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Abstract
A colliding microjet liquid sheet target system was developed and tested for pairs of round nozzles of 10, 11 and 18 µm
in diameter. The sheet’s position stability was found to be better than a few micrometers. Upon interaction with 50 mJ
laser pulses, the 18 µm jet has a resonance amplitude of 16 µm at a repetition rate of 33 Hz, while towards 100 Hz
it converges to 10 µm for all nozzles. A white-light interferometric system was developed to measure the liquid sheet
thickness in the target chamber both in air and in vacuum, with a measurement range of 182 nm–1 µm and an accuracy of
±3%. The overall shape and 3D shape of the sheet follow the Hasson–Peck model in air. In vacuum versus air, the sheet
gradually loses 10% of its thickness, so the thinnest sheet achieved was below 200 nm at a vacuum level of 10–4 mbar,
and remained stable for several hours of operation.
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1. Introduction

The most recent ultrashort pulse laser systems with an
average optical power of hundreds of watts and better than
2% stability[1–4] have laid the technological basis for the
generation of stable, user-ready, high average power sec-
ondary systems, such as X-ray and gamma-ray sources. One
of the major challenges of the utilization of high average
power lasers in plasma physics and ion acceleration is the
implementation of a high-repetition-rate, high-density target
system.

Since the 1990s, liquid-based target systems have been
used for spectroscopical purposes at very low irradiation
powers[5–12] mainly in ambient air, sometimes in vacuum.
When a liquid target is to be illuminated by a high-intensity
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laser with a peak intensity exceeding 1016 W/cm2, the inter-
action must take place in vacuum, for two reasons. First, the
laser beam can significantly deteriorate upon focusing due
to nonlinear optical phenomena in ambient gases. Second,
the generated X-ray radiation and particles, especially ions,
are completely absorbed at pressures above a few torrs[13].
Hence, the first liquid targets for laser ion acceleration were
typically droplets[14,15], where the vacuum environment was
relatively easy to retain, due to the low flowrate and the
correspondingly low evaporation rate. Another approach to
overcome vacuum issues is the development of cryogenic
jets[16–18].

Following the first successful demonstration of a kilohertz-
repetition-rate proton accelerator based on a 0.5 µm ambient
temperature liquid sheet[19], the development of various liq-
uid target systems took off. Up to now, four different tech-
nologies have been developed to generate stable, thin liquid
sheets in vacuum: one using the collision of two microjets[12];
one using a 3D-printed nozzle[20]; one using a gas-dynamic
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virtual nozzle (GDVN)[11]; and one using an isotropically
etched glass nozzle[21]. It was shown that the ultimate laser
repetition rate at which a liquid sheet can be operated is a
few tens of kilohertz[22,23]. Recently, few-micrometer thick
liquid sheet targets have been developed for interaction with
petawatt-class laser pulses, for ion acceleration[24–26] as well
as for plasma mirrors[22,27].

The efficiency of acceleration depends on the target thick-
ness. According to the theories and experimental results,
the sweet point lies in the submicrometer regime[28–31]. For
few-cycle pulses, it is around 100 nm[32,33]. Hence, efficient
ion acceleration at a considerable repetition rate requires
the development of a rapidly self-replenishing liquid sheet
target of nanometric thickness in vacuum, and with sufficient
position stability in the focal plane of the high-intensity laser.

Several methods, most of them interferometric, have been
implemented to measure the thickness of thin films from
a few micrometers down to few tens of nanometers. To
monitor the thickness change at different positions of the
film, monochromatic interferometry has proven itself suit-
able[20,25,34–36]. When absolute thickness measurement is
required, white-light interferometry (WLI) is the appropriate
solution. Various WLI arrangements have been developed to
record either the reflected[11,20,37] or the transmitted[21,38–40]

spectral interference from a given area of the film. One may
regard the thickness measurement with coherent extreme
ultraviolet (EUV) light as a special case of WLI, when an
attosecond pulse train (APT) is produced in the liquid sheet
target by high-harmonic generation (HHG) and the thickness
is determined from the modulation of the HHG spectrum
arising from the time delay between the APTs[41]. According
to the theory of WLI, the thinner the film, the broader the
required spectral range[28].

White-light interferometric methods have been suc-
cessfully adopted for liquid sheets with thicknesses from
submicrometers to several micrometers, mostly in ambient
air[11,12,20,21,25,34,37–40]. It has been questioned since the first
experiments in vacuum whether the thickness aligned and
even measured in air is the same upon interaction in vacuum.
The query has arisen both from experiments and theoretical
considerations: upon closing and evacuating a vacuum

interaction chamber, the mechanical and/or pressure impact,
as well as the assumed change in surface tension due to cool-
ing caused by the evaporation of the liquid, may influence the
liquid jet and hence the thickness of the sheet. To our knowl-
edge, so far two attempts have been made to measure or
estimate the thickness of liquid sheets in vacuum. From their
measurements, Galinis et al.[20] concluded that the thickness
of sheets several micrometers thick is not affected in vacuum.
This observation seems to contradict the estimate provided
by Ekimova et al.[12]. They measured the evaporation loss in
a vacuum environment, and estimated that the thickness of
the liquid sheet may decrease by 5% in vacuum. Hence, there
is a need to investigate the effect of the vacuum pressure on
the thickness of liquid sheets, especially of ultrathin ones.
This calls for a special measurement scheme that is suitable
for measuring thicknesses below 200 nm with high precision
and that can be used in vacuum, too.

The liquid sheet formed by two microjets under compli-
cated flow dynamics is sensitive to the angle and position
of the two jets[42,43] and the environmental vibrations[19],
including the laser’s repetition rate. If any disturbances
occur, the jet may change position[23]. Hence, it is essential
to investigate the position stability of the liquid sheet, which
may then affect the stability of the interaction and eventually
the secondary source generated (e.g., ions).

In this paper we report on the development and charac-
terization of a nanometric liquid sheet target system based
on colliding microjets. To the best of our knowledge, the
182 nm thick sheet we produced is the thinnest sheet so far.
Moreover, this thickness was measured in situ, in the inter-
action chamber in ambient air, during evacuation, and also at
the ultimate vacuum level in the 10–4 mbar regime, with the
same optical arrangement. The sheet was demonstrated to be
operational for more than 3 hours under vacuum conditions.

2. The liquid jet system

The system consists of two main parts: the head with the
nozzles (Figure 1(a)) and the computer controlled liquid
circulating system (Figure 1(b)). Both parts were gradually

Figure 1. (a) The liquid jet system: the two nozzles forming the sheet and elements of the thickness measuring arrangement, that is, the condensing and
collimating lenses and the optical fiber and (b) the logical diagram of the liquid jet circuit.
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Figure 2. Formation of the top liquid leaf: (a) side view; (b) front view.

developed to meet the two major requirements, namely
operation in high vacuum (10–4 mbar) and generating a flat
and stable liquid target with a thickness well below 1 µm.
Here we describe the final version of our system, avoiding
details of the years-long development.

The flat liquid sheet is generated by two colliding cylin-
drical microjets, flowing from two identical, quartz nozzles
(Figure 2). At the inlet of the nozzle, the internal wall is
parallel, and becomes tapered towards the tip of the nozzle,
while its diameter decreases from approximately 0.5 mm to
the orifice size of tens of micrometers. The slow parts of
the parabolic flow profile close to the wall are cut off by the
conus-shaped inner channel before the tip, which results in
a jet with laminar flow and a flat top flow profile. The size
of this microjet is almost equal to the size of the orifice. The
liquid sheet is formed upon the collision of these laminar
flow microjets in the perpendicular plane with respect to the
plane of the nozzles. The ultrathin liquid sheet is bordered by
a few-micrometer thick rim. The two sections of the rim meet
again in a tip, forming a second leaf in the perpendicular
plane with respect to the first leaf. This sequence continues
until liquid formation decays into droplets and spray. The
sheet is the thickest near the meeting point, and the thinnest
at the tip of the leaf-shaped liquid structure. The flowrate,
the collision angle, the orifice size and the properties of the
liquid, especially its surface tension, determine not only the
thickness, length and width of a leaf, but also the number of
consecutive leaves.

One may think that with the decrease of the orifice size,
the liquid sheet would be made infinitesimally thin. However,
there are a few practical limitations. Firstly, the microma-
chining of a few-centimeter-long, mechanically stable cap-
illary is exponentially challenging with a decreasing orifice
diameter. Secondly, experience shows that micrometer-size
particles start evolving in the liquid, which is difficult to
avoid. These particles originate partly from the air of the
laboratory (ISO 8 optical cleanliness in our case) and partly
from the microparts of the liquid circulating system. Such
tiny particles started blocking the orifices with a size below
15 µm, despite the applied finest liquid filters. The frequency
of blocking events increased with smaller orifices. Hence,
in our experiment, the smallest applied orifice diameter was
10 µm.

The impinging angle and the orifice diameter define the
flowrate at which the leaf stability is satisfactory[11,25]. We
found that an impinging angle between 50◦ and 55◦ was
suitable for all three microjets, running with water having
a slight salinity (100 mg/L NaCl) in our experiments. The
liquid sheets with orifice sizes of 10, 11 and 18 µm were
stable within the flowrate ranges of 0.46–0.57, 0.60–0.75 and
1.28–1.32 mL/min, respectively. Under these conditions, the
first, large leaf was followed by a second one only. The
ratio of the lengths and widths of the leaves was about 4:1.
Since the characteristics of the two smallest liquid sheets we
generated were very similar, for most of our discussions in
the next sections we show the data for the smallest and largest
nozzle orifices.

Proper design and control of the circulating system are
essential for maintaining the sensitive conditions of the
liquid leaf. A high-pressure pump system (KNAUER Wis-
senschaftliche Geräte GmbH) serves the common pipeline
for the nozzle pairs. The pressure in the feeding pipe is
adjusted between 60 and 90 bar, depending on the flowrate
and orifice size of the nozzles and the cleanliness of the
feeding system. To minimize pulsation in the pipe and
consequently in the liquid microjets, a pulsation damping
system is inserted right after the pumping head of the high-
pressure pump. To guarantee long-term jet stability under
vacuum conditions, a catcher system was designed to collect
the liquid beneath the first liquid leaf and remove it from
the vacuum environment. The catcher has a small heated
orifice at approximately 100◦C (ID: 500 µm) to prevent
ice formation, and to allow us to drain the liquid into a
bottle with a diaphragm pump. The bottle can be emptied
without interrupting the jet or vacuum operation, which may
make the liquid jet system operable infinitely (Figure 1(b)).
In the current arrangement, however, the cold trap limits
the operating time to approximately 10 hours. Namely, the
vapor condenses on the surface of the cold trap filled with
liquid nitrogen, and the accumulating ice layer decreases
the efficiency of the cold trap. Depending on the flowrate
and size of the leaf, the vacuum level increases after several
hours, and breaks the operation.

3. Mechanical stability of the liquid sheet

3.1. Stochastic position stability

For long-term operation as an ion source, position stability
is a must for any liquid phase target[44]. If the uncertainty of
the target position is greater than the Rayleigh range of the
focused laser beam, then the highly nonlinear laser–matter
interaction results in a very unstable particle beam.

We placed a Micro-Epsilon high-precision distance mea-
surement unit (ILD2300-20 type) against the liquid leaf
target system in the normal direction to measure the position
of the surface of the leaf. The readout frequency was 1.5 kHz,
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Figure 3. Measurement of the liquid leaf’s position stability with the Micro-Epsilon® system. The leaf was produced with nozzles of (a) 10 µm and
(b) 18 µm orifices, and flowrates of 0.50 and 1.27 mL/min, respectively.

Figure 4. The mean value of displacement as a function of the flowrate for orifice sizes of (a) 10 µm and (b) 18 µm. The error bar represents the standard
deviation of three independent measurements.

while the accuracy was 0.24 µm. We operated in the mid
measurement range, roughly 5 cm away from the sheet;
hence, the spot size was well below 100 µm on the center of
each sheet. The liquid leaf position was then measured for
5 minutes at different flowrates. For illustration purposes,
typical measurements are shown in Figure 3. The stability
of the leaf surface is defined as the root mean square (rms)
value of the displacement.

As can be seen, the leaf produced with the smallest orifice
is less stable than that produced with the largest one. The
periodic variation of displacement is probably due to the flow

dynamics. With an increasing flowrate the system shows
better stability (Figure 4). In the most stable case, the mean
values of displacement decrease to 0.99 and 1.33 µm for
10 and 18 µm orifice sizes, respectively.

This natural uncertainty of the liquid jet system defines
the maximum numerical aperture (NA) at which the target
stays within the Rayleigh range of a Gaussian laser beam.
Assuming laser pulses with a central wavelength of 850 nm,
the maximum NAs are listed in Table 1.

As Table 1 shows, there is a range of flowrates at which
the liquid leaf stays stable. Once the flowrate is too low, the
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Table 1. The largest possible numerical aperture of a focusing element that can be used for focusing the laser pulse on the liquid leaf, under
which the leaf stays within the Rayleigh range, as a function of the flowrate for orifices of (a) 18 µm and (b) 10 µm in diameter.

(a)
Flowrate [mL/min] 1.28 1.29 1.30 1.31 1.32
Displacement [µm] 2.05 3.04 2.14 1.74 1.33
NA 0.73 0.59 0.71 0.79 0.90

(b)
Flowrate [mL/min] 0.46 0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54 0.55 0.56 0.57
Displacement [µm] 6.86 8.38 4.80 4.37 4.12 3.28 3.84 3.09 2.29 1.47 0.99 1.60
NA 0.39 0.36 0.47 0.50 0.51 0.57 0.53 0.59 0.68 0.85 1.04 0.82

leaf collapses. At high flowrates, however, the liquid starts
flicking at the collision point, making the leaf unstable again.
For our microjets, the optimum flowrate is between 0.46
and 0.57 mL/min as well as 1.28 and 1.32 mL/min in the
case of 10 and 18 µm nozzle orifices, respectively, which
supports our ion acceleration focusing power of NA = 0.25.
Therefore, in the following sections we investigate the liquid
leaf properties within these flowrate regimes.

3.2. Resonant position stability

Besides the stochastic behavior of the flow dynamics of the
colliding microjets, the position stability of the liquid leaf
may also be affected by the laser interaction[22]. When the
laser pulse impacts the leaf surface, part of it is absorbed
and creates plasma. Upon this process, the flow is locally
broken, which changes the flow dynamics of the leaf. As
a result, the combined process of light absorption and flow
break may result in a slight push of the leaf’s position. When
shooting laser pulses at a certain repetition rate, the periodic
push of the leaf, regarded also as a certain type of pendulum,
may make it swing. If the period of the swing happens to be
close to the resonance of the leaf, the displacement of the
leaf can be significantly larger than the natural uncertainty
of the sheet.

The effect of the periodic interaction of laser pulses on the
liquid leaf was measured with the TeWaTi laser system of
the University of Szeged[45]. The pulse energy and focal spot
diameter were 50 mJ and 30 µm, respectively. The repetition
rate of the laser pulses reaching the leaf was varied between
3 and 100 Hz with a fast mechanical shutter before the power
amplifier of the 100 Hz laser system. Figure 5 shows the
measured position error of the liquid leaf as a function of
the pulse’s repetition rate.

It can be seen that the periodic force of the laser pulses
shows a clear resonance peak at 33 Hz in case of the
largest orifice. For the smaller ones, the displacement flattens
at around 10 µm towards the higher repetition rates. The
displacement induced by the natural uncertainty mentioned
above and the laser pulse is still within the Rayleigh range of
our NA = 0.25 focusing element.

Figure 5. Displacement of the liquid sheet generated by periodic laser
pulses for various orifice sizes as a function of the laser’s repetition rate.
(The lines are only to guide the eye.)

4. Experimental method and setup to measure nanomet-
ric transparent sheets

To develop a liquid leaf target with an intended thickness
of hundreds of nanometers in vacuum, it is inevitable to
implement a thickness measurement arrangement opera-
tional also in vacuum and to provide the appropriate reso-
lution. We chose a novel embodiment of classical spectral
interferometry with broadband light sources. The thickness
of the ultrathin sheet is determined from the period of
spectral modulation appearing either in the reflection or
in the transmission spectrum. The method highly depends
on the accuracy of the spectral measurement of both the
interference and the light source itself. After a compara-
tive experimental study, we concluded that the measure-
ment of transmittance is superior to that of reflectance, due
to the accuracy of the measurement of the fundamental
spectra.

In the case of submicrometer-thick liquid sheets, the peaks
and valleys in the spectral transmittance appear in the ultra-
violet (UV) spectral range and at the lower end of the
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Figure 6. Schematic of the optical arrangement for thickness measurement in vacuum ambient operation (top view).

visible spectrum. This means that the liquid sheet must
be illuminated by a light source with a sufficiently broad
spectrum. Therefore, we use a combined deuterium and
tungsten halogen lamp (Ocean Insight, DH-2000-S-DUV).
To produce a flexible measurement system with good spa-
tial resolution, optical fibers are used. The light beam of
the combined lamp launched into a multimode ultraviolet-
visible (UV-vis) fiber propagates through a flange using a
simple mechanical coupling into another multimode fiber of
the same type (Figure 6). In the vacuum chamber, a UV-
fused silica lens images the output of the optical fiber into
a light spot of 50 µm on the liquid jet sheet. The distance
between the lens and the sheet was 60 mm. The angle of
incidence was always around 30◦. In each case, the precise
value was measured with the law of cosines. The light beam
transmitted through the liquid jet sheet is imaged by another
fused silica lens into the input of another multimode UV-vis
optical fiber. Then the transmitted light beam goes through
the flange again, where the light is coupled into the last
multimode fiber attached to a UV-vis spectrometer (Ocean
Insight, FLAME-T-UV-VIS-ES). At the beginning of each
measurement, the liquid sheet was removed from the light
paths, so that a reference spectrum of the input beam could
be recorded.

The spectral transmittance of the liquid sheet is formed by
the interference among the directly transmitted beam and the
beams reflected on the front and back surfaces of the sheet.
In this way, transmittance can be described by the multiple-
beam interference formula as follows[46]:

I(t)

I(i) = 1

1+F sin
( 2π

λ
n2hcosθ2

)2 , (1)

where I(i) and I(t) are the intensities of the input and the
transmitted beams, respectively, λ is the wavelength, n2 is
the refractive index of the liquid sheet, θ2 is the refraction
angle and h is the geometrical thickness of the sheet. The F

parameter is defined as 4R/(1 – R)2 with R = r2
s +r2

p
2 , where

rs and rp are the reflection coefficients for s- and p-polarized
light beams, which are determined by the Fresnel formulae
as follows[46]:

rp = n2 cosθ1 −n1 cosθ2

n1 cosθ2 +n2 cosθ1
, rs = n1 cosθ1 −n2 cosθ2

n1 cosθ1 +n2 cosθ2
, (2)

where θ1 is the angle of incidence on the sheet and n1 is the
refractive index of the medium surrounding the liquid sheet.

If the theoretical curve given by Equation (1) is fitted to
the measured spectral transmittance values and n2 and θ1 are
known – and θ2 can be calculated – then there is only one
fitting parameter, h, the geometrical thickness of the layer, to
be determined. Here we assumed that the small illuminated
part can be approximated as a parallel sheet. In this case, the
method mentioned above can be applied to map the thickness
of the liquid sheet.

During the measurements, we realized that in some cases
the maximum of the measured transmittance was some-
what smaller than 1, due to scattering losses caused by
the optically imperfect surface of the sheet. Therefore, we
introduced another fitting parameter, A, which allowed us to
take this effect into account, thus improving the precision of
the fit:

I(t)

I(i) = A(λ)
1

1+F sin
( 2π

λ
n2hcosθ2

)2 . (3)

The thickness measurement setup was first tested in air with
a commercial, 0.5-µm-thick polyester mylar (PET) foil. A
piece of this material was strained to a rectangular holder
to have a smooth enough sheet surface for measurement.
With this transparent thin film, we could ensure the precise
implementation of the system, and perform the first mea-
surement. The standing target in air provided the simplest
circumstances. A typical spectral transmittance is shown in
Figure 7 with the fitted curve. Here the scattering loss was
wavelength dependent, unlike the liquid sheet. Therefore, in
the fit function parameter A was not a simple constant, but
the A(λ) = (

1− C
λ

1
1−R

)2
expression was used, where C was

a fitting parameter[46]. In the test measurement, we found that
the PET foil was 559 nm thick, which was in good agreement
with the expected value. The accuracy of the measurement
was ±2%, established as the rms error of five subsequent
measurements.
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Figure 7. Measured spectral transmittance with the fitted curve of a PET
foil.

5. Thickness measurement of the nanometric liquid
sheet in air and in vacuum

After testing the systems, the thickness measurement setup
and the liquid jet setup were installed on a vibration damped
optical table (decoupled from the vacuum pumps) in the
experimental chamber to characterize the liquid sheet target
while varying its different parameters (see Figure 1(a)).

The critical parameter for ion acceleration experiments is
the thickness of the liquid sheet. According to the Hasson–
Peck model[43], the h thickness of a liquid sheet generated by
two colliding liquid jets is given by

h = d2

4r
sin3 α

(1− cosφ cosα)2 , (4)

where d is the diameter of the orifice of the nozzles, r is
the radial distance from the point of impact, α is half of
the impact angle and φ is the azimuthal angle. Although
Equation (4) provides the thickness, the formation of the
layer is the result of different hydrodynamic effects, which
can be influenced by many factors. Therefore, our aim was
to measure the thickness of the liquid sheet in air and in
vacuum.

5.1. Thickness measurement in air

Firstly, we examined how the thickness of the liquid leaf
changes along its symmetry axis (yellow line in the insert
image of Figure 8(a)) in air if the flowrate is varied. We used
the collision point of the colliding round jets as the zero point
of the vertical distances.

In Figure 8 it can be seen that for all three flowrates
the measured thicknesses follow the path of the theoretical

curve given by Equation (4). The thickness is inversely
proportional to the distance measured from the reference
point. We defined the starting point of the measurement,
where the gradient of the leaf thickness variation was small
enough compared to the measuring spot size, in order to
maintain the visibility of the interference fringes.

It is worth noting that the best theoretical fit provided
slightly different collision angles, 54◦, 50◦ and 55◦ for 10,
11 and 18 µm orifices, respectively. The difference between
the designed value and the real value of this angle originates
from the mechanical properties of the glass-metal locking
mechanism.

As seen, the higher the flowrate, the longer the leaf is.
Hence, the last measurable point is getting further away
from the reference point. Because thickness is inversely
proportional to distance, the increasing flowrate eventually
results in a smaller thickness at the bottom end of the leaf.
However, as Figure 8(c) shows, the small thickness points
possibly tend not to follow the prediction of the Hasson–Peck
model, as also seen in Refs. [12, 25].

It is worth noting that the smallest thickness we measured
was 182 nm. As can be seen in Figure 8(e), the fitting was
still acceptable. We regard this measured value as the lowest
end value of our measurement range. However, considering
the experimental arrangement and the light source used, the
ultimate limit would theoretically be around 100 nm.

To show the robustness of thickness tuning with position
we measured the thickness in the full flowrate range at a few
vertical positions (Figure 9). The thickness was constant over
the entire range with a measurement accuracy of 3% (the
corresponding error bar is shown at the first measurement
point of each series).

Previous measurements characterized the surface varia-
tion of the liquid leaf with the help of a monochromatic
interference pattern[11,20,34–36]. To map the absolute thickness
variation along the leaf, we measured the thickness of the
leaf along horizontal and vertical lines point by point (dots
in Figure 10). As seen, all the measured points lie on the
calculated theoretical surface. It is clear that the target is
the thickest in the middle, on the vertical symmetry axis,
and its thickness decreases on both sides towards the visible
rim around it (not presented on the surface plot). It is
interesting to note that this description of thickness variation
may provide a tool for finding the best position for laser-
plasma ion acceleration.

5.2. Thickness measurement in vacuum

The ultimate aim to accelerate ions from an ultrathin liq-
uid jet in vacuum requires a pressure below 10–4 mbar.
Existing data on the change of liquid leaf thickness in
vacuum are contradictory[12,20]. Hence, after the liquid jet
was characterized in the interaction chamber in air, a similar
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Figure 8. The thickness variation along the vertical axis (a) of the liquid leaf at different flowrates of water (orifice size): (b) 10 µm, (c) 11 µm and
(d) 18 µm. The measured and evaluated spectral interference fringes are shown for the two thinnest values of 182 nm (e) and 212 nm (f). The error of the
measurement was 3%.
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Figure 9. Thickness of the liquid leaf at a certain point on the vertical
symmetry axis as a function of the flowrate (10 µm orifice size).

Figure 10. Grid of the measured thicknesses (stars) lying on the calculated
thickness profile of the liquid leaf (10 µm orifice size and 0.54 mL/min
flowrate).

characterization process needs to be repeated in vacuum. To
keep the liquid jet alive, a special evacuation protocol was
developed. While we varied the pumping speed, at a pressure
of mbar level we started filling up the cold finger with liquid
nitrogen until the ultimate vacuum was reached.

The evacuation process of the vacuum chamber did not
affect the interferometric setup, which allowed us to examine
the effect of the decreasing pressure on the leaf thickness.
The thickness of the water sheet from the 11 µm orifice size
was measured at a given point of the symmetry axis at a
flowrate of 0.7 mL/min upon the evacuation process lasting
for 15–20 minutes (Figure 11). As can be seen, the thickness
of the layer decreases with falling pressure.

At the ultimate vacuum pressure of 10–4 mbar, the thick-
nesses of the sheets generated with 10 and 18 µm orifice
size jets were scanned along the symmetry axis (Figure 12).

Figure 11. The thickness variation with the ambient pressure at a given
point of the symmetry axis of the liquid leaf at a flowrate of 0.7 mL/min.

The shape of the measured curves was similar in both
cases; however, the thickness values obtained in vacuum
were 10% smaller than those obtained in air, confirming
the measurement performed upon the evacuation process
(Figure 11). We think that the change in surface tension and
the intense liquid evaporation in vacuum ultimately result in
the thinning of the sheet.

The stable liquid target must operate as long as it is
possible for the long-term continuous generation of ions.
Hence, we completed an endurance test in vacuum, too. For
this purpose, we focused a diode laser (550 nm) beam gently
onto the surface of the jet, and monitored the reflected beam
position on a metal screen. From the geometry, we could cal-
culate the position change of the spot and the rotation angle.
Figure 13 shows the results of the 200-minute endurance test.
During this long-term operation, the maximum detectable
angle of rotation was around 76 mrad a few minutes after the
start of the experiment. After the first 20 minutes, the system
stabilized and from this point on the maximum rotation was
less than 30 mrad. As a next step, we plan to further stabilize
the rotation using an automatic control system.

6. Conclusions

We presented a liquid target system capable of continuous
operation both in air and vacuum. Two microjets with round
nozzles of 10, 11 and 18 µm in diameter collide, creating an
ultrathin layer of water sheet. The length and width of the
liquid sheet, depending on the orifice size and the flowrate,
are less than 1.5 and 0.4 mm, respectively. A catcher system,
heated in vacuum and cooled in air, beneath the jets collects
the liquid and helps recirculate the liquid. The position
stability of the sheet is better than a few µm in the absence
of laser pulses. Upon interaction with 50 mJ laser pulses
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Figure 12. The measured thickness of the liquid sheet at a flowrate of 0.7 mL/min in air (black) and in vacuum (red) in cases of the 11 and 18 µm orifices.

Figure 13. Endurance test results of the continuously working liquid jet.
The data show the required rollback angle to the original direction of the
liquid leaf, using the reflected light during the experiment.

at a repetition rate between 1 and 100 Hz, the 18 µm jet
has a resonance amplitude of 16 µm at a repetition rate of
33 Hz. Towards 100 Hz, the vibration amplitude of all three
liquid sheets converges to 10 µm. This means that there are
flowrates at each nozzle when the sheet position remains well
within the Rayleigh range of the focusing optics up to an
NA of 1.04. We have presented a method to measure the
thickness of ultrathin liquid sheets in the interaction position
within the vacuum chamber. The transmission white-light
spectral interference provides precise information on the
liquid target’s thickness under high vacuum conditions. The
spot diameter was 50 µm, and the measurement range was
from 182 nm to 1 µm with an accuracy of ±3%. The position

of the thinnest point of the liquid sheet depends on the
distance from the top of the sheet as well as on the flowrate.
In practice, this technique would allow for the tuning of
the thickness of the liquid jet in two manners: either with
the flowrate or the position of the liquid sheet with respect to
the laser beam. The overall shape and 3D shape of the sheet
are in good agreement with the Hasson–Peck model in air.
In vacuum versus air, the sheet becomes gradually thinner
by 10%, so the thinnest sheet achieved was below 200 nm at
a vacuum level of 10–4 mbar, and remained stable for several
hours of operation. This behavior with the possibility of
infinite operation makes the developed liquid target an ideal
target system for laser-based particle generation.
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