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Path to ion-based pump-probe experiments: Generation of 18 picosecond keV Ne* ion pulses
from a cooled supersonic gas beam
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The dynamics triggered by the impact of an ion onto a solid surface has been explored mainly by theoretical

modeling or computer simulation to date. Results indicate that the microscopic nonequilibrium relaxation
processes triggered by the interaction of the ion with the solid occur on (sub)picosecond time scales. A suitable
experimental approach to these dynamics therefore requires a pump-probe method with an appropriate time
resolution. Recent experiments have successfully used laser photoionization of noble gas atoms in combination
with a Wiley-MacLaren ion buncher to obtain arrival time distributions as narrow as f,, = 180 ps. Here, we
show that this setup can be significantly improved by replacing the gas at a temperature of Tyoms =~ 300 K with
a supersonic beam of cooled noble gas atoms at Ty,ns =~ 4 K. The detailed analysis of measured arrival times
of individual Ne™ ions with a kinetic energy of 4 keV reveals that the arrival time jitter can be reduced by this
technique down to (18 =+ 4) ps. This opens the door to pump-probe experiments with keV ions with a time

resolution in the picosecond range.

DOI: 10.1103/PhysRevResearch.5.033106

I. INTRODUCTION

Ton irradiation plays a significant role in solid-state
physics, industrial applications, and medical treatment. Ex-
amples include doping of semiconductors by ion implanta-
tion [1-3], fabrication of nanoscale surfaces [4—6], shaping
of nanopores in two-dimensional systems such as MoS, or
graphene oxide [7-9], analysis of interlayers in lithium-ion
batteries [10], or the radiotherapy of cancer [11-14].

Despite the widespread use of ion beams, the under-
standing of the underlying interaction mechanisms is still
incomplete. To date, studies on the interaction of ions with
solids are basically limited to the observation of the final
state of the dynamic processes triggered by the ion impact.
A few attempts have been made to use in situ spectroscopy to
investigate the processes. Herder [15] and Skopinski [16], e.g.,
used secondary ion or neutral mass spectrometry to determine
the velocity distribution of sputtered particles. Both found
indications for thermally driven mechanisms, but also these
experiments target processes taking place rather at the end
of the interaction and their interpretation remains difficult.
Because the ion-solid dynamics has not been experimentally
accessible, it has been studied exclusively by computer sim-
ulations and theoretical approaches. These models come to
the conclusion that the time frame, where most of the interac-
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tions take place, is less than a few picoseconds [17-19]. The
experimental challenge is thus to time-resolve the dynamics
triggered by the ion impact, which results, e.g., in particle
emission and ion formation.

So far, the processes within the solid after an ion impact
have not been directly observable, since an experimental ap-
proach would require a pump-probe [20] experiment with a
time resolution of a few tens of picoseconds or less [21].
The realization of such an experiment is highly attractive
and several groups are currently moving into this direction
(see, e.g., Ref. [22]). However, while currently light pulses
with pulse widths down to the attosecond range are routinely
generated [23,24], for keV ions pulses with duration of just
below 1 ns could be generated [25]. This magic barrier of
~1 ns is due to the initial kinetic energy distribution of
the neutral particles, i.e., their temperature if created from
a gas, and broadening by space charge effects after the ion
creation.

In our first attempt to enable a higher temporal resolution,
we were able to reduce the arrival time jitter of monoenergetic
2-keV argon ions to below 180 ps [26]. Our approach was
based on the idea to use a femtosecond laser for the gener-
ation of ions from a neutral gas volume and bunching them
within an ion-optical buncher, as reported by Breuers et al.
[27].

To establish a pump-probe experiment with even better
temporal resolution in the few picoseconds range, it was
demonstrated by simulations [28,29] that the neutral gas had
to be cooled before the ionization. In this paper we experi-
mentally validate this approach by demonstrating arrival time
distributions of single keV ions with a width in the 10 ps
range. To this end our previous experiment has been altered
to include a geometrically cooled supersonic beam crossed
with a femtosecond-laser pulse within an improved adjustable
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buncher setup. Furthermore, because argon tends to form
clusters of several atoms at low temperatures, we switched
to neon, which is more suitable for this application. As we
will discuss below, this supersonic beam has a perpendicular
temperature of 7) = 3.6 K, which leads to a record low value
for the arrival time jitter of monoenergetic Ne ion pulses of
(18 £ 4) ps full width at half maximum (FWHM). Please
note, that due to the limited input pulse separation of a few
nanoseconds given by the detection scheme using a time-to-
digital converter (TDC, see Sec. II), only a single ion of a
given species can be detected per laser pulse, because a second
ion of the same species (and thus same flight times) will not
trigger an additional response from the TDC. Therefore, infor-
mation about the number of ions of the same species cannot
be tracked in this experiment. From our recent theoretical
analysis [28] we conclude, by including both, the arrival time
jitter as well as space charge effects, that with our cooling
approach it should be theoretically possible to generate short
pulses containing more than 100 ions. This problem will be
circumvented by using a streaking device in a future design of
our set-up. For the time being and for simplicity, we will refer
from hereon to the width of the arrival time distribution as an
(effective) ion pulse duration.

II. EXPERIMENTAL SETUP

The basic concept for ion pulse generation includes the
photoionization of atoms by a laser beam, which are then
accelerated towards a target. The main limiting factor for the
achievable temporal resolution (effective ion pulse duration)
in a pump-probe type experiment is the variation of the arrival
time of individual ions at the target due to their initial velocity
distribution in the ionization volume. Different starting veloc-
ities in the direction of the extraction axis of the ion, e.g.,
due to thermal broadening, lead to different flight times and
thus a broad arrival time distribution, i.e., long effective pulse
duration. To accomplish ion pulse widths below 50 ps, the gas
must be cooled [28]. Therefore, we equipped our ultrahigh
vacuum (UHV) chamber at 3 x 10~% mbar with a 1.4-m-long
section, where a geometrically cooled beam of neutral atoms
is produced, as shown in Fig. 1.

Starting from a supersonic gas valve (Amsterdam Piezo
Valve, MassSpecpecD BV), a supersonic beam is created in
the first UHV chamber, the so-called expansion chamber,
from a reservoir of neon (Ne) at 2 bar. This beam can be
formed in a dc-like manner or in a pulsed mode to adjust the
gas density. Because of the supersonic gas expansion under
UHYV conditions [30], at a certain distance from the nozzle,
the atoms cannot interact with each other anymore, which
will lead to frozen trajectories of said atoms. This distance
is called the freezing plane, described by the sudden-freeze
model [31-33]. Gas atoms with a large-velocity component
perpendicular to the supersonic beam axis can therefore be
cut off behind the freezing plane with so-called skimmers, as
shown in Fig. 1, upper inset. The supersonic beam is directed
through the skimmer’s pinhole and gas atoms with a nonzero
velocity perpendicular to the supersonic beam are peeled off,
as the green arrows indicate. In this setup we use two skim-
mers with a 1.5-mm pinhole in the expansion chamber and one
skimmer with a 1-mm pinhole before the ionization chamber.

FIG. 1. Three-dimensional rendering of the chamber system for
the generation of a geometrically cooled supersonic beam and pi-
cosecond ion pulses. An ultrasonic nozzle generates a supersonic
beam (green) in the expansion chamber on the left which is led
through three skimmers, as seen in the inset on the top. Gas atoms
with a nonzero velocity component perpendicular to the beam axis
(green arrows) will be cut off before ionization when the supersonic
beam is crossed with the red marked laser beam within the ion
buncher (see also Fig. 2), as seen on the bottom right inset.

To achieve UHV conditions throughout the system, the
expansion chamber is pumped by a Leybold MAG Integra
turbomolecular pump (TMP) with pumping speeds of 1000
L/s, while the second and third chambers are equipped with
two Leybold TurboVac 350 iX TMPs with pumping speeds
of 360 L/s. The supersonic beam is then fed into a beam
dump chamber with a narrow opening to reduce the impact
of backscattering of nonionized atoms.

In the ionization chamber, the supersonic beam is then
crossed by a perpendicular laser beam focused down to a
spot size of 10 um (FWHM) by an off-axis parabolic mirror
(f = 101.6 mm) in the center of the supersonic gas beam. The
laser light used is of 800 nm wavelength from a tabletop laser
system (Coherent Legend Elite) which delivers 50-fs laser
pulses at a 1-kHz repetition rate.

The neutral atoms from the supersonic beam are ionized
via tunnel ionization due to the high electromagnetic field
strength in the focal point of the laser (~10'® W /cm?). Under
these conditions, the Coulomb potential of a gas atom is bent
to such a degree that electrons can tunnel through the potential
barrier. The Keldysh parameter y indicates the possibility of
such a tunnel ionization process. For y < 1 tunnel ionization
is more likely to occur, and if y >> 1 multiphoton absorption
is the cause for the ionization [35]. For our setup with Ne™
ions this parameter is y = ,/IP/2U, = 0.53 with an ioniza-
tion potential (IP) of 14.53 eV and U, as ponderomotive
potential of an electron in the used laser field. Therefore,
with a ¥ < 1, tunnel ionization is the dominant process in
our case [36]. A A/2 plate in combination with a thin-film
polarizer allows adjusting the laser intensity before entering
the chamber.

The intersection of the laser and supersonic beam lies be-
tween an electrode arrangement that is called an ion buncher,
see Fig. 2. The electrodes E;| and E, can be put on a potential
difference of (0—10) kV with respect to ground and the ions
will be accelerated towards the electrode E,. A small hole
at the center of E, with a diameter of 80 um enables the
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FIG. 2. Schematic of the ion buncher. The laser (red) is focused
in the center of the Ne supersonic beam (green) between two elec-
trodes E; and E, which are at a distance of d;. An electric field
between those plates accelerates ions towards the pin hole in Ej,
which therefore travel the distance d, towards the ultrafast MCP
detector. Every segment of the buncher can be moved independently
in height and rotated by ¢, and ¢, with respect to the Ne supersonic
beam for an optimal alignment [34].

extraction of ions. The ions then move through a field-free
area towards a microchannel plate (MCP) detector (Photonis
Gen2 ToF Detector). This MCP is specifically designed for
a high time resolution by its small incidence angle of 12°
and reduced opening of a single channel of 2 um. Such a
three-electrode setup is also known as a Wiley-McLaren con-
figuration [37], where in our case the third electrode is the
front of the MCP detector. Due to the field-free area between
E; and the MCP front, the total time of flight of ions generated
atzo = %2 is given by
nicil 612

"V qene <m+ %)

ey

where m is the mass of the ion, ¢ the charge state, and e the
elementary charge. Ag is the total potential difference be-
tween both electrodes E| and E,. Different starting positions

generated within the laser focus will now be bunched to a time
focus where all ions will hit the MCP front (or the target,
respectively) at the exact same time and result in a minimal
effective pulse width. To achieve this time focusing at the
MCP, it is mounted on an adjustable flange and the laser focus
position can be moved independently. For maximum planarity
between each segment, the electrodes and the MCP can be
moved separately via piezo motors (SmarAct SLC-1720) with
respect to height and angle with a precision of less than <1 um
and <0.1°, respectively.

A single ion hitting the MCP will generate an output pulse
of 1-20 mV at the 50 2 termination of the collector. The
signal is then fed into a constant fraction discriminator (CFD,
Surface Concept Stand-Alone Preamplifier CFD Combina-
tion) for an improved time resolution due to the pulse height
statistic given by the nature of an MCP. The stabilized out-
put signal of the CFD is then transferred to a time-to-digital
converter (TDC, Surface Concept TDC-1000), with a minimal
digital bin size of 27.4 ps. The TDC compares the signal from
the CFD with the starting signal generated by a small fraction
of the laser hitting a fast avalanche photo diode (BPW-28)
before entering the ionization chamber.

The output signal of the TDC is then displayed in a his-
togram to determine the arrival time of each ion species onto
the MCP, and from the FWHM we determine the resulting
effective ion pulse widths.

II1. RESULTS

With a successful alignment of supersonic beam and laser
beam, Ne ions can be detected by moving the laser focus along
the extraction direction, i.e., the z axis. By this experiment the
z dimension, which represents the diameter of the supersonic
beam, can be determined. The result is depicted in Fig. 3(a)
by the red data points. The supersonic beam has a diameter
of roughly 1.55 mm in the center of the ion buncher. This
result is compared with the chamber filled with Ne gas at
1.0 x 1077 mbar as depicted in Fig. 3(a) by the black data
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FIG. 3. Ne™* signal of the backfilled Ne (black) to 1.0 x 10~7 mbar and the Ne beam (red) with variation of laser focus position. (a) Laser
scan in z axis between E; and E,. The supersonic beam can be measured with a diameter of 1.55 mm at the point of ionization, which is not
seen in the backfilled gas signal due to homogeneous distribution of the gas atoms. (b) Variation of the x coordinate and the 80-um pin hole
in E;. A shift of the maximum signal in the beam signal of 20 um compared to the backfilled signal is given through the parabolic trajectories

after ionization.
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FIG. 4. Time-of-flight measurement of ionized gas atoms with the supersonic beam active with 2 keV kinetic energy. Components in the
supersonic beam consist of 20Net, 22Ne™, whereas OT, H,O™ residual gas is seen even without the supersonic beam active. The inset shows
the 2’Ne™ signal magnified and the effective pulse width FWHM of 135 ps.

points, which will from now on be called backfilled Ne gas.
The latter shows no dependence of the signal on the laser
position, due to the homogeneous density distribution within
the vacuum chamber.

Next, the laser focus was moved across the x axis, which is
parallel to the electrode surface. Like in previous work [26],
the aperture of 80 um in the second electrode can be iden-
tified as depicted in Fig. 3(b) by the black data points for
the backfilled Ne gas. This shape is slightly deformed and
displaced for the Ne supersonic beam, due to the parabolic
trajectories of the ions after ionization. This shape is caused
by the forward component along the neutral supersonic beam
trajectory of the velocity vector. Most of the ions generated
above the center of the pinhole in E, will be deflected onto
the electrode surface. Therefore, the center signal for the Ne
supersonic beam shifts roughly 20 um along the supersonic
beam direction. Due to the fact that the 80-um hole is much
smaller than the x dimension of the supersonic beam, the
whole beam width cannot be mapped.

In Fig. 4 an example is shown of a time-of-flight spectrum
with the Ne supersonic beam active. With the given laser
power of 1 x 10! % singly charged oxygen, water and Ne
ions can be seen. Also, the isotope 22Ne can be seen in the
given spectrum. All ions are generated with 2 keV kinetic
energy.

The FWHM of the Ne signal can be seen in the inset of
Fig. 4 with an effective pulse width of 135 ps. Even though
it is a shorter pulse width in comparison to previous work
performed by Golombek et al. with 180 ps [26] for backfilled
argon ions, the result is much higher than theory predicts for

ions with lower temperature. To further investigate the rea-
son, the extraction potential is increased, which results in the
same pulse width of 135 ps. This behavior is contradictory to
previous work and theory, as the pulse width should decrease
with increasing extraction potential, indicating a fundamental
problem. Figure 5(a) shows the pulse width of Ne* ions over
the extraction potential from 0 to 2 keV for the supersonic
beam, represented by the red data points, and for backfilled
Ne gas, in black. For the latter, the expected behavior of the
pulse width is clearly seen, and the results from the supersonic
beam show no further dependency from 0.5 keV to 2.0 keV.
This leads us to the hypothesis that we reached the detection
limit of our setup and can thus not directly detect pulse widths
below 135 ps.

To get a grasp of the true ion pulse width, even with the lim-
ited time resolution of the MCP detection system, we varied
the extraction potential to further investigate the dependency
of the effective pulse width and to estimate the temperature
of the gas atoms in the supersonic beam. By decreasing the
potential between E;| and E,, the thermal broadening effect is
less and less compensated by the accelerating field, resulting
in broader effective pulse widths with decreasing potential.
The dependency of the pulse width on the temperature of the
atoms and the accelerating field, respectively, are described
in detail in Refs. [28,29,34]. In short, we need to calculate
the velocity distribution perpendicular to the beam described
by a Boltzmann distribution and its standard deviation o, :

Av, = 24/2In(2) o,, the accelerating force given by af(lii) =

ge Ag, where q is the charge state of the ion, e the elementary
charge, and Ag expresses the potential difference of E; and
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where m is the mass of the atom, kg the Boltzmann constant, T
the temperature in Kelvin, and d; the distance of the first two
buncher electrodes. Therefore, the pulse width is proportional
to the square root of 7'

At E 3
A

2

With higher potential differences between the buncher
electrodes, a decrease of the pulse width should be observed
as can be seen from Eq. (3). And this is indeed observed in
the experimental data from the backfilled Ne gas, but in the
case of the supersonic beam we do not see such a behavior
for the full range of the extraction potential. The point where
the pulse width of Ne from the supersonic beam levels off
is at Ag; = 0.3 kV. This is the time resolution limit given
by the electronics used in this experiment. With Eq. (3), we
can thus estimate a temperature for the supersonic beam.
The difference between backfilled and supersonic gas beam
is emphasized in Fig. 5(b), where the data is plotted over the
inverse of Ag; and can be fitted by a linear function where the
slope is proportional to /T . Assuming that the backfilled Ne
is at Tp = 300K, we get

k 2
Tine = < L'Ne> Ty = 3.6K )
ko.Ne

Thus, we have shown that the geometrical cooling is effec-
tive and that the cooled supersonic beam has a perpendicular
temperature of 7, = 3.6 K. With this conclusion in mind

we can now estimate our effective pulse width by following
the concept of Eq. (2). With the temperatures 7| no = 3.6 K,
T, o =300 K, and fy = 175 ps, we get

T| Ne

At < Aty = (18 =4)ps 5)

0

This is the shortest ion pulse ever recorded. We would like
to point out that this value is still an upper limit and that
the true pulse width should be ideally determined by a direct
measurement, which would however require a faster detection
scheme, such as a streak camera, for example.

IV. CONCLUSION AND OUTLOOK

The results presented here show that it is in principle
possible to overcome the magic barrier of a few hundred
picoseconds for keV ion pulses. Further, we demonstrated
that the cooled supersonic beam is a key component for our
setup. With T = 3.6 K we obtain an upper boundary of the
effective ion pulse width of about 18 ps, the shortest ion
pulses in the keV range we are aware of and at least an order
of magnitude shorter than what we achieved before without
cooling. With this we have completed the most important step
for a pump-probe experiment using ions with energies in the
keV range. Since these ions are generated by photoionization,
the ion pulses are synchronized with the femtosecond laser.
Thus, a second laser pulse, split from the main laser beam
and optically delayed to compensate for the travel time of
the ion from its point of generation to the surface, can act
as a probe. With these two pillars a pump-probe experiment
with synchronized photons and monoenergetic ions in the keV
regime can be realized with a time resolution of about 10 ps.
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The results in this work open up a new frontier in the
exploration of ultrashort ion pulses. Our approach to cool the
neutral seed and exploring alternative methods to generate
cold beams, sets the stage for achieving even lower temper-
atures and consequently, producing shorter ion pulses. The
concept of employing a cooled nozzle to reach cryogenic tem-
peratures present an intriguing possibility, as demonstrated
in previous research [38]. Similarly, utilizing liquid helium
microdroplets in a beam-like approach, as successfully im-
plemented by Zunzunegui-Bru and colleagues [39], offers
another potential pathway. Additionally, merging the method-
ology of this study with an ion trap as a source, capable of

reaching even lower temperatures [40], could pave the way
for unprecedented advancements in the field.
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