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Characterization of laser-driven
proton acceleration from water
microdroplets
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We report on a proton acceleration experiment in which high-intensity laser pulses with a wavelength
of 0.4 pm and with varying temporal intensity contrast have been used to irradiate water droplets

of 20 um diameter. Such droplets are a reliable and easy-to-implement type of target for proton
acceleration experiments with the potential to be used at very high repetition rates. We have
investigated the influence of the laser’s angle of incidence by moving the droplet along the laser
polarization axis. This position, which is coupled with the angle of incidence, has a crucial impact on
the maximum proton energy. Central irradiation leads to an inefficient coupling of the laser energy into
hot electrons, resulting in a low maximum proton energy. The introduction of a controlled pre-pulse
produces an enhancement of hot electron generation in this geometry and therefore higher proton
energies. However, two-dimensional particle-in-cell simulations support our experimental results
confirming, that even slightly higher proton energies are achieved under grazing laser incidence when
no additional pre-plasma is present. llluminating a droplet under grazing incidence generates a stream
of hot electrons that flows along the droplet’s surface due to self-generated electric and magnetic fields
and ultimately generates a strong electric field responsible for proton acceleration. The interaction
conditions were monitored with the help of an ultra-short optical probe laser, with which the plasma
expansion could be observed.

Since the first detection of laser-accelerated protons with kinetic energies of several tens of MeV around the turn
of the millenium'~*, many experiments in the field of laser-driven proton acceleration have been performed by
focussing laser pulses (typical central wavelength between 0.8 um and 1 pum) to an intensity I > 10" W/cm? onto
a solid-state target, e.g. a metal foil with a thickness of some pum. The laser ionizes the foil’s front and accelerates
electrons through the foil. On the foil’s rear surface they form an electron sheath leading to a charge separation
field in the order of MV/um. This field accelerates ions and protons from the foil's back along its normal direction,
hence giving this acceleration process the name Target Normal Sheath Acceleration (TNSA)®. The acceleration
process takes place on a micrometer scale, which allows for the realization of a compact accelerator as part of a
high-intensity laser facility for various applications. It has already been demonstrated that it is possible to use
laser-accelerated protons for stress testing of materials®, investigation of cultural heritage’, as a front-end for con-
ventional accelerators®® or to probe transient electromagnetic fields with ps temporal and pum spatial resolution'.
Potential future applications include biomedical ones such as hadron therapy'!. For all these applications, a
reliable and controllable source of energetic protons is crucial. In addition, the availability of proton pulses with a
high repetition rate, at least of the order of 10 Hz but also higher, would be desirable.

While the application of the typical foil targets for proton-acceleration experiments aiming at high repetition
rates is possible, it is rather challenging, since the foil destroyed by the laser needs to be replaced by a fresh target
after each shot'®. Such new targets need to be aligned with very high accuracy to the laser focus in order to allow
for reproducible and controllable generation of proton pulses. In addition to the challenges of the exact target

Hnstitut for Optik und Quantenelektronik, Friedrich-Schiller-Universitat Jena, Max-Wien-Platz 1, D-07743, Jena,
Germany. 2Helmholtz-Institut Jena, Frébelstieg 3, D-07743, Jena, Germany. 3Helmholtz-Zentrum Dresden-
Rossendorf (HZDR), Bautzner Landstrafe 400, D-01328, Dresden, Germany. “Technische Universitat Dresden, D-
01062, Dresden, Germany. *email: georg.becker@uni-jena.de; malte.kaluza@uni-jena.de

SCIENTIFIC REPORTS |

(2019) 9:17169 | https://doi.org/10.1038/s41598-019-53587-3


https://doi.org/10.1038/s41598-019-53587-3
mailto:georg.becker@uni-jena.de
mailto:malte.kaluza@uni-jena.de

www.nature.com/scientificreports/

alignment, the foil’s typical lateral extent of several mm and more allows electrons to escape from the interaction
region parallel to the foil surface!®, which may decrease the efficiency of the proton acceleration process.

An approach to avoid this loss in efficiency is the use of mass-limited targets that have no physical connection
to their environment. Such targets that can be used on a single shot basis are e.g. plastic spheres levitated in a
Paul Trap'>-'%, When it comes to experimental statistics or applications, however, cost-effective spherical targets
available with a high repetition rate are more useful. Water microdroplets generated by a commercial nozzle with
arepetition rate of about 1 MHz have been used in experiments performed at the Max Born Institut in Berlin, but
only ions with kinetic energies of less than 1 MeV per nucleon could be accelerated'*-?, which was attributed to
the temporal intensity contrast (TIC) of their laser system. Additionally the actual interaction conditions between
laser and droplet could so far not be observed. Therefore, it is so far not known which degrees of accuracy are
required for the alignment of the targets, i.e. the single spheres with respect to the laser pulse or which TIC is
necessary to optimize laser-driven proton acceleration. In parallel with the need for higher kinetic energies, the
goal is to better understand the laser-plasma interaction itself. This includes, for example, the angle of incidence
and the position of the laser on the target, the existence and extent of a pre-plasma and the evolution of the
plasma expansion. All this can be investigated using a synchronized optical probe beam?*~?’. These investigations
are pivotal for optimizing the ion acceleration process and evaluating the potential of such high repetition rate,
mass-limited targets for future applications.

In this paper, we show the influence of the droplet position relative to the laser focus on the maximum kinetic
energy of protons accelerated in laser forward direction by laser pulses with ultra-high TIC. This ultra-high TIC
was achieved by frequency-doubling the laser pulses to a wavelength of 0.4 pm. In addition we investigated the
influence of a pre-pulse on the maximum proton energy. The pre-pulse's arrival time relative to the main laser
pulse could be controlled. The interaction conditions were observed with high spatial and temporal resolution
using a few-cycle optical probe system?”.

With the help of two-dimensional particle-in-cell (2D-PIC) simulations we show that a pre-plasma, intro-
duced by the pre-pulse, enhances the laser absorption of the plasma, which results in an increase of the maximum
proton energy for normal laser incidence. However, proton energies comparable on average, but higher for indi-
vidual shots, were achieved under grazing laser incidence without a pre-plasma present. For these conditions, we
found that an electron current is produced close to the droplet’s surface generating electric and magnetic fields
that lead to a confinement of the surface current® -3 and thus an increase in the electric field that primarily drives
the proton acceleration.

Experimental Setup

The experiment has been carried out with the Jena Ti:sapphire (JETI) 40 TW laser system at the Institut fiir Optik
und Quantenelektronik in Jena, Germany. The laser pulses entering the target chamber had a spectrum centered
around 800 nm, a pulse energy of ~750 mJ and a full width at half maximum (FWHM) pulse duration of ~35fs.
To be able to significantly suppress pre-plasma fomation the laser pulses were frequency-doubled inside the target
chamber by a KDP crystal increasing the TIC?¢. The pulse duration of the frequency-doubled laser pulses was not
measured in the experiment, but simulated to have a duration of ~42 fs*”. The horizontally polarized pulses were
focused by an aluminum off-axis parabola with a focal length of 101.6 mm (~F/1.8) into a focal spot with a size of
A=~ 1.1um? Within this area, the intensity remained higher than 50 % of the peak intensity. This focal spot con-
tained g =220 % of the total 2w laser pulse energy of ~90 m]. Since the laser’s focus could not be measured at full
intensity, A and g were obtained by imaging the focus with low laser energy and averaging over several of these
low intensity focal spots. This gives an approximate intensity of I~ 4-10' W/cm? on the target, which corre-
sponds toa, = \/(I - AH/(1.37 - 10" W/enmum?) & 2.1 with A=0.4pm. To suppress the remaining radiation
at the fundamental wavelength, two dichroic mirrors were installed in front of the focussing parabola (Fig. 1). The
resulting TIC is shown in the Supplemental Material. In order to produce a controlled pre-plasma with an artifi-
cial pre-pulse, a movable half-inch mirror was installed in front of the second beam mirror. Due to its smaller
diameter, this pre-pulse produced a much larger focal spot than the main pulse®”*. The approximate pre-pulse
intensity was 10’ W/cm?. When necessary, the pre-pulse could be isolated from the main pulse with a circular
aperture of ~8 mm diameter.

As targets, water droplets with a diameter of ~20 jum were used, which were generated with a nozzle by Micro
Jet Components, Sweden. These nozzles are equipped with a piezo element driven by a high-frequency voltage
that has been synchronized with the laser repetition frequency, resulting in a controlled breakup of the water jet
emitted from the nozzle into droplets relative to the focus position and timing of the main laser pulse. The falling
droplets were collected by a seperately pumped, heatable droplet catcher with an entrance aperture diameter of
~0.5mm. To control the droplet position and to observe the interaction between laser and droplets, the broad-
band few-cycle probe pulse of the JETI system was used?”*. The spectrum of this probe pulse spanned from
525nm to 925 nm. Between the objective and the camera a bandpass filter with (710 420) nm transmission was
positioned to minimize the signal from the broadband plasma emission.

The kinetic energy of the accelerated protons was measured in the pump laser’s forward direction with a
Thomson parabola spectrometer equipped with a multichannel plate (MCP) detector. Its 1 mm diameter aperture
was positioned 97 cm from the droplets so that the spectrometer covered a solid angle of ~ 0.8 psr. The magnetic
field region in the parabola with an effective field strength of ~570 mT was about 10 cm long. The electric field
region generated by a plate capacitor with a length of 20 cm which was placed between the magnets in the iron
yoke was set to ~4.5kV/cm. The distance between MCP and the end of the field region was 5 cm while the dis-
tance between MCP and aperture was 35.5 cm. For a proton energy of 2 MeV the size of the projected aperture in
the detector plane resulted in an energy resolution of about AE~0.2 MeV.
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Figure 1. (a) Schematic showing the experimental setup (not to scale). (b) Picture of the water jet illuminated
by the attenuated laser. The water is collected by the heated droplet catcher which is evacuated with a seperate
vacuum pump.

Experimental Results

With the optical probe we investigated the interaction of the laser pulse with the droplets for different temporal
delays between probe and main pulse (Fig. 2(a)). For the first shown time step, T, — 0.2 ps, i.e. 0.2 ps before the
arrival of the main pulse at T, all droplets are transparent for the probe and act as lenses for the probe’s light, gen-
erating bright spots in the center of the droplets’ images. The bright light on the left of the central droplet visible
in every image shown is due to plasma radiation emitted after the main pulse’s arrival. It is visible on the image
since the camera’s exposure time was much longer (~ps) than the probe pulse’s duration. As soon as the main
pulse arrives it ionizes not only the central droplet but also its neighbors as evidenced by the fact that they become
opaque to the probe. 0.1 ps later, which corresponds to the time scale on which the ion acceleration should take
place, the central droplet has still kept its shape and size. 150 ps later, however, a significant expansion is visible.
The expansion of the central droplet most likely influences several neighboring droplets on a nanosecond times-
cale, inhibiting the use of every single droplet as an ion source. Therefore, the maximum repetition rate in an
experiment is likely below ~1 MHz, but most likely still in the 10 kHz to 100 kHz range. Although this expansion
process is no longer directly related to the MeV-ion acceleration process it does provide an insight into the condi-
tions under which the droplets were irradiated by the laser pulses and can be correlated to the maximum proton
energy. This will be described below.

In order to investigate how the pump laser interacts with the droplets we varied their position along the laser’s
polarization axis (x-axis) while measuring the maximum proton energy in laser forward direction and taking
side-view images of the droplet expansion 150 ps after the main pulse’s arrival. In Fig. 2(b) the maximum proton
energy is plotted against the droplet position along the x-axis. Since we could not measure the exact droplet posi-
tion relative to the central laser axis, the zero offset was set relative to the plot’s axis of symmetry. It can be seen
that the proton energy is lowest when the droplets were hit centrally and increases by more than a factor of 2 when
the droplets’ sides were illuminated. A comparable behavior can be observed for the droplet expansion in
Fig. 2(c). When the droplets were irradiated on their sides (left and right image) a strong plasma expansion took
place and a bulge is visible on the right side of the droplets (red arrows). In contrast to that, the plasma expanded
less in laser forward direction when the droplets were illuminated centrally (central image). In the Supplemental
Material (Fig. 8) all side-view images captured at x =+1.25 pum are shown. There, it can be seen that the size of the
plasma expansion at this late time directly correlates with the maximum proton energy. In the case of central
illumination, the significant reduction of the maximum proton energy and the reduced plasma expansion suggest

that the laser could not efficiently transfer its energy to electrons, e.g. by means of 7 X B - heating® at the steep
density gradient. However, when the droplets are irradiated on their sides, the vector of the laser’s electric field has
a component pointing into the droplet, and the laser can produce hot electrons more efficiently-most likely via
the Brunel mechanism*’~which afterwards contribute to the proton acceleration process.

In order to investigate the influence of a pre-plasma in a controlled manner, we introduced a pre-pulse arriv-
ing 5.2 ps prior to the main pulse. The timing of the pulse arrivals can be followed in Fig. 3(a). 5.3 ps before the
main pulse’s arrival, i.e. before both pre-pulse and main pulse had arrived at the droplet, all droplets were trans-
parent for the probe light. Note that the droplets for this scan, unlike the scan in Fig. 2(a), had a different position
on the x-axis. Therefore, the light transmitted through the droplets was not imaged as small spots, but as bright,
extended, central patches. At the time the pre-pulse arrives (ty= T, — 5.2 ps), only the central droplet becomes
opaque in contrast to the image when the main pulse arrived at T, where the central and the two neighbouring
droplets are completely opaque due to ionization. In the image showing the arrival of the main pulse, a small
pre-plasma expansion on the droplet’s (left) side irradiated by the pre-pulse can be vaguely seen with the help of
visual guides (arrow in Fig. 3(a), T, image).

With both the main and the pre-pulse applied, the x-position of the droplets was again varied, while the max-
imum proton energy (Fig. 3(c)) and the droplet expansion for T+ 150 ps were measured (Fig. 3(d)). The results
are quite different when compared to the scan without a pre-pulse (cf. Fig. 2(b,c)). The averaged maximum proton
energy stays at a relatively constant level between 1.5 MeV and 2 MeV at positions between x=+£7.5um, and then
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Figure 2. Exemplary images of the laser-droplet interaction for four different delays between probe and main
pulse arrival T are shown in (a). The orange arrows point at the probe light which is focused by the transparent
droplets before the laser arrives at T, — 0.2 ps. The main laser illuminates the central droplets from the left.

In (b) the maximum proton energy is shown as a function of the position of the droplets relative to the laser
focus position along the polarization axis. The black squares are averaged values with standard deviation of

10 consecutive shots taken at each position, except for x =+16.25um (11 shots), x=+18.75um (9 shots)

and x=—16.25pm (15 shots). The whole scan consists of 165 consecutive shots between x=—18.75pm and
x=418.75pm. Every single shot is used in the calculation of the mean values and the corresponding standard
deviations. Shots with no signal at or above the Thomson parabola’s low energy threshold of 0.4 MeV were
included as 0 MeV in the calculation of the mean values and standard deviations. Red dots and blue triangles
represent the highest and lowest proton energies of the different positions, respectively. If the blue triangle at
one position represents a value higher than 0 MeV, all of the shots taken at this certain position, for example at
x=11.25pm, produced a signal on the Thomson parabola’s MCP. Since the droplets” absolute positions relative
to the laser pulse in the x-axis could not be measured directly, it was estimated from the symmetry of the scan.
Details about the error bars along the x-axis can be found in the Supplemental Material. (c) Shows exemplary
images of the illuminated droplet’s expansion for different positions 150 ps after the arrival of the main laser pulse.

decreases as the droplets are moved further away from the laser focus. Thus, the strong dip in Fig. 2(b) has disap-
peared, probably due to increased electron heating in the pre-plasma. Therefore, the acceleration process is less
sensitive to the variation of the droplets’ position along the x-axis. which is also reflected in the smaller variation
of the proton energies. Simulations show that the energy of electrons increases with increasing scale length*"#.
A similar behaviour can be observed for the plasma expansion. Here, the shapes of the expanded droplets are
quite similar for the different x-positions showing an oval-shaped expansion in both laser forward and backward
directions without a pronounced bulge shape as in the case without the pre-pulse.

To obtain further information about the pre-plasma the main pulse was blocked using a shutter with a small
aperture aligned with the pre-pulse mirror. In Fig. 3(b) exemplary images of the pre-plasma expansion for dif-
ferent time delays are shown. Here, ¢, corresponds to the time of the pre-pulse’s arrival. Before (f,— 0.3 ps) and
shortly after the pre-pulse arrival (£, + 0.7 ps) the central droplet’s size does not change. At later times, the droplet
expands mainly in the direction of the incoming laser (i.e. to the left), while no plasma expands from the side
facing the Thomson parabola (right side).

These images were used to estimate a 2D-Gaussian pre-plasma with an exponential density profile with the
maximum scale length L, .~ 0.39 pum = A on the laser axis for the time of arrival of the main laser pulse as input
for 2D-PIC simulations (see Supplemental Material for details).

Simulations and Discussion

2D-PIC simulations were performed using the EPOCH code®. The simulation box extended from —15 pym to
15pum in both axes with 200 cells/pm. The pump laser was modelled as a Gaussian pulse in space and time with a
normalized vector potential of a,=2.5,a FWHM pulse duration of 7=42 fs,a FWHM spot size of d=0.6 pm and
a central wavelength of A= 0.4pm. In 2D geometry, the droplets were modelled by disks with a diameter of 5pum
with maximum electron densities of n,,=30-n.. As ions, protons and O** were included. The number of parti-
cles per cell was 20. Due to computational limits, the diameter of the simulated droplets and the laser’s focus had
to be reduced with respect to the experiment by a factor of 4 and 2, respectively. To reproduce the experimental
results shown in Fig. 2(c) two cases were investigated. First, such a target was centered around (z, x) = (2.5pm,
0pm) resulting in a central incidence of the laser on the droplet representing the case for x~ 0 pm from Fig. 2(c).
For the second case, the target was shifted by its radius to the position (2.5 um, —2.5um) which corresponds to
the experimental condition of x~ £11.25 pm. To reproduce the proton energy increase for x=0pm shown in
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Figure 3. In (a) exemplary images of the interaction of the main laser pulse and a pre-pulse with the droplets
are shown. The pre-pulse arrives at the time t,= T, — 5.2 ps, i. e. 5.2 ps before the main pulse. The arrow and

the rectangle at T, are guides for the eyes to better show that the central droplet has slightly expanded in the
direction of the incident laser. Five side-view images for different time steps of the interaction of the pre-pulse
alone with the central droplet are shown in (b). In (c) we show the maximum proton energy in dependence of
the droplets’ positions relative to the laser’s focus position for the scan including a pre-pulse. The black squares
are averaged values with the corresponding standard deviation of five, consecutive shots at each position, except
for x=-+12.5pm (6 shots) and x=+15um (4 shots). Red circles and blue triangles represent the highest and
lowest proton energies of the different positions, respectively. The whole scan consists of 65 consecutive shots
between x=—15pm and x=+15pm. Again, every single one of these shots is used to calculate the mean values
and the standard deviations at their respective positions. Between x = —7.5um and x = +7.5 pm there is only
one shot with “0MeV” (i.e. with no detectable signal on the Thomson parabola). This shot is displayed as the
shot with lowest proton energy at x=+5um (blue triangle) and is the reason for the large error bar, since the
other four shots produced energies between 1.8 MeV and 2.2 MeV. This shot triggered a significantly different
droplet expansion behavior than the other four shots, which can be seen in Fig. 4 in the Supplemental Material,
where these shots are compared to the ones taken at x = +12.5 pm. Since the droplets’ absolute positions relative
to the laser pulse in the x-direction could not be measured directly, it was estimated from the axis of symmetry
of the scan. (d) shows exemplary images of the illuminated droplet’s expansion for different x-positions 150 ps
after the laser droplet interaction took place.

Fig. 3(c) we added a 2D-Gaussian pre-plasma with an exponential density profile with the maximum scale length
Of L, 1max = 0.390um ~2 A on the laser-axis as estimated. Due to the the unavoidable uncertainties in the experimen-
tal determination of the scale length we performed three additional simulations where the maximum scale length
was 0.780pma22, 0.195um ~ 0.5\ and 0.100 pm ~ 0.25\ to cover a broad range of scale lengths.

In Fig. 4(a) the maximum proton energy of forward accelerated protons at the end of the simulation run
for the two different irradiation geometries and the four different pre-plasma profiles is shown. It can be seen
that the off-axis irradiation produces a nearly four times higher proton energy than the central irradiation of
the droplet, as long as no pre-plasma is present. The simulations with the various scale lengths under normal
incidence show that the presence of a pre-plasma always produces a rise in the proton energies compared to the
case without pre-plasma. The proton energy increases with increasing scale length up to L, ., =0.390 pm and
does not increase further for L, ., = 0.780 um. However, for off-axis irradiation without a pre-plasma present the
maximum proton energy is still slightly higher than for all scale lengths and normal laser incidence. Therefore,
the simulation reproduces well the experimental findings. One should note, however, that for the off-axis illu-
mination case even higher proton energies are emitted under different angles in the simulation (see the protons’
distribution in the phase space in Fig. 2(f) in the Supplemental Material).

To study the reasons for the different maximum proton energies we investigated the electrons” phase space
(Fig. 4(b)) and the electric field behind the droplet (Fig. 4(c)) for (i) the normal incidence case without a
pre-plasma, (ii) normal incidence with a pre-plasma with the maximum scale length of L, .., ~ A and (iii) the
case of off-axis irradiation without a pre-plasma.

When comparing (b;) and (by), it is obvious that electrons are heated much more when a pre-plasma is present.
The electrons in (b;) are only slightly accelerated in the forward direction, since the field of the laser is strongly
attenuated at the outer edge of the droplet and can hardly heat electrons due to the high electron density inside
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Figure 4. The dependence of the simulated maximum proton energy for different pre-plasma scale lengths and
two different irradiation geometries is shown in (a). The kinetic energies of protons propagating within an angle
of +1° in the laser forward direction were evaluated from the last recorded time step T+ 129fs. (b) Shows

the momentum distributions of the electrons normalized to their respective maximum at the time T+ 9 fs for
(i) the case of the central irradiation of the droplet without pre-plasma, (ii) with pre-plasma with a maximum
scale length of L, =0.390 pm and (iii) the off-center irradiation without pre-plasma. (c) and (d) show the radial
electric field E, and the magnetic field component B, at the droplet’ right side for a time T, +29fs. T, denotes
the time at which the main pulse peak arrives at its focus at (z=0, x=0). As a consequence, the droplet’s top
side was irradiated in this 2D-geometry for the case of grazing incidence. A sketch of the irradiation conditions
is shown in (a) in the lower right corner. The entire droplet with the magnetic field in y-direction, including the
laser field, is also shown for T+ 29fs, T+ 49fs and T+ 69 fs in the Supplemental Material as Fig. 7.

the droplet which results in a small skin depth*%. For the simulation with a scale length of =~ A shown in (b;) the
density distribution of electrons in the momentum space shows that a large number of electrons get strongly
accelerated in all directions from the pre-plasma resulting in a larger number of hot electrons at the droplet’s back
and therefore a stronger electric field driving the proton acceleration. However, the electric field is still somewhat
weaker than in the case of off-axis irradiation (compare (c;) with (c;;)) although in this case less hot electrons are
produced (by).

This stronger electric field in the case of off-axis irradiation can be explained as follows*"*2. Here, the laser’s
electric field directly points into the droplet and can therefore strongly heat electrons near the surface. Many of
these electrons get additionally accelerated in forward direction and travel just outside the droplet close to its sur-
face. This current of hot electrons induces a return current of cold electrons just below the surface of the droplet.
These two opposing currents generate a strong magnetic field in the positive y-direction localized at the surface
(Fig. 4 (d;;)), where the resulting Lorentz force pushes the hot electrons away from the droplet. The charge separa-
tion field which is localized a little further outwards accelerates the electrons back towards the droplet. Together
the two fields produce a localized population of hot electrons travelling along the surface. Such surface electrons
have already been observed or simulated when using planar targets®*=3>. Also for the case of droplets, this very
localized electron sheath is responsible for the stronger electric field accelerating protons to higher kinetic ener-
gies than in the other cases. An example for such a confined hot electron is shown in the Supplementary Material
(Fig. 6).

Summary

In summary, we have investigated the interaction of ultra-high contrast laser pulses at 400 nm with water
microdroplets, with and without an additional pre-pulse, by means of an optical probe and the measurement of
maximum proton energies as well as 2D-PIC simulations.

The optical probe not only allowed us to observe the expansion of the droplets on a picosecond timescale, pro-
viding additional insight into how a droplet was irradiated by the main laser pulse, but also allowed us to estimate
the plasma expansion induced by an additional pre-pulse. The pre-plasma changed the interaction in a way that
the main laser pulse’s conversion into hot electrons was enhanced which eventually led to higher proton energies
in the forward direction when the droplets were irradiated under normal incidence.

However, when the droplets were shifted about their radius along the laser’s polarization direction-without a
pre-plasma present—even slightly higher proton energies in the experiment, for single shots, as well as in the cor-
responding simulations were produced. Here, the off-axis irradiation of a droplet causes a hot electron current to
flow along the surface of the droplet, generating electric and magnetic fields that in turn confine the current close
to the surface. This confinement of the current in combination with the limited volume of the targets enhances the
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electric field responsible for proton acceleration. This behavior is only possible for targets with spherical geometry
such as droplets because the surface current cannot escape the interaction region in this case.

However, by generating a pre-plasma, the acceleration process becomes more stable, because the sensitivity
on the actual droplet position is reduced. Since most applications require stable proton sources, laser pulses with
carefully adjusted TIC may be a good choice. Therefore, the investigation of laser pulses with different pre-pulses,
or different TIC, is useful to achieve high proton energies with high reproducibility.

Thus, we have shown that the combination of water microdroplets irradiated at 2w frequencies and probing
with off-harmonic wavelengths has great potential for the investigation of laser-plasma interactions. Furthermore,
the ease of droplet production, their synchronizability with the pump laser and availability at high repetition rates
demonstrate that droplets are a promising target for laser-driven proton acceleration as well as for secondary
radiation sources®.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding authors on
reasonable request. The simulations were analyzed with open-source software*~*.
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