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High-mass matter-wave interferometry opens interesting perspectives for testing fundamental physics while
posing intriguing challenges in experimental technologies. Here we explore the source and detection techniques
that will be the basis for the next generation of quantum experiments with objects at least one order of magnitude
more massive than the current state of the art. Magnetron sputtering provides a means to produce a continuous
metal cluster beam with a large variability in material composition, structure, temperature, velocity, electric,
and magnetic properties. The mass-scalable nanoparticles come with high ionization yield and a detected beam

brilliance of up to 10'! sr~!

s~! clusters. We find favorably slow and narrow velocity distributions for mass-

filtered clusters up to 800 kDa, which can also be readily ionized, manipulated, and detected by 266 nm UV
laser light. The source-detector combination that we demonstrate here fulfills the essential requirements for a

next generation of nanoparticle interferometry.

DOI: 10.1103/PhysRevA.106.023312

I. INTRODUCTION

Matter-wave interferometry with massive objects is attract-
ing a growing interest as a paradigmatic example of quantum
physics at the interface to classical phenomena. Many
speculations have emerged on how matter-wave research
could contribute to testing spontaneous [1] or gravitationally
induced wave function collapse [2,3], probe nonstandard de-
coherence, potentially by light dark matter [4], or mesoscopic
remnants of microscopic space-time fluctuations [5]. At very
high masses it could probe dephasing caused by the grav-
itational redshift [6] and one might probe the universality
of free fall with quantum particles across a mass range and
material diversity that cannot be covered by any other present
experiment [7]. On top of such fundamental considerations,
it is an important task to explore how far we can push ex-
perimental tests of the quantum superposition principle, since
its transition to classical observations is still at the heart
of ongoing debates on the foundations of physics. Recent
experimental demonstrations of very massive or widely de-
localized quantum systems include cryogenic cantilevers [8]
or trapped nanoparticles in their ground states [9] as well as
matter-wave interference of neutrons [10] or atoms [11] in
superpositions extending over 10-50 cm. Even families of
tailored, hot molecules beyond 25 kDa [12] and antibiotic
polypeptides [13] have been seen to reveal their matter-wave
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nature. Our present work prepares a different line of research
targeting high-mass interferometry with metal clusters well
beyond 10° Da.

Several particle sources have already been explored in
the past: Direct nanosecond laser desorption (ns-LD) from
a moving powder plate has proven useful in launching in-
tact families of tailored organic molecules [14] as well as
atomically defined metallic giant nanoparticles [15]. Pulsed
laser desorption was also key in demonstrating matter-wave
interference with tailored macromolecules [12]. Such sources
usually generate beams of internally hot particles with lim-
ited brilliance and broad velocity distributions (100-200
m/s) even for particles in the 10-100 kDa range. Similar
or higher velocities are observed in the neutral part of the
plume ejected by matrix-assisted laser desorption ionization
(MALDI) [16,17]. In contrast to these direct laser desorption
methods, laser-induced acoustic desorption can launch neu-
tral 10 kDa molecules as slow as 20 m/s [18] and silicon
nanospheres of 10 GDa even below 1 m/s [19]. Laser-induced
acoustic desorption has also proven valuable for loading elec-
trical traps in mass spectrometry [20] and quantum optics [21]
but generally produces dilute and divergent beams.

In our present work we focus on a different material class
for matter-wave interferometry, specifically metal nanopar-
ticles and explore a suitable particle source, its velocity
distribution and the ionization efficiency with regard to the
requirements of our next-generation matter-wave interfer-
ometer [22]. In matter-wave experiments, the time for the
wave function to expand increases with the particle mass. A
Talbot-Lau interferometer with 133 nm period gratings will
require particles slower than 150 m/s for masses beyond
m = 150 kDa, as indicated by Fig. 5. We find magnetron sput-
tering to be a promising source and we identify continuous
deep UV ionization as a useful detection technique. Both are
scalable in mass and material composition.

Published by the American Physical Society
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FIG. 1. A DC magnetron sputters a metal target in pure argon. Cluster aggregation occurs at 300 K at a base pressure of 1 mbar. The gas
flow carries singly charged and neutral clusters through a 1-5 mm variable iris first into a chamber at about 0.01 mbar, then through differential

pumping stages into a quadrupole mass filter at 1 x 10~7 mbar. A first i

nteraction zone allows UV-ionization beam depletion of the neutral

cluster beam. The first UV laser along the molecular beam path is used to measure the relative depletion efficiency as well as the velocity
distribution and the absolute photoionization cross sections of the clusters. A second UV interaction zone at the entrance of the quadrupole
mass filter is used to compare photoionization with electron impact efficiency. lons up to 3 MDa can be filtered with Am/m > 5% and be

detected by an electron multiplying detector after impact on a conversion

Possible ways to realize matter wave-front division (beam
splitting) in depletion gratings can be for example via frag-
mentation [23] or photocleavage [24]. Here we study the
efficiency of photoionization [25,26], with continuous rather
than with pulsed gratings. We make use of the photoelectric
effect and chose metals with work functions significantly be-
low the energy of a single photon at 4.6 eV.

II. EXPERIMENT

Magnetron sputtering is a widely used method in cluster
beam science [27]. We use a water-cooled DC magnetron
(Oxford Applied Research) with an argon plasma at an
electrical power of up to 150 W. For masses up to 250 and
600 kDa we explore yttrium and hafnium. Both materials
feature a low bulk work function of W(Y)=3.1 eV
and W(Hf) =39 eV, enabling photoionization under
continuous (cw) deep-UV (266 nm, 4.6 eV) laser irradiation.
They also exhibit small magnetic susceptibilities which
avoids magnetic dephasing in quantum experiments:
x(Y)=12x10* m3/mol and x(Hf)=7.0x 1073
m3/mol. Their high melting points [7;,,(Y) =1799 K
and T, (Hf) =2506 K] favors the generation of larger
seed particulates and larger clusters. Since yttrium and
hafnium have high atomic masses [m4,(Y) =89 u and
my(Hf) = 178 u], fewer atoms are required to form
nanoparticles of high mass. This will later allow forming
particles of 10% Da without the cluster size exceeding the
period of a UV standing light wave [22].

The overall layout of the experiment is shown in Fig. 1.
It utilizes a DC magnetron sputter source, a UV photodeple-
tion stage as a probe for future matter-wave gratings, and a
high-mass quadrupole mass filter where neutral clusters can

dynode.

be ionized and counted after secondary electron multiplication
via a conversion dynode.

The first ultraviolet laser beam is used to deplete the par-
ticle beam in mass-selective measurements of cluster beam
velocity and ionization cross sections. For that purpose it can
be mechanically chopped to imprint a time-modulated deple-
tion signal. The second laser beam is positioned within the ion
region of the quadrupole mass detector stage to complement
the electron impact ionization. This allows us to compare
electron impact with UV photoionization for both materials in
all cluster number states and for all velocities. The two laser
beams are separated by 0.93 m. This gives the neutral clusters
sufficient travel time to obtain their velocity distributions via
time-of-flight measurements.

Two UV laser beams are generated by second harmonic
generation (SHG) of which each is pumped with 4 W of green
laser light (532 nm, Coherent Verdi V18, 10 MHz linewidth)
in two frequency doubling cavities (Newport Wavetrain 2).
The intensity of the beams is adjusted by polarization optics.
We obtain routinely about 1 W of 266 nm radiation in each of
the two elliptical Gaussian beams. The doubling cavities are
purged with purified air and the emitted UV intensity is stable
over ~10 h with an average power loss of 3% per hour. This
can be compensated by a slight cavity re-alignment or a shift
of the doubling crystal.

The mass spectrometer is a custom-made adaptation of
a quadrupole mass filter (Oxford Applied Research) which
we have augmented with an electron impact ionization stage
and a secondary electron multiplier with conversion dynode
(CMS Extrel). Even though electron impact ionization can
be applied to a large variety of molecules and nanoparticles,
the available electron flux is usually space-charge limited and
can be easily outperformed by the photon flux of Watt-level
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ultraviolet light. The UV absorption properties also determine
the feasibility of future ionization gratings for metal cluster
diffraction and interference [25,26].

Efficient secondary electron multiplication on the dynode
and subsequent ion detection with a quantum yield close to
one requires ion velocities of vjo, > 20000 m/s, i.e., energies
E > 100 keV for clusters of m > 100 kDa [28]. Our dynode
voltage is currently limited to 10 kV. All count rates shown be-
low are therefore lower bounds to values that can be improved
by adding a high-voltage detector [29]. The absolute cross-
section measurements below are unaffected by the absolute
quantum yield as they can be derived from normalized count
rates.

III. RESULTS

While the semiclassical Drude-Lorentz model can predict
optical absorption cross sections and optical polarizabilities,
ionization efficiencies depend on the details of the electronic
states. It is therefore more practical to measure these prop-
erties. Likewise, cluster mass and velocity distributions are
kinematic properties that are best determined experimentally.

A. Cluster formation and detection

Cluster aggregation is expected to follow a log-normal dis-
tribution in the number N of atoms per cluster [30]. However,
the detected distribution can deviate from this law because
the cross section for both electron impact and single-photon
ionization increase while the quadrupole transmission and
secondary electron conversion decrease with cluster mass.

The mean number of photons absorbed by a cluster of cross
section oy is determined by the laser power P in an elliptical
Gaussian beam waist w, x w,, the photon wavelength A, and
the interaction time which is determined by the molecular
forward velocity v,. Integrating over the laser beam profile
in forward direction yields

o0 ZP(Tabs)\
Nabs = —_—
—oo TWWyVAC

Single-photon ionization requires the photon to exceed the
ionization energy which approaches the work function of the
bulk W with increasing cluster radius R:

o2t gy — | 2 Pounst
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where o >~ 3/8 [31] and the radius is R = (3m/4mp)'/3. In
Fig. 2 we have used this equation to compute the mass de-
pendence work function of Y and Hf clusters. We find for
m = 100 kDa the energies Eio,(Y) = 3.36 eV and Ej,, (Hf) =
4.28 eV. However, 0.5-1 eV higher photon energies are re-
quired to saturate the ionization efficiency and to maximize
the transition to the resulting cluster ion state.

Figure 3 compares the mass spectrum of yttrium under
electron impact ionization and photoionization with the re-
sults of hafnium under identical ionization parameters. The
UV laser beam of the detection stage was retroreflected us-
ing a flat mirror to enhance the intensity to an average of
50 W/cm?. We detect metal clusters in a mass range of
60-600 kDa with counts of several 100 kcps in a continuous

Eion =W+a (2)
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FIG. 2. Ionization energies for yttrium and hafnium clusters as a
function of mass using Eq. (2). The dotted line represents the bulk
work functions of the metals and the shaded purple area the single
photon energy of a 266 nm UV laser light. While even small yttrium
clusters can be ionized with 266 nm, the ionization energy of hafnium
clusters is sufficiently low from about 100 kDa and above.

cluster beam that is collimated to 3 x 3 mm? in 2 m distance
behind the source.

While the low single photon energy of the photoionization
in comparison to the ionization energies of the clusters allows
us to assume singly charged cluster ions as the only present
charge state, the higher energies of electron-impact ionization
(~60 eV) can in principle also lead to multiple charge states.
However, we could not observe a strong presence of multiply
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FIG. 3. Detected mass distribution in the range of 80-600 kDa
for (a) yttrium and (b) hafnium upon electron impact ionization (blue
area) and 266 nm photoionization (pink area). The detected solid
angle is 2 ~ 107° sr. UV photoionization improved the count rates
manifold compared to electron impact ionization. The advantage
grows with the cluster mass as this increases the absorption cross
section and lowers the ionization energy. The mass resolution is 7%.
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FIG. 4. Detected mass distributions with (blue area) and with-
out (pink area) the depletion laser for (a) yttrium and (b) hafnium
clusters. The dotted line represents the depletion efficiency at each
mass. The laser intensity for the shown depleted mass spectra was
Iy =16 Wem™2 and Iy = 12 W ecm™2, respectively. Yttrium clusters
saturate at lower laser power than hafnium clusters, which can be
attributed to their higher ionization cross sections. For lower laser
powers the yttrium clusters show a mass dependent depletion behav-
ior similar to that of hafnium, shown in (b). The mass resolution was
7%.

charged cluster ions in our recorded spectra. For all other mea-
surements we have used the photoionization scheme for the
detection, where we can safely assume the detected clusters
to be singly charged ions.

The count rates were substantially higher for photoion-
ization than for electron impact. Depending on the cluster
material and mass, the relative enhancement can be up to
40-fold. While yttrium shows increased counts already for
m < 100 kDa, the benefits of photoionization emerged for
m > 200 kDa in the case of hafnium. The higher ionization
efficiency of yttrium can be attributed to its lower ioniza-
tion energies. However, under similar aggregation conditions
hafnium emits a higher flux of clusters beyond m > 200 kDa.
Combining the advantages of each material allows us to span
our measurements over the entire mass range.

B. Beam depletion and velocity distributions

In order to realize depletion gratings, we have to ensure
that the nanoparticles deplete efficiently with available UV
laser intensities. In Fig. 4 we show the depletion of the mass
spectra for (a) yttrium and (b) hafnium for laser intensities of
Iy =16 Wem ™2 and Iy = 12 W em ™2, respectively, in a beam
waist of w, x wy =1.4x1.9 mm?. The cluster beam was
transmitted through a pinhole of d = 300 um to control the
overlap with the laser beam. While the depletion of the whole
detected mass range of yttrium clusters already saturates at
moderate laser power, higher intensities are needed for the
hafnium clusters.

The same depletion laser was then also modulated by a me-
chanical chopper to realize an optical chopper for the cluster

150 T
LUMI 2.0 d=133 nm

LUMI d=266 nm
4 Y most prob. vel.
++ Hf most prob. vel.

S
-
o
o

Velocity (m/

0 1 1 1
0 200 400 600 800

Mass (kDa)

FIG. 5. Most probable velocities of mass-selected yttrium (or-
ange) and hafnium (blue) clusters. The velocity distributions were
obtained via a time-of-flight measurement of the neutral cluster beam
by chopping the beam into packets with the depletion laser. The lines
are fits to a power law v(m) = am™'/% to provide a guide to the eye.
The purple area represents the compatible de Broglie wavelengths
for the current interferometer setup (LUMI) [12] and the pink area
for the next generation matter-wave interferometer using three UV
266 nm laser gratings. The uncertainties on the x axis are given
by the 7% mass resolution of the quadrupole mass filter. The error
bars on the y axis show the systematic errors of the time-of-flight
measurements.

beam. In combination with an arrival time measurement in
the quadrupole detector, this allows us to determine a velocity
distribution of the mass-selected neutral cluster beam.

The cluster velocities depend on the aggregation gas and
plasma settings [32,33]. For the given measurements the ar-
gon aggregation pressure was approximately 1 mbar and the
plasma power ranged from 50-150 W. The aggregation length
varied between 10-150 mm to control the cluster size dis-
tribution. The wall of the aggregation tube is water cooled
to room temperature. The aggregation chamber is separated
from the depletion chamber by a differential pumping stage
with an entrance pinhole of 4 mm diameter and closed by
a 3 mm skimmer, which keeps the photodepletion region at
107> mbar.

We have measured beam velocities in the range of
100-140 m/s for yttrium and 50-120 m/s for hafnium with
masses ranging from 80-500 kDa and 90-800 kDa, respec-
tively. The measured velocities are shown in Fig. 5 as a
function of mass, together with compatible de Broglie wave-
lenghts for current and future matter-wave interferometers.
The velocity slip increases with increasing cluster size. For
both materials the full width at half maximum (FWHM)
of the velocity distribution remained Av/v < 10%. Velocity
measurements of copper nanoparticles from a magnetron ag-
gregation source found a simple power-law mass dependence
of the cluster velocities [34]. We therefore fit v(m) = am™"
with a as a free parameter to the velocity data. Where m
is the cluster mass in kDa. We found that b = 1/6 achieves
good fit results for both data curves and resulting values of
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FIG. 6. Depletion efficiency of yttrium and hafnium clusters as
a function of depletion laser power. Here we show the saturation
curve of yttrium clusters (blue) at a mass of 100 kDa and hafnium
clusters (purple) at 350 kDa. Similar depletion curves were measured
for varying cluster sizes in a mass range of 80-600 kDa. The UV
laser power was scanned from 0-510 mW for yttrium and 0-582 mW
for hafnium with an absolute uncertainty of £5 mW. The error bars
on the y axis show 1o uncertainties and have been estimated using
Poissonian statistics on the count rates. The solid lines are the fits of
Eq. (3) to the data points with the photoionization cross section opy
as the only free parameter.

ay = 252 kDa!/® ms~! and ays = 151 kDa'/® ms~!. The fits
are meant to be viewed as a guide to the eye.

C. Photoionization cross sections

Knowing the laser beam profile and intensity as well as the
cluster size and velocity, we can determine the photoioniza-
tion cross sections opj from a fit to the saturation curve (Fig.
6) for yttrium and hafnium, as shown in Fig. 7

Yo —2?

S(P)=1—exp (—\/ZM/ Le v dy), 3)

7T hevywy J_y 2yo
with 2yg being the effective overlap between the laser beam
and the molecular beam, which in our case is defined by
the diameter of the pinhole 2y, = 300 um. The measured
depletion efficiency can be used to obtain the mass-dependent
photoionization cross section of the clusters by fitting the data
to the saturation curve.

For each depletion scan we have measured the mass-
dependent cluster velocities, the laser beam waist, and power.
With this we have derived absolute values for the photoion-
ization cross section opy at 266 nm for yttrium and hafnium in
a mass range of 60-300 kDa and 100-600 kDa, respectively.
The cross sections are about an order of magnitude larger for
yttrium (~10~'* cm?) than for hafnium (~10~" cm?).

The Drude-Lorentz model predicts a linear increase of
the absorption cross section with cluster mass. The measured
photoionization cross sections are a product of the absorption
cross section and the ionization probability. For massive clus-
ters the two cross sections should be the same [35]. We have
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FIG. 7. Photoionization cross section at 266 nm for mass-
selected yttrium (a) and hafnium clusters (b). The cross sections were
obtained by fitting the saturation curves to the mass-dependent deple-
tion at different laser powers. To first order we can take the results of
the linear fit (dotted line) to give absolute values of op as a function
of mass for the measured mass range. The shaded area shows the
95% confidence bounds of the linear fit. The error bars on the y axis
represent the 95% confidence bounds of the individual fits as shown
in Fig. 6. The uncertainties on the x axis are given by the 7% mass
resolution of the quadrupole mass filter.

applied linear fits with an offset to our mass-dependent cross
sections. The fit can be used to extrapolate the photoionization
cross section to clusters of higher masses. For yttrium we
obtain

opry = (5 x 1077m/kDa — 3 x 107'¢) cm?

and for hafnium the values are
oprar = (3 x 1078m/kDa + 8 x 1071%) cm?.

We can compare these measurements to the semiclassical
model for the absorption cross section of a hafnium cluster
of m = 500 kDa irradiated by light with a wavelength of A =
266 nm:

6brm_ e—1
Oabs Hf = Flmé3 ) ~23x 107" cm?, 4)
where
w2
e(w)=1- a (5)

w(w +iyp)

is given by the plasma frequency w, = y/n.e?/m.&o, with the
electron density n,(Hf) = 1.5 x 10 m~3 and electron mass
e, the DC resistivity ppc = 3.4 x 1077 Qm and thus the
plasma oscillation damping rate [22]

4h
meR

The predicted theory value agrees well with the measured
photoionization cross section of hafnium at m = 500 kDa with
opr = 2.3 x 10~1° cm?. However, the linear fits require an off-
set and also the slope differs from the theoretical prediction.
This can be attributed to the ionization energies, which could

Brn)'? =347 x 108 571, (6)

Vp = 60280,0Dc +
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still be too high to ensure sufficient single-photon ionization,
especially for smaller hafnium clusters.

IV. CONCLUSION AND PROSPECTS FOR MATTER-WAVE
INTERFEROMETRY

The goal of this study was to identify and characterize
metal clusters that fulfill the requirements for a next gen-
eration matter-wave interferometer. We have picked yttrium
and hafnium due to their magnetic, optical, and cluster form-
ing properties. Using a DC magnetron aggregation source
we are able to produce neutral cluster beams in a range of
60-800 kDa with detection rates of up to a million counts
per second, even at moderate post-acceleration for the most
massive ions. Given the brilliance of 10'! sr=! s=! clusters
of the magnetron source and the geometry of the existing
long-baseline universal matter-wave interferometer [12] but
with upgraded UV gratings, we expect count rates in the order
of 1000 cts/s during interference scans.

The mean cluster velocities range from 50-140 m/s with a
narrow FWHM <10%. The resulting de Broglie wavelenghts
of about Agg ~ 20 fm are compatible with the layout of a
next-generation Talbot-Lau interferometer with three gratings
of period d = 133 nm, as shown in Fig. 5. We have shown
that the power, wavelength, and stability of our UV laser
system suffices to efficiently ionize and deplete the metal
cluster beam. Photoionization can be two orders of magnitude
more efficient than electron impact in the continuous cluster
beam and it will allow the realization of standing light wave
gratings.

The high photoionization cross section at 266 nm makes
yttrium a perfect first candidate for exploring cluster
matter-wave interferometry for clusters from 30 to 200 kDa.
Above 200 kDa hafnium appears more favorable, since it
aggregates preferably to more massive clusters. Despite its
lower ionization efficiency compared to yttrium, the heavier
clusters will ionize and deplete efficiently. Hafnium promises
to push the limits of macroscopcic matter-wave interference
to almost half a million atomic mass units using an all-optical
interferometer.

The same source and detection mechanism are also ex-
pected to facilitate future upgrades to even higher masses.
Modern laser technology will soon allow creating gratings
with several 100 mW of 225 nm light. The higher photon
energy would enable experiments with an even larger vari-
ety of metals and semiconductors. Alternative metal cluster
interferometry schemes could extend the mass scale to >107
Da [22]. The laser power requirements in such a regime would
be relaxed, since ionization cross sections increase with in-
creasing mass.
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