Distinctly different band from 37313 band in Table II.

37416.4 0.217(7) 0 0 Could correspond to the 37416 band in Table I1.

37835.9 0.2217(3) 1 1 -

39091.4 0.239(7) 0 1 Could correspond to the 39091 band in Table II. Possible (v’, 1”) partner to 39744.
39189.5 0.241(7) 0 1 -

39539.1 0.2211(8) 0 0 -

39744.5 0.2325(3) 0 0 Could correspond to the 39744 band in Table II. Possible (v’, 0”) partner to 39091.
39842.7 0.22406(6) 0 0 Could correspond to the 39842 band in Table 11.

40415.4 0.237(7) 1 1 -

40444.7 0.23737(9) 0 0 -

053104-10



HIGH-EFFICIENCY QUANTUM-STATE DETECTION OF ... PHYSICAL REVIEW A 112, 053104 (2025)

TABLE II. Bands identified with 355 nm as the second photon. All v =0 and v’ =1 bands are fit to B” = 0.24261 cm~! and
B" = 0.24161 cm™!, respectively. Uncertainties are attributed to 90% confidence level obtained from the bootstrap procedure [54] with
100 iterations. We observe long-term drifts in the wavemeter frequency calibration of about 0.1cm™', so all Ty values are reported with
an uncertainty of this value, much larger than the uncertainties obtained from the bootstrap procedure. The raw data for bands marked with
uncertainties labeled as “(?)” fit poorly with the fit function due to several factors, including low signal-to-noise ratio, presence of overlapping
bands, and the presence of unidentified structures. For these bands, B’ is reported to three decimal places. We use combination differences on
bands with the same €’ to infer vibrational progressions on the X 3A(v” = 0, 1) state. We assume that the transitions address the same v’ in
the excited state. We denote these correlations in the table with (v’, v”), where v” € {0, 1}.

Tp (cm™) B (cm™) Q' v Additional notes
36019.1 0.2320(17) 1 1 Possible (v', 1”) partner to 36672.

36190.9 0.223(?) 2 0 Could correspond to the 36190 band in Table 1.
36390.3 0.2281(2) 0 0 -

36407.6 0.22885(15) 0 0 -

36440.4 0.2241(3) 0 0 -

36520.7 0.2246(8) 1 1 -

36672.2 0.23372(13) 1 0 Possible (v’, 0”) partner to 36019.

36727.1 0.2276(6) 2 0 -

36740.9 0.2284(13) 2 1 Possible (v', 1”) partner to 37394.

36764.5 0.2158(4) 0 0 -

36957.1 0.224(2) 2 1 Possible (v', 1”) partner to 37610.

37239.0 0.2251(10) 2 0 -

373134 0.2161(4) o 0 Distinctly different band from 37315 band in Table 1.
37394.0 0.22868(7) 2 0 Possible (v', 0”) partner to 36740.

37416.4 0.220(?7) 0 0 Could correspond to the 37416 band in Table 1.
37610.3 0.22711(9) 2 0 Possible (v', 0”) partner to 36957.

37753.3 0.2137(2) 0 0 -

37826.7 0.227(7) 0 1 Possible (v', 1”) partner to 38479.

37886.4 0.2246(6) o* 0 -

37964.4 0.2248(2) 2 0 -

38253.2 0.226(3) 0 0 -

38341.7 0.22570(11) 0 0 -

38402.2 0.218(?7) 2 1 Possible (v', 1”) partner to 39055.

38479.9 0.2212(7) 0 0 Possible (v', 0”) partner to 37826.

38489.0 0.2216(10) 2 0 -

38581.0 0.218(2) 0 0 -

38584.4 0.2187(14) 0 0 -

38759.1 0.223(3) 0 0 -

38804.8 0.2127(2) 0 0 -

38929.9 0.2243(14) 0 0 -

39055.3 0.2169(7) 2 0 Possible (v', 0”) partner to 38402.

39091.4 0.239(7) 0 1 Could correspond to the 39091 band in Table I. Possible (v', 1”) partner to 39744.
39097.1 0.23143(14) 1 0 -

39395.8 0.23061(15) 2 0 -

39501.4 0.217(3) 0 1 Possible (v', 1”) partner to 40154.

39620.2 0.220(7) 0 1 -

39721.2 0.2296(2) 1 0 -

39744.6 0.225(7) 0 0 Could correspond to the 39744 band in Table I. Possible (v’, 1”) partner to 39091.
39842.6 0.2239(5) 0 0 Could correspond to the 39842 band in Table I.
40117.3 0.230(3) 0 1 -

40154.4 0.2243(13) 0 0 Possible (v', 0”) partner to 39501.

40246.8 0.2256(6) 0 0 -

40311.8 0.23175(17) 1 0 -

40332.9 0.2304(2) 0 0 -

40529.9 0.2259(4) 2 0 -
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