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ABSTRACT

The application of mass-analyzed threshold ionization (MATI) for the state-selective preparation of
diatomic molecular ions is presented. Based on photoexcitation of long-lived high-n Rydberg states,
molecular ions are prepared in a single rovibronic level by pulsed-field ionization. We present a the-
oretical analysis and a recipe for obtaining an optimal energy ratio between such selected ions and
molecular ions in unwanted rovibronic states, created by direct photoionization. It is shown that
the second-order chromatic aberration of a dc quadrupole bender can be used to isolate the state-
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selectively prepared molecular ions. The phase-space properties of ions prepared by MATI are ideally
suited for axial injection into a linear radio-frequency trap. A modified approach for carrying out MATI

within such an ion trap is also described.
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1. Introduction

Precision spectroscopy of molecular ions has emerged as
a tool for testing fundamental physics and for developing
molecular ion clocks. Applications include determining
fundamental constants [1-7], searching for their possible
variation [8], and probing fundamental symmetries [9].

Preparing ions in a single, well-defined quantum
state is essential, both to raise signal-to-noise ratios
in experiments with large ion clouds and to enable
measurements with a single ion. Because molecules
possess rotational and vibrational degrees of freedom,
the population spreads over many levels, and so state-
selective preparation methods are essential compared to
atoms.

Electron bombardment is a common route to ion pro-
duction, but offers little state selectivity [10]. It is often

applied to thermal molecular samples, where the pop-
ulation is already distributed over many rovibrational
levels. For heteronuclear diatomic and polyatomic ions,
a non-zero electric dipole moment permits fluorescence
on experimental timescales, and as a result, electronically
or vibrationally excited populations tend to relax into the
vibronic ground state. Nevertheless, black-body radia-
tion at typical trap temperatures redistributes the pop-
ulation among rotational levels, even for light ions with
large rotational constants [11].

Resonance-enhanced  multiphoton  ionisation
(REMPI) uses a resonant transition to excite a chosen
rovibrational level of the neutral precursor. Because ion-
isation accesses the continuum, selectivity in the ionic
states is governed primarily by energy conservation.
With a suitable resonance and an appropriate REMPI
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scheme, the lowest rovibrational levels of the ion can be
loaded [12, 13]. Compared to electron bombardment,
the higher selectivity of REMPI arises from the much
narrower energy spread of the laser compared to the elec-
tron beam. In addition, propensity rules associated with
the autoionizing Rydberg states accessed in REMPI can
bias the resulting distribution over ionic rovibrational
levels [14].

Without a state-selective source of ions, quantum-
logic spectroscopy (QLS) offers a practical alterna-
tive [15-19]. A single trapped molecular ion can be ini-
tialised in a chosen rovibrational state, repeatedly inter-
rogated, and reused, thereby reducing the load on ion
production by avoiding destructive detection. Starting
from an unselective source, logic operations with a co-
trapped atomic ion can be used to identify the target state
and then isolate it for further study [20].

An alternative strategy is to develop ion-production
methods that are both highly selective and capable of
high repetition rates. Merkt et al. pointed out in 1993
that the spectroscopic scheme underlying zero-kinetic
energy photoelectron spectroscopy (ZEKE PES) [21] and
mass-analysed threshold ionisation (MATTI) [22], delayed
pulsed-field ionisation (PFI) of high-n Rydberg states,
can be used to prepare ions in selected rovibrational lev-
els [23]. In their work, hydrogen molecular ions were
selectively prepared in different rotational levels of the
electronic ground state with v = 2. An extension to
polyatomic molecules, C;H; in this case, was reported
later by Jacovella and coworkers [24]. The state selected
ions were not spatially separated and remained in the
supersonic beam.

Compared to electron bombardment and REMPI, the
MATI method allows selective preparation of ionic states
with arbitrary rovibronic excitation. Exotic states, inac-
cessible from the ground state, can be prepared using
a multiphoton, stepwise resonant excitation scheme,
by maximising the overall Franck-Condon factors. The
highest vibrational levels of the electronic ground state
and the rovibrational levels of the first excited electronic
state of Hi, HD* and D} can be prepared in such a
way [25, 26]. These excited states can be beneficial in
precision measurements, because they offer an enhanced
sensitivity for fundamental constants, such as the proton-
to-electron mass ratio [27], or peculiar effects like ortho-
para mixing [28-30].

In this paper, we review the MATI mechanism and dis-
cuss additional requirements to efficiently extract only
the state-selectively prepared ions from the supersonic
beam and inject them into a radio-frequency ion trap,
which offers long interaction times and good control of
environmental conditions. Based on designs for EBIT
sources, we analyse a system containing a dc quadrupole

bender and ion lenses to deflect the ion packet out of the
supersonic beam and focuses it into the trap [31-38]. The
results presented in this paper are general to ions of any
charge-to-mass ratio.

2. Principle of mass-analysed threshold
ionisation

Like ZEKE, MATT spectroscopy relies on the electric field
ionisation of long lived high-n Rydberg states. An electric
field F (in V/cm) can lower the ionisation threshold by ~
4.84/F cm™! [39]. Figure 1(a) shows the laser excitation
from a ground or intermediate state into a region above
the lowest ionisation threshold with three ionisation lim-
its |a), |f) and |y ), each representing the threshold of
a Rydberg series. At the indicated excitation energy one
obtains ef|a), ngl|f) and n, €|y ), where ¢/n ¢ indi-
cates a continuum or bound (Rydberg) state with orbital
angular momentum ¢, respectively. With the laser red-
detuned by about 2 cm™! from threshold |5), ng A~ 250
and ng > n,. The so-called prompt ions in state |a) are
produced immediately through direct photoionisation.
The lifetime of the bound Rydberg states scales with n°
and the states can decay by fluorescence, predissocia-
tion or autoionisation. Only autoionisation will produce
molecular ions and because the Rydberg channel of |5)
is energetically closed, these ions can only be formed in
the state |a). The high-n Rydberg states nz{|f) can be
additionally stabilised through (i.) stray electric fields, for
example through the prompt ions, which will lead to ¢-
mixing and (ii.) collisions leading to m-mixing. Each of
these effects adds another factor of n to the lifetime, so
that Rydberg states with n > 150 typically have lifetimes
in the microsecond range.

A small electric field, here called pre-pulse, is applied
first and it will sweep the prompt ions out of the exci-
tation region and field-ionise the highest Rydberg states
lying in the range of ~ 1 cm™! below the |5) ionisa-
tion threshold. This ion cloud, which contains particles
in state |a) and |f), respectively, is spatially separated
from the (neutral) high-n Rydberg states. A second pulse,
the main pulse, field-ionises the remaining nz¢|f) Ryd-
berg states, selectively producing ions in the state |f).
The interaction between the Rydberg electron and the
molecular ion core is negligible in high-n Rydberg states,
so that the quantum state of the ion will be conserved
during the pulsed-field ionisation. The £-mixing fur-
ther diminishes any remaining interaction with the ion
core by adding character of the high-{ non-penetrating
Rydberg states to the low-{ Rydberg states, typically
accessible in field-free photoexcitation. The absence of
field-induced autoionisation is apparent by the fact that



ion signals are only observed in MATTI within the nar-
row energy range of field ionisation below each of the
ionic thresholds [40]. At this point three particle pack-
ages exist, as indicated in Figure 1(b): the remaining
neutral particles (black), the state-selected ion cloud,
here called MATTI ions (red), and the prompt ion cloud
(blue/red). The low-n Rydberg states converging to the
|y) threshold are potentially subject to autoionisation
into the |a) continuum, either under field-free or field-
induced conditions (different parity and angular momen-
tum selection rules apply). Under typical conditions, the
ions produced in that way will be part of the prompt-ion
cloud. The situation becomes more complicated when
the ionisation thresholds |£) and |y) are within the
MATI resolution of approximately 1 cm™!, an exam-
ple being the hyperfine structure of Hy (~ 0.03 cm™1).
In this case, Stark-induced mixing will prevent any dis-
crimination of ions between the two thresholds. While
MATI based methods cannot be used to create molecu-
lar ions in selected hyperfine states, this might be possible
by pulsed-field ionisation of hyperfine-resolved Rydberg
states [41].

In MATT spectroscopy, the pre- and main-pulse, as
well as the time delay between them, will influence the
total time-of-flight and need to be optimised so that the
prompt and MATT ion signal do not overlap, as shown
in Figure 1(c). From a practical point, it is advantageous
to have the smaller MATI jon pulse arrive before the
larger prompt ion pulse to avoid saturation of the detec-
tor. The drift region is essential for obtaining a large
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difference in the arrival time on the detector. In con-
trast, the maximum difference in the speed is obtained
at the end of the stack, or when the main pulse is
turned off.

Experimentally, both dc and pulsed implementations
are possible. For dc MATI, a Wiley-McLaren type setup
with three electrodes/meshes can be used [42]. In the
simplest case, this defines two regions with electric fields
Fp and Fy, for the pre- and main-pulse, respectively.
The velocity of the neutral molecules in the super-
sonic beam in combination with the lengths of the two
regions sets the timescale. For pulsed MATI, a set of
electrodes is combined using a voltage-divider network
with impedance matching [39], so that a homogeneous
electric field can be applied over a large volume. After
a field-free excitation, the pre-pulse F,, is applied for a
duration tps followed by the main-pulse F,.

A typical experimental setup for MATI spectroscopy
employs pulsed dye lasers with nanosecond pulse lengths
and can operate at repetition rates between 1 and 1000 Hz
and produces between 1-100 ions per shot. These rep-
etition rates for the ion production surpass the typical
cycling rates for the ion trap precision measurements.
It can be expected that the separation between prompt
and MATT ions becomes more challenging with increas-
ing mass, but MATT has been applied successfully even
for heavier molecules. The mass and the ion velocity
also control the timescale needed for the ion trans-
port from the source region to the ion trap. For het-
eronuclear molecules this might mean that black-body-
induced redistribution must be taken into account.
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Figure 1. Principle of Mass-Analysed Threshold lonisation (MATI). a) Energy-level scheme for the photoexcitation with Rydberg series
converging to three ionic levels |a), |8), |y ). The laser is slightly red-detuned from the |£) ionisation limit. b) Separation of prompt
and MATI ions for dc and pulsed MATI. The grey arrow indicates the molecular beam and the dark blue circle the excitation region. The
composition of the ion clouds is indicated by color, |a) (dotted, blue) vs | #) (dotted, red), and the relative position of the neutral molecules
(dotted, black) is shown. c) Trajectories for pulsed MATI of the prompt (blue) and MATI (red) ions. See text for details.
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Figure 2. (a) Stark map for the (n = 181, m = 0) manifold. Only every 20th Stark component is shown for clarity. Various field-ionisation
rates are indicated for the individual components by dots. The red line indicates the classical saddle-pointionisation threshold. (b) Survival

fraction of Rydberg states as a function of the electric field. For all
reduced mass correction.

2.1. lonisation rates & survival fractions

The field-ionisation rates of the high-n Rydberg states
must be known to evaluate the effect of the pre- and
main-pulse. Maximally efficient state preparation with
MATT ionises as few Rydberg molecules as possible with
the pre-pulse F,, but maximises the spatial separation
and the velocity difference of the prompt and MATT ion
clouds.

Following the procedure outlined in Ref. [39], we cal-
culated the Stark-shifted energies and ionisation rates for
agiven field strength F, based on a perturbative treatment
for the hydrogen atom [43]. Figure 2(a) shows the simpli-
fied Stark map for the manifold withn = 181 and m = 0
(there is a total of 181 substates, but only every 20th com-
ponent is plotted, centered at the n; — ny = 0 compo-
nent). For a single principal quantum number, high- and
low-field seeking states are field ionised at significantly
different field strengths. The classical saddle-point ioni-
sation threshold [44], predictive of the earliest-ionising
sublevels, is plotted in red. The ionisation rate increases
exponentially with F [43], resulting in a negligible proba-
bility that a given sublevel has an ionisation rate compara-
ble to the experimental timescale. This means that pulsed
field-ionisation can be assumed to be instantaneous on
the timescale of the ion trajectories. We assume a thresh-
old ionisation rate of 10°s~!, and molecules that have a
calculated ionisation rate greater than the threshold are
assumed to be instantly field ionised.

Figure 2(b) shows the survival fraction of the Rydberg
level population, characterised by the principal quantum
number 7, as a function of the electric field strength.
For a fixed field, it can be seen that the survival fraction
sharply increases from < 1% to > 99%. Indicated by red
arrows are the detuning (~ 3 cm™!) and the line width

shown calculations, the Rydberg constant R is used, without the

(~ 1 cm™!) of the photoexcitation laser. The maximum
pre-pulse amplitude is determined by having a maximum
1% loss of the highest Rydberg states through ionisa-
tion by the pre-pulse and the minimum main-pulse field
strength is given by requiring field-ionisation of 99% of
the original population. The smallest difference between
pre- and main pulse for a given range of Rydberg states
(corresponding to a horizontal band in Figure 2(b), on
the order of ~ 2 V/cm) is caused by the significantly dif-
ferent field-ionisation rates for low- and high-field seek-
ing states. In principle, the main-pulse could be made
arbitrarily strong, however, the kinetic energy of the ions
gained during PFI must be removed for injecting them
into a trap.

The transition probability for the Rydberg excitation
scales as 3, and the level density scales as n?, canceling
each other out in the regime where the spacing between
Rydberg levels is much smaller than the linewidth of
the laser. This leads to a constant photoexcitation cross
section for the quasi-continuum of the high-»n Rydberg
states.

3. Energy ratio via dimensionless parameters

For traditional spectroscopic applications of MATI, the
difference in the total flight time (in the MATT stack
and the drift region) between the prompt and MATI
ions is maximised [42]. We consider a MATI configura-
tion, where the electric fields are applied parallel to the
direction of the supersonic beam. As will be discussed
in Section 4.3 this proves to be advantageous for inject-
ing the ions, given the small transverse velocity spread.
Applying MATTI to ion generation, the figure-of-merit
is the energy ratio x = vZ;,1y/ Vlz)rompt’ as a large energy
ratio improves the performance of the ion extraction. The



kinetic energy of the prompt ions is calculated assuming
constant acceleration during the pre- and main pulses,
as long as the ions remain within the separation region.
For MATT ions, only the main pulse leads to accelera-
tion. In general terms, the pre-pulse will set the relative
positions of prompt and MATT ions at the onset of the
main pulse, which in turn determines the total distance
traveled under the acceleration of the main pulse field.
To simplify our treatment, we assume:

e The MATI takes place with a uniform electric field
within the separation region, which extends from —L,
to Ly around the photoexcitation point.

o lonisation occurs instantly at field strengths that lead
to an ionisation rate of > 10%s~1. See Subsection 2.1
for details.

o The initial velocity and position spreads of the excited
molecules are neglected.

e Space-charge effects are neglected.

Under these assumptions, a clear optimum in energy
ratio is found in both accelerating and retarding pre-
pulse cases.

The initial velocity of the neutral beam vy, the duration
of the pre-pulse #,, the distance from the laser excitation
to the edge of the uniform field region L, s, the mass of
the molecule m, the charge of the resultant ion g, and the
respective pre-pulse and main pulse field strengths F,, and
F,, are expressed with three dimensionless parameters,

A R L
T
f P zmv

7 is the ratio of the drift distance of the neutral molecules
during t, compared to the effective separation region
length. MATT is only defined between z > 0 (no pre-
pulse) and 7 < 1 (Rydberg states leave the separation
region and are not field ionised). € represents the ratio of
the main and pre- pulse field strengths and for MATT we
impose |€| > 1. The ratio of potential energy caused by
the main pulse (f, = 0) to the kinetic energy of the neu-
tral molecules is given by a. a represents the upper limit
of the kinetic energy that the MATT ions will gain and it is
assumed that o > 1. It represents the upper limit because
any experimental MATT implementation involves a delay
between the pre-pulse and the main pulse, during which
time the state-selectively excited molecules will drift for-
ward, reducing the total length over which they will be
ultimately accelerated during the main pulse. « is distinct
from x in that x represents the actual energy ratio aris-
ing from a MATT sequence, whereas a corresponds to the
hypothetical energy gain factor that would be achieved if
the MATT ions were field-ionised and accelerated imme-
diately after Rydberg excitation.
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The dimensionless parameterisation of the MATI
sequence shows that the mass of the state-selectively
excited molecule emerges in two different parameters,
explicitly in the denominator of a, but also implicitly in
7 because of the vy dependence in the numerator. For a
supersonic beam, one finds vy o «/1/m [45], implying
that heavier molecules drift more slowly. Optimal values
of 7 then require either a shorter separation region length
Ly, or longer pre-pulses (this can increase the radiative
loss). The parameter o becomes independent of the mass
due to the cancellation in the denominator (mv(z) x mP).
When a gas mixture is used, the dependence of v on m
breaks down and the only generalisation that can be made
is the scaling of 7.

3.1. Accelerating pre-pulse, ¢ > 1

The results are divided into two sub-cases depending on
whether the prompt ions remain (regime a, 7 < 7*) or
are ejected (regime ¢, 7 > ) from the separation region
during the pre-pulse, as shown in Figure 3. 7* is obtained
as 7% = 2—chveleta) V;(EM) The optimal (largest) energy ratio
always occurs at the boundary (dashed line, case b in
Figure 3) for ¢ = 7*. This corresponds to the prompt ions
exiting the separation region at the same moment that the
main pulse turns on.
The energy ratio is given by

4€®(a(t — 1) = 1)

<7
a’t2(e —1) —4(a + 1)
k= € +4ate(e — 1)
e(l4+a—ar) -
o+e€ -

3.2. Retarding pre-pulse, ¢ < —1

For the retarding pre-pulse, two sub-cases can be defined
depending on whether the prompt ions remain (regime
e) or are ejected (regime d) from the separation region
before the main pulse arrives. In the latter case, the energy
ratio is formally not defined, but experimentally this cor-
responds to perfect separation of the prompt and MATI
ions, both traveling in opposite directions. The prompt
ions are able to explore the part of the separation region
upstream of the laser excitation. We introduce the length
of this region using the parameter r = L,/Ly, as a ratio.
The dashed line in the left side of Figure 3 indicates the
—5+«/m
a

boundary, for which 7} =2 .Fort <},

4€?(a(r = 1) = 1)

= a?t2(e — 1) — 4(a + 1)e? + 4are(e — 1)
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The prompt ions have a larger kinetic energy than the
MATI jons, ¥ < 1, because they are accelerated by the
main pulse over a longer distance. The energy ratio
improves monotonically (x decreases) with increasing 7.
A retarding pre-pulse is more efficient for short pre-
pulse durations (see Figure 3 for 7 < 0.3). The parameter
space where the accelerating pre-pulse is more efficient is
shaded red (between regime a and b in Figure 3).

3.3. Reducing the energy spread and enhancing the
energy ratio

For molecules that have undergone Rydberg excitation,
the initial position distribution, dictated by the spatial
extent of the excitation laser, is the dominant cause of
energy spread within the MATT ion ensemble. A different
initial position in the separation region directly translates
into a different kinetic energy gained by the ions during
the main pulse. This can be improved by switching the
main pulse off, while all MATT ions are still within the
electrode region. In this case, the energy gain for all ions
is set by the MATI pulse duration and not by the traversed
distance.

By decelerating the prompt and MATT ions in a later
stage, the energy ratio between the prompt and MATI
ions and within each group of ions can be enhanced.

3.4. DC MATI

The previous analysis for pulsed MATI can be applied
for the dc case, by identifying that for z = 1 the Ryd-
berg molecules have reached the end of the first (F,)
segment. The kinetic energy gain, AK, > 0, in the sec-
ond (F,,) segment is the same for both prompt and

MATT ions. In turn, the energy ratio at the end of
the first segment, ¥ = €/(a + €), increases monoton-
ically with increasing AKj, according to ¥ = (AK; +
%mvé)/ (AK; + %mvf,mmpt). For a retarding pre-pulse,
the preferred configuration corresponds to regime (d)
in Figure 3, where the prompt ions are ejected in the
opposite direction, achieving a perfect separation of the
prompt and MATT ions. Continuous molecular beams
might benefit from dc MATT.

4. Energy-selective elements and ion injection

Implementation of an energy selection scheme prefer-
ably takes advantage of ion optics elements that are
already used in experiments that inject externally pro-
duced ions. DC Quadrupole benders [46] and Einzel
lenses are almost universally found in existing experi-
ments that involve ion injection into linear Paul traps,
Penning traps, and also occasionally for injection into
reflectron mass spectrometers [31-38]. The former in
particular is promising for serving a dual purpose, sepa-
rating the prompt and MATT ions from the neutral beam
but also isolating the MATI ions based on their specific
kinetic energy. We find that the energy selectivity of these
existing beamline elements is sufficient, eliminating the
need for dramatic changes in existing experiments to
accommodate specialised ion beam monochromators.

4.1. Quadrupole bender

The quadrupole bender [46] is a ion optics element that
bends a beam by 90°. The bend takes place in the plane
of an electrostatic quadrupole field, with the beam enter-
ing along the tangent to the equipotential surface midway
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bender, broadly similar characteristics are obtained.

between the hyperbolic electrodes. Chromatic aberra-
tion, the energy dependence of the optical properties,
serves to separate the prompt and MATT ions by exploit-
ing their energy ratio.

Figure 4 shows the general scheme for the use of
an idealised quadrupole bender as a monochromator,
to separate the MATI ions from the prompt ions. As
seen in Figure 4(a-b), the deflection of the positively-
charged ion beam arises as a combination of repulsion
from the positively-charged electrodes and attraction to
the negatively-charged electrodes. The quadrupole ben-
der is, to first order, insensitive to the ion energy (first-
order achromatic) and offset from the nominal trajectory.
The energy selectivity arises only as a second-order effect,
giving a tradeoff between selectivity and beam quality.
A first-order energy selector would be able to distin-
guish between prompt and MATI ions, that have very
close kinetic energies, but the MATI ion beam would
be degraded by the energy spread within the MATT ion
cloud.

With a first-order achromatic energy selector, the rel-
atively small energy spread of the MATT ion beam causes
negligible distortion, but the separation in kinetic ener-
gies between the prompt and the MATT ions must also
be larger. Figure 4(c), shows that a perfect separation of
the two beams requires an energy ratio of about 30%,
which, see Figure 3, can be easily achieved for x < 0.7 or
x > 1.3. The limited energy selectivity of the quadrupole
bender is compensated by the large energy ratio that can
be achieved by optimising the MATT operating point.

The selectivity of the quadrupole bender is only
dependent on the kinetic energy per unit charge, not on
the mass of the ion. This is seen by reparameterizing the

equation of motion using 1 = t//m

d?r 4’7 N
may=q2="1 VO(r).
Furthermore, the ion’s charge g enters only as a mul-
tiplicative factor to the potential, which must anyways
be tuned so that the principal ray emerges at a right
angle. Therefore, the results that are presented for the
quadrupole bender are general for any mass or (nonzero)
charge.

To simulate the energy-dependent acceptance of the
quadrupole bender without complicating the analysis
with too many device-specific effects, such as fringing
fields, an ideal quadrupole potential was assumed. The
size of the incoming beam was set as 1/10 of the bending
radius, R, and for the purposes of producing sub-figures
(a) and (b), the incoming beam was considered to be per-
fectly collimated. The equations of motion for the ions
are numerically solved, and the final state of the ion,
once it has reached the boundary of the square simula-
tion domain, is checked to determine if it satisfies the
acceptance condition. We chose two sample acceptance
conditions: (i.) for the solid blue line, the transmission
efficiency is defined as the proportion of the incident ions
that remain within an offset of R/10 from the beam axis
and (ii.) the dashed red line is obtained by finding the
fraction of particles that have an angle of less than 0.5°
from the beam axis.

4.2. Einzel lenses

In an Einzel lens, separation is not achieved via chromatic
aberration but by setting the central electrode potential
so that prompt ions lack the energy to pass through.
However, using an Einzel lens alone in the beamline is



8 D.Y.KNAPP AND M. BEYER

)

o
C T
———
———

MATI Region Bender (Energy Selection) lon Injection Optics
20

| | I | | —
B | | |
g0l | | | — .E
5 | | | Tangential Plane Ray Fan L F
= 0 i | S ©
8 M —
& | e H 5
S0f | | — o £
& | |

| |

| |

| |

| |

S
= 0 e, = o -
T 9| |f’;
9] =
z 5 i N
a
5 5 é: | ! ! |
€ N
© = Bender
0 -10 [ 5
o L2 1 1 | 1 1 | 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450

Axial Position (mm)
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energy of the MATI ions along the instrument axis.

unfavorable, as it keeps state-selected ions in the neutral
beam path, raising the risk of ion-neutral collisions, and
links the lens’s focusing properties to the required energy
resolution.

4.3. Injection

For axial injection of ions into a linear Paul trap it is
important to focus the ion beam to a small area at the
trap entrance, minimising the effect of the rf fields. The
initial radial displacement will define the amplitude of
the transverse motion in the ion trap. An ion beam
that can be tightly focused should have a small beam
radius and a small transverse velocity spread (i.e. being
collimated). Both of these requirements are satisfied by
MATI, because the phase-space volume of the state-
selected ions (the beam emittance) is relatively small. A
skimmed supersonic beam of neutral molecules inher-
ently has a tight transverse and longitudinal velocity dis-
tribution. The spatial extent of the ion cloud is given by
the intersection of the molecular and laser beams, select-
ing an ensemble of excited molecules that is narrowly
distributed simultaneously in space and velocity.

A proposed scheme for state-selective ion preparation
using MATI, energy selection with a quadrupole ben-
der, and injection of the resultant ions into a linear Paul
trap is shown in the upper panel of Figure 5 [47]. The
system consists of an electrode stack for pulsed MATI,

a quadrupole lens before and after the quadrupole ben-
der, and an objective lens assembly. The lower panel of
Figure 5 indicates the potential energy that the ions will
experience while traversing the system. The initial kinetic
energy (indicated by a dashed line) that the ions will gain
during the MATT sequence sets the dc bias of the ion trap.
The value is chosen to be slightly lower to guarantee a
low velocity of the ions when entering the trap. Admit-
ting the ions is accomplished by temporarily lowering
the entrance endcap potential, as depicted in Figure 6(a).
During the injection, a shallower axial trap depth is pre-
ferred so that the ions take longer to rebound from the far
endcap electrode. Switching the endcap on with the ions
in the vicinity would accelerate them. If a stronger con-
finement is required, the relative dc bias between the rf
quadrupole electrodes and the endcaps should be slowly
increased.

4.4. MATl inside of an ion trap

Compared to the dedicated MATI setup as described
before, in a linear Paul trap, a strong rf electric field is
present. Under typical operating conditions, this field is
sufficient to field-ionise the high-n Rydberg states [13].
MATT within an ion trap is challenging because of the
necessity to distinguish between the prompt ions and the
state-selected ions, rather than indiscriminately trapping
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Figure 6. The potentials associated with (a) injection of externally state-selected ions into an ion trap and (b) a scheme to accomplish

MATI directly within an ion trap.

everything that was ionised within the trap. Nonethe-
less, within segmented traps that allow modulation of
the axial potential, the endcap potentials may be used to
perform MATTI using a supersonic beam that is directed
axially into the trap. Figure 6(b) shows an example of
such a scheme. The laser is aligned to be slightly in front
of the central segment, such that the prompt ions are
pushed backward upon being ionised, and are trapped
in the first segment of the trap. The Rydberg molecules
are allowed to drift further towards the second segment,
and the field ionisation is achieved by suddenly increas-
ing the potential applied to the central dc electrode. This
ionises the molecules, trapping them within the second
trap segment.

Written in terms of the Mathieu q and a parame-
ters [48] for an rf angular frequency Q, the field ampli-
tude as a function of r is given by

el = 2 (g4 1 1)
mad = 5ze \ 172 )"

Here, q (the Mathieu parameter) is taken to be positive,
m represents the mass of the ion species being trapped,
Z its charge state, and e, the elementary charge. This
parametrization removes the dependence on the trap
radius. The period of the rf drive is much faster than the
time that a neutral molecule takes to drift into another
segment, so the above formula is an accurate representa-
tion of the maximum electric field that would be seen by
a radially displaced molecule in a Rydberg state.

In the a = 0 case (no static quadrupole field compo-
nent), this expression can be further simplified to elim-
inate other apparatus- and ion-specific constants. In the
secular (g < 1) limit, the effective trap depth U.g in volts
(defined as the time-averaged potential energy of a test
charge at a radial displacement equal to the trap radius
R) is given as

@ mQ2R?
16 Ze

Ueﬁ

The maximum field strength at radius r, per unit trap
depth is obtained:

| Fmax| N §L
Uesr qu'

This expression loses its dependence on ion-specific
parameters such as m and Z because the ion trap drive
voltage amplitude and frequency share the same depen-
dence on them when we impose that the trap depth is the
same.

In the case of an H;L in a 10 MHz linear Paul trap,
operating at g = 0.1 and a = 0, the resultant field gradi-
ent is roughly 40.9 (V/cm)/mm, using Equation (1). The
trap depth given by these parameters with a trap radius
R = 5mm is approximately 1.28 V. For heavier ions, the
trap parameters can be varied (the rf amplitude and/or
the rf frequency reduced) to keep the same 1.28 V trap
depth, resulting overall in the same 40.9 (V/cm)/mm field
gradient. This result is therefore general to ions of any
charge-to-mass ratio.

The steep field gradient imposes the requirement that
the excitation volume (intersection of molecular and
laser beams) be a fraction of a millimeter in radius,
or alternatively, that the trap must be operated at an
extremely weak confinement during the MATT sequence
by reducing the Mathieu parameter g (or Q, if at all exper-
imentally feasible). MATT within an ion trap is therefore
not entirely impossible, but it poses formidable experi-
mental challenges, especially for heavier ions that require
larger rf amplitudes to confine.

5. Conclusion

By parameterising the MATT sequence with a pre- and
main pulse, an optimal energy ratio between MATI and
prompt ions can be identified for a range of experimen-
tal conditions. We have shown how standard ion-optical
elements can then be used to isolate the MATT jons and
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outlined the requirements for efficient axial injection into
a linear rf trap. An experimental implementation for
the state-selective preparation of Hj ions is currently
under construction, and the accompanying code enables
adaptation of these results to other use cases.
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Appendix. Design procedure

A.1 General scheme

A design procedure to optimise the operating point of a MATI
system is presented below, assuming Ly = L, for simplicity. If
perfect separation of the ions is possible by making L, suffi-
ciently small, the analysis below is unnecessary.

(1)

2

3)

(4)

©)
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Choose a laser detuning and linewidth. These parame-
ters create an upper bound on the pre-pulse field strength
Figure 2(b) and a lower bound on the main pulse field
strength. Key considerations include
(a) efficient use of the laser’s spectral density so that not
too much of the power goes to photons with energies
higher than the ionisation threshold, and
(b) avoidance of interlopers that may reduce the lifetimes
of nearby Rydberg levels.

If possible, a larger red-detuning from the ionisation
threshold is preferred because this gives more flexibility
in choosing a larger pre-pulse field strength F, (radiative
decay may become prohibitive).

Choose main pulse field strength F,,. Several possible
considerations may set an upper bound for F,, including
(a) theintended final kinetic energy of the state-selectively
prepared MATT ions, and
(b) field-induced autoionisation.

Within these limitations, F,, should be chosen to be as
large as possible, to obtain better energy ratio.

Choose the pre-pulse field strength F,. A full analysis
requires a numerical calculation of the ionisation rate
for each excited sublevel, but the classical saddle-point’
threshold can be used as a rough heuristic. The highest
Rydberg level prepared by the excitation laser should not
be field-ionised by the pre-pulse. The pre-pulse should
always be chosen with the largest possible magnitude, as
this gives a monotonic improvement for the energy ratio.
The only question that remains is whether to choose a
retarding pre-pulse € < 0, oranaccelerating pre-pulsee >
0. This choice should be made in the final step. At this
point, the magnitude but not the sign of € is determined.

Choose a separation region length L to obtain a. This may
be an iterative process that involves carrying out the rest
of the design procedure to determine if the chosen value is
suitable. A longer L (corresponding to an increasing value
of ) results in a larger energy ratio x for a given €, because
the state-selected ions are accelerated over a longer dis-
tance. However, this comes with the tradeoft that a longer
pre-pulse duration ¢, is required to bring the prompt
ions to the end of the region before applying the main
pulse.

The final step involves the determination of 7, and the
determination of the sign of € (that is, whether a retarding
or an accelerating pre-pulse is chosen). For the acceler-
ating pre-pulse case, choose the final operating point to
be

7 = min (rmax, z'*) , (A1)

where 7max corresponds to the longest experimentally
viable pre-pulse duration, and the other option (z*) is
the global optimum for energy ratio, corresponding to the
condition that the prompt ions exit the stack just as the
main pulse is applied. Tmax is practically set by the life-
time of the state-selectively excited Rydberg levels. For the
retarding pre-pulse case, T = Tmayx is the optimal oper-
ating point because the energy ratio improves monoton-
ically. However, no additional improvement is achieved
by using a longer prepulse, beyond the point 7 > 7},
where the ions are ejected from the back of the separation
region. The ¢ cases should be compared to choose the
final operating point. For reference, the parameter space
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where € > 0 gives a superior energy ratio is highlighted in
Figure 3.

A.2 Example application 1:Hi"

As an example, we consider the state-selective production of
rovibrational levels of H;‘ (laser linewidth of 0.1 cm™1).

(1) We choose a laser detuning of about —2.7 cm™! from the
ionisation threshold, corresponding to excitation around
n = 200, where a large S/N-ratio is expected [41]. Ryd-
berg levels in the principal quantum number range n =
193, ...,207 are included within two linewidths from the
center, and we consider this to be the manifold of state-
selectively excited Rydberg levels (this is a slightly smaller
range than in the exaggerated illustration for Figure 2(b)).

(2) The main pulse field strength F,, must be sufficient to
ionise all of the excited Rydberg levels. The n = 193 man-
ifold sets the lower limit, and inspection of Figure 2(a)
shows that a field of about F,, > 2.0 Vcm ™! should be
used to efficiently ionise all of the levels. Although a larger
field would give better results in practice, we choose F,,, =
2.0V ecm™! for the purposes of determining the worst-case
scenario.

(3) The n = 207 manifold of Rydberg sublevels ionises at
the lowest field strength, so these effectively set the
upper bound for the pre-pulse field strength, giving
roughly |Fp| < 0.34 V. cm™!. At this point, we have |¢| =
20Vem~1/0.34Vem™! & 5.9

(4) We assume an upper bound of 10 us for the pre-pulse
duration that would realistically be used. The supersonic
molecular beam of neutral H, has an initial speed of
roughly 3000ms™!, so the desired pre-pulse duration
implies that the separation region length L should be
about 3 cm long at minimum, but the stack should be
made longer so that the MATI ions can still be accel-
erated after the full pre-pulse duration has been used.
Therefore, we choose L = 6 cm. Note that H,, being the
lightest molecule, is somewhat of an extreme case in
this respect, and heavier molecules will require signifi-
cantly shorter separation regions. Overall, we have a =
12eV/0.094 eV ~ 128.

(5) We have already chosen 7m,x = 0.5 by doubling the drift
distance of the neutral beam at the maximum pre-pulse
duration to obtain L. With this choice, substituting into
Equation (A1), we find the optimum operating point for
the pre-pulse duration to be v = 0.35, the global maxi-
mum for the chosen a and |e|, corresponding to a 7 s
pre-pulse for the chosen operating parameters. This gives
an energy ratio factor of x = 3.7, comfortably more than
even the loose bounds for a quadrupole bender as a
kinetic-energy-selective element Figure 4. Smaller 7 are

also acceptable, for instance, for r = 0.25, an energy ratio
of approximately x = 1.5. At 7 = 0.25, the accelerating
pre-pulse is only marginally better than the retarding pre-
pulse, assuming Ly = L.

A.3 Example application 2: O;‘

As a second example, we consider a heavier diatomic molecule,
O;‘, for which ZEKE measurements have been performed [49].
Steps (1) through (3) are identical to the above H; case if the
quantum defect is neglected.

(4) The supersonic beam of O; is expected to have an initial
speed of roughly 750 m s™!. Taking the same 10 s upper
bound on the pre-pulse duration, we obtain L = 7.5 mm
long at minimum, but including the allowance for addi-
tional acceleration after the full pre-pulse duration, we
take L = 1.5 cm. Overall, we have o = (2V cm™!)(3 cm)
€/0.094eV = 32. (The resultant kinetic energy of the
molecules in the supersonic beam is the same.)

(5) We obtain * = 0.57, but for the design we stipulated that
Tmax = 0.5. This indicates that the separation region is
too short to obtain the optimum energy ratio. We can
move forward and use the full 10 us allotment for the
pre-pulse duration, or by lengtheningto L = 2.5cm, t* =
0.48 (corresponding to 9.6 us) can be achieved because the
lengthened region gives o = 53.

If 10 us is found to be too long of a duration for the pre-
pulse, a long separation region can be used to enhance a. For
instance, taking L = 5mm, we find t* = 0.74 and the opti-
mal pre-pulse duration is reduced to 5 us. The energy ratio
suffers, with « = 1.33 in this configuration, at the lower limit
of the quadrupole bender’s energy resolution (at least with
the acceptance conditions we use as examples in the main
text).

It is worth investigating the retarding prepulse case. Take
L, — 0 to obtain the most advantageous configuration for
ejecting the prompt ions backwards (the distance to the back
is minimised to ensure ejection with the shortest possible
prepulse). Then 7 = —4¢€/a, and since the state-selectively
excited molecules must stay within the separation region, 7} <
1 = @ > —4¢ = 23.6. This is achieved with Ly > 1.1 cm.
However, this represents the extreme case where the MATI ions
are field ionised at the exact moment that they leave the separa-
tion region, at the exact moment where the prompt ions leave
the separation region at the opposite side, a situation that is not
experimentally viable. Taking a small margin and setting Ly =
1.5cm, we find that 7 = 0.74, corresponding to a pre-pulse
duration of 15 xs, much longer than what is achievable using
the accelerating pre-pulse. We conclude that the accelerating
pre-pulse is strongly preferred.
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