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ABSTRACT

X-ray free-electron lasers (XFELs) deliver intense x-ray pulses that destroy the sample in a single shot by a Coulomb explosion. Experiments
using XFEL pulse trains or the new generation of high-repetition rate XFELs require rapid sample replacement beyond those provided by
the systems now used at low repletion-rate XFELs. We describe the development and characterization of a system based on a spinning disk
to continuously deliver a solid sample into an XFEL interaction point at very high speeds. We tested our system at the Linac Coherent Light
Source and European XFEL hard x-ray nano-focus instruments, employing it to deliver a 25 ym copper foil sample, which can be used as a
gain medium for stimulated x-ray emission for the proposed x-ray laser oscillator.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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I. INTRODUCTION

X-ray free electron lasers (XFELs) emit x-ray pulses with an
extreme peak power of more than 10°° W/cm?. Such x-ray pulses
destroy samples in a single shot by a Coulomb explosion, forming a
hot plasma or crater around the impact of the x-ray pulse in the case
of liquids or solids. While the <10 femtoseconds (fs) pulse duration
allows for interrogation of the intact sample before the destruction
sets in (probe-before-destroy), the sample has to be replaced quickly
before the arrival of the next pulse. XFELs operating with a warm
copper linac at low repetition rates up to 120 Hz, including Linac
Coherent Light Source (LCLS), SACLA, PAL-XFEL, and SwissFEL,
permit relatively slow replenishment of sample material between
pulses. Commonly used approaches include lateral translation for
solid samples, jets at various speeds,”” sometimes with an additional

gas dynamic virtual nozzle (GDVN) focusing system (see, e.g.,
Refs. 3-9), and various forms of tape-drive droplet injectors.'”"’

The much higher repetition rates obtained by XFEL pulse trains
(10-30 ns pulse spacing) and at XFELs based on cryo-cooled linacs,
such as at the European XFEL (EUXFEL) and LCLS-II, require a
new approach to sample delivery. At very high repetition rates,
replenishment becomes extremely challenging. For liquid jets, prob-
lems start to arise when the time between two consecutive pulses
becomes smaller than 1 ‘us” due to, e.g., limitations of viscosity,
Coulomb explosions inside the jet, and very high-speed rarefaction
waves.”'>'* Even though the beam size can be very small (<1 ym),
the effect of the explosion and the resulting plasma might extend
tens of micrometers. For example, a 100 ns time spacing between
pulses requires a jet speed of 100 m/s to move the sample by a modest
value of 10 ym.
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There is also an apparent practical problem with the high flow
rates required for liquid jets to move at very high speeds, which may
not be feasible given the cost of a pump capable of producing the
jet and the availability of the sample. Finally, liquid subsonic jets are
known to quickly develop turbulence shortly after leaving the noz-
zle and become highly collimated sprays, thus reducing the sample
concentration.””

Solid-state samples are immune to most of these issues.'® At
low repetition rates, the delivery of small isolated samples, e.g.,
nanocrystals, has been achieved by raster scanning the samples
using motion stages or tape drives.'”'”*" At MHz or even higher
repetition rates, and in cases where a large amount of low-cost sam-
ple is available, one can envision a different approach based on
a fast-rotating disk. This work presents the results of consistently
delivering a solid copper sample to the XFEL nanofocus with up
to 60 m/s speed. This approach is potentially applicable for experi-
ments where a large number of single-shot data is needed, such as
serial femtosecond crystallography (SFX) or correlation x-ray flu-
orescence imaging (see, e.g., Ref. 22). While rotating samples have
been employed previously (see, e.g., Ref. 23), the focus of the work
presented here is on high-speed sample delivery.

We also point out a possible application of our system to deliver
the gain medium in an x-ray laser oscillator (XLO) device. An XLO,
as envisioned in Ref. 24, uses a train of XFEL pulses to pump a
gain medium located inside a Bragg crystal optical cavity. The aim
of the XLO is to generate high power, fully coherent, transform-
limited hard x-ray pulses with improved stability when compared
to XFEL pulses. Presently, an effort to demonstrate the first XLO is
underway.””*° This proof-of-concept XLO will operate at the copper
Ka; line, 8.05 keV, pumped by 9 keV XFEL pulses from the LCLS.
In this configuration, the LCLS will deliver a train of pump pulses
spaced at ~35 ns, a timing equivalent to the round trip of a 10 m
cavity.””* The ultra-high intensity XFEL pump pulses will trans-
form any target material into a hot and rapidly expanding plasma,
and rapid target replacement is crucial. For XLO gain media, the
atomic density becomes important, and thus solid samples are favor-
able. For instance, it has been experimentally determined that the
manageable concentration of the liquid copper nitrate jet is lim-
ited to 4M, which corresponds to the density of about 2 copper
atoms/nm”. In comparison, a solid copper foil has 80 atoms/nm”.
The increased atomic density can reduce the pump pulse intensity
required to generate population inversion and, therefore, the area of
damage to the sample.”*”*" Therefore, a rotating solid disk is the
preferred method to deliver a gain medium or sample for exper-
iments that have very high repetition rates, like the XLO. In this
paper, we describe a rotating disk system using a solid 25 ym copper
foil as a sample.

Il. THEORETICAL CONSIDERATIONS

In this section, we discuss the required specifications for the
sample delivery system including sample thickness and its variabil-
ity, sample replacement speed, allowable axial oscillations, sample
lifetime, and positional repeatability.

A. Positional control, sample speed, and lifetime

The high repetition rate x-ray pulse structure can be general-
ized in the following form. A number of pulses, #, is spaced by At,
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FIG. 1. (a) Generalized XFEL pulse timing structure: a pulse train of n pulses with
spacing At is produced with a 1/T repetition rate. (b) Rastering trajectory on a
150 mm diameter solid sample. (c) Model angular velocity variations of the DC
motor.

with a duty cycle defined by the machine trigger time T; see Fig. 1.
Our system must deliver a fresh sample for each consecutive x-ray
pulse. The required sample speed is therefore dictated by the x-ray
repetition rate and the size of the damage crater the x-rays create.
For instance, the approximate crater diameter left by the nanofo-
cused x-rays in 25 ym copper foil is ~d = 20 ym for pulses of 45 yJ.
Assuming a Gaussian focus with a diameter of 100 nm FWHM (50%
of the photons fall within the FWHM) and a pulse length of 10 fs, this
pulse energy corresponds to a peak intensity of 2.9 - 10" W/cm?. At
a 120 Hz repetition rate (such as available at LCLS), the minimum
required linear velocity to clear the damage (d/2) is 1.2 mm/s, and
the corresponding rotation frequency is vo < 1 rpm for a 150 mm
diameter disk. In this case, a linear stage can also achieve this motion
velocity. For the maximum repetition rate of 4.5 MHz experiments
currently possible at the European XFEL, the corresponding linear
and angular velocities are 45 m/s and v = 5730 rpm for a 150 mm
disk. Finally, for XLO operations, with a pulse spacing of 35 ns, this
gives a minimum target speed of ~286 m/s, a very high value close to
the speed of sound in air, or vy = 36 378 rpm for a 150 mm disk. We
refer the reader to Table I for more use cases with different target
damages.

TABLE . Attainable pulse spacing at various facilities LCLS in the multi-bunch (MB)
mode, EUXFEL at max and nominal rates, LCLS-I, and corresponding target dam-
age diameter, d, minimal linear velocity, and rotation frequency, vji, and v, for
replenishment in the case of a 150 mm rotating disk.

Rev. Sci. Instrum. 94, 103005 (2023); doi: 10.1063/5.0168125
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At 1/At d Viin Yo
(ns) (MHz) (pm) (m/s) (rpm) Comment
35 28.6 20 286 36378 XLO@LCLS-MB
218 4.59 50 115 14601 EUXFEL (max rate)
885 1.13 50 29 3692 EUXFEL
1000 1.0 50 25 3183 LCLS-1II
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The sample must move laterally to avoid exposing the same cir-
cumference on the disk for too long. The rastering trajectory on the
sample can be described as a slowly converging (diverging) spiral:

x =r(t) cos ¢(t),
. 1
y = r(t)sin ¢(1),
where r(t) is the distance from the center of the sample to the
interaction point, ¢(t) = wo ¢ + [, Aw(t')dt’, and Aw(t) is a random
variation of the angular velocity (see Fig. 1).

For the pulse train structure shown in Fig. 1 and small varia-
tions of the rotation frequency, sufficient rotation speeds are needed
to avoid strong overlap of the damage craters.

If the rotation frequency is a multiple of the inter-pulse fre-
quency, all pulses from subsequent trains would irradiate the same
small part of the disk circumference, resulting in a small sample
coverage fraction. This is illustrated in Figs. 2(a) and 2(b), where
the red color corresponds to the rotation frequency vy = 3000 rpm,
resulting in five turns of the disk between two successive trains. We
assume a repetition rate 1/T = 10 Hz. If the rms relative variation of
the rotation frequency is € = 1074, then all pulse trains irradiate the
same arc of the disk—close to the initial starting point—and thus,
the effectiveness of the usage is dramatically decreased. If the rms
is larger, e.g., 1073, as indicated by the blue arcs in Fig. 2(b), the
random variations of the rotation speed lead to fluctuations in the
number of turns between the trains, and thus the position of the
irradiated arc spreads around the initial starting point. If the rms is
increased further, e.g., 1072, as indicated by the gray arcs in Fig. 2(b),
the accumulated spread of the position of the irradiated spot on the
sample arc becomes so large that the position can be considered a
random quantity. Figure 2(c) shows the case when the rotation fre-
quency vo = 3200 rpm, which corresponds to 5 1 turns. In this case,
for a low variation of the rotation frequency, three consecutive pulse
trains irradiate three arcs on the disk shifted by 1/3 of the turn. The
subsequent pulse trains will irradiate the same three arcs where the
material was damaged by the previous pulse trains. A similar situ-
ation takes place if the number of disk turns between trains is any
rational number, thus leading to a fractal-like dependence of the
covered fraction of the disk circumference on the repetition rate, as
illustrated in Fig. 2(a). The sharp peaks in Fig. 2(a) that are close to
the sharp dips correspond to the situation when the disk arc irra-
diated by one pulse train is situated next to an arc from a previous
train—in this case, the whole disk circumference is fully used after
time Tm’A . When the fluctuation of the repetition rate is increased,
the sharp drops and peaks of the covered fraction wash out and
become less pronounced, especiallywhen arriving at the same posi-
tion on the disk, which would require a large number of rotations.
Further increasing the fluctuation of the rotation frequency results
in the almost random placement of the irradiated arcs on the disk
circumference; hence, the sharp dependence on the repetition rate
disappears. In this case, one can estimate the covered sample fraction
based on the following considerations: the increase in the fraction of
the irradiated disk circumference ¢ during time §t is proportional to
the unirradiated part of the disk 1 — ¢ and the arc fraction irradiated
during time 8¢, namely v nAtdt/T. This leads to

o(t) =1-e"7. (2)
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FIG. 2. Evolution of fraction of the irradiated disk circumference c for XFEL pulses
sketched in Fig. 1(a), used parameters are 1/T = 10 Hz, n = 75, At = 2.1 us. The
time interval within which the rotation frequency is assumed to be constant [width
of plateaus in Fig. 1(c)] is 0.5 s. (a) Dependence of the fraction of the irradiated
disk circumference ¢ on the rotation frequency v after t = 20 s irradiation time for
several rms variation of the rotation frequency € = Av/v. The plotted values are
averaged over 5000 realizations of Av(t). (b) A single realization of disk irradi-
ation at the parameters of Fig. (a) for the case v = 3000 rpm. A thin black line
shows the disk circumference, and different colors of arcs show the irradiated part
of the circumferences for different values of e. The same color coding as in Fig.
(a) is used. (c) Same as Fig. (b) for the case v = 3200 rpm. (d) Dependence of
the irradiated part of the disk ¢ on time for the case of v = 3100 rpm. Gray dots
show several individual realizations; the black solid line is an estimate according
to Eq. (2); and the black dashed line shows the estimate of usage of XFEL pulses.

As Fig. 2(d) shows, Eq. (2) agrees well with the behavior for the case
of 1072 rms variation of the rotation frequency. Except for the short
irradiation time, there is a probability of hitting the part of the disk
circumference that was previously irradiated; therefore, the usage

Rev. Sci. Instrum. 94, 103005 (2023); doi: 10.1063/5.0168125
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of XFEL pulses [the ratio of the number of XFEL pulses that have
irradiated the pristine part of the disk to the total number of XFEL
pulses, %] is always smaller than one. It means that rotating tar-
gets will always naturally have some “bad” shots compared to, e.g.,
a sputtering source.”’ We note that the exact damage mechanism
of solids and liquids from high-intensity x-ray pulses is a topic of
active research and is not in the scope of this paper. Here, we have
assumed that the pulse repetition rate 1/At, crater size, and linear
velocity are adjusted such that the disk arc—irradiated by one pulse
train—is optimally used up, and this arc cannot be used once again
for another train. In addition, the optimal value of the covered frac-
tion of the disk circumference is a compromise between maximizing
the amount of the used material and maintaining the mechanical
integrity of the disk and should be decided for each experiment
individually.

By intentionally modulating the speed of the motor in an ape-
riodic fashion about the nominal speed, we can ensure that the
resonance is not hit with the light source frequency (i.e., a high effec-
tive ¢ is artificially achieved). A similar technique is employed by
high-end lathes in order to mitigate “chatter,” a problematic res-
onant interaction between the workpiece and the cutting tool.*”
However, since we need to consider longer relative time scales, a
more carefully considered modulation is necessary. Specifically, by
blending a range of anharmonic frequencies, we can effectively avoid
resonances for the entire lifetime of each disk radius.

The typically required transverse positioning resolution is on
the order of single micrometers, readily achievable with off-the-shelf

Allowable
Ocillations

Guides

30 um

ARTICLE pubs.aip.org/aip/rsi

screw-driven and piezo-driven positioning systems. The require-
ments for the linear stage speed are very low («1 mm/s). We
note that with the continuously spinning foil, it is challenging to
associate individual damage spots with specific x-ray pulse inten-
sities. Our system is primarily applicable to experiments where
correlating the variations of the x-ray pulse intensities is not crit-
ical and/or the characterization of average conditions is sufficient.
For saturated XFELs, the typical intensity fluctuation is about
30% rms.

B. Attenuation length of the sample and tolerances

In the case of thin metal foils, the typical thickness runs between
10 and 50 ym, depending on the attenuation length at a given wave-
length. In cases where the attenuation length is a few ym long, the
sample thickness should not vary by more than 10% across the sam-
ple in order to maintain similar x-ray absorption conditions. We
note that, for instance, off-the-shelf copper and aluminum foil thick-
ness profiles were measured at the Stanford Synchrotron Radiation
Lightsource (SSRL) and were found to have thickness variations
below the 5% level.

In experiments where the target is precisely placed in the
x-ray focus, it must also not deviate excessively from the focal
point. In other words, the allowed amount of axial oscillation ampli-
tude should be less than the Rayleigh range of the focused x-rays.
For instance, in the case of XLO, the stringent requirement of the
nanofocus limits the allowable offset to ~+30 ym (see Fig. 3).

Allowable
Qcillations

Guides

30 um

FIG. 3. Diagram showing the nano-focused x-ray beam envelope, the guides, and allowable foil oscillations.
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C. Other considerations

As the x rays are appreciably scattered by air, the sample should
be placed in a helium atmosphere or under a vacuum. It is necessary
that the sample delivery system can work under both conditions for
the duration of the experiment. Helium has the added benefit of a
much higher speed of sound (927 m/s) than air (344 m/s), which
allows the sample to move faster without being transonic or super-
sonic, avoiding instabilities associated with these regimes. Low vac-
uum is easily attained by adding a vacuum roughing pump, which
will remove any drag forces that may cause instabilities during the
sample rotation. High vacuum can be attained with modifications to
the system for cooling and reducing out-gassing.

I1l. EXPERIMENTAL SETUP AND VALIDATION

This section presents the results of our laboratory measure-
ments while designing and building the prototype in the lab
and the subsequent experiments at the LCLS-CXI and European

Front & Back Retaining

Guides

Guide Mount

FIG. 4. (Top) Exploded diagram of the DC-motor sample delivery system. (Bottom)
CAD model of the sample delivery system integrated into the vacuum chamber
(with the front panel removed).
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XFEL SPB/SFX beamlines.”’* We first built and commissioned a
spinning-disk system using a DC motor system for operations at
LCLS. We tested the sample stability along the beam direction at var-
ious speeds and characterized the size of the craters resulting from
the impact of each XFEL pulse. The crater size depends on the XFEL
pulse intensity and, together with the repetition rate, it defines the
required speed when operating the spinning disk as either the gain
medium target or for sample delivery.

A. DC-motor system

Our DC-motor system used a direct drive rotor where a foil is
directly mounted onto the motor axis; see Fig. 4. Utilizing a small
and efficient DC motor (Assun AM-BL1640AN-1816) minimizes
vibrations generated by the system. A 3D-printed carbon fiber rein-
forced nylon frame retains the foil, acting as an adapter and allowing
for quickly swapping foils. To keep the foil stable along the beam
axis, we constrain the foil oscillations at the XFEL pulse interaction
point with a PTFE (Teflon) guide that limits the oscillations while
minimizing friction between the moving foil and itself. Foils were
150 mm in diameter and 25 ym in thickness. After mounting in the
carbon fiber frame, the copper disk weighs ~20 g, and the system
could, in theory, accept disks up to 100 g without significant losses
in performance. Guide width varied between 150 and 250 pm, cor-
responding to the desired Raleigh length of the nano-focused x-ray
beam. The entire system has a footprint of 6 x 8 x 7 in.* and is
assembled on a single breadboard to reduce the required alignment.

To characterize the stability of the systems along the x-ray beam
direction (parallel to the disk rotation axes), a commercial laser
Doppler vibrometer (Optomet, SWIR vibrometer) was employed.
For this, the direct drive system was set up with a 250 ym guide,
and the vibrometer was directed into the guide at a radial distance
of about 125 mm. Displacement measurements taken at three differ-
ent common rotation speeds over 0.5 s are shown in Fig. 5. While
there are oscillations on or below the order of rotation speed, long-
term drift is limited due to the physical boundary condition imposed
by the guide and is more dependent on the stability of the cham-
ber in which the system is mounted. The baseline vibrations of the
DC motor assembly at 1000 rpm were measured to be 3 ym p-p
at a frequency of about 13 Hz, indicating some disturbance to the
mounting of the experimental apparatus. A disruption of rotation
from the XFEL pulse impact was tested with an optical system in
the laboratory. This system was hit by a focused 400 nm laser pulse,
which ablated small craters similar to what was expected at LCLS.
Our tests revealed few perturbations to the target.

The direct drive system carrying a copper foil disk was then
deployed at the CXI user end station at LCLS, configured in nano-
focus mode. Operating as part of the XLO cavity validation, the
system was able to replenish copper at the focus to produce K, radi-
ation to calibrate the cavity detector and initial XLO cavity crystal
alignment [see Fig. 6(a)]. A lifetime of about 8 h/disk was achieved
with roughly 90% of sample consumption.

We then proceeded to deploy our system in a high vacuum
scattering experiment at EUXFEL. In this experiment, the pristine
copper foil was coated with molecules of interest, and the guides
were modified for scattering angle allowances. Once at high vac-
uum and thermal equilibrium, the motor was able to accelerate up to
3000 rpm consistently and operate in this regime. The coated foil was
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FIG. 5. Laser Doppler vibrometer displacement measurements at 1000 rpm, with the rms oscillation of 25.6 um (top trace); at 1500 rpm, with the rms oscillation of 33.8 ym

(middle trace), and at 3000 rpm, with the rms oscillation of 55.5 um (bottom trace).

FIG. 6. (a) Single craters produced by LCLS 9 keV 20 pJ pulses in copper in nominal 120 Hz mode. (b) Optical microscopy images of the craters produced with 9 keV 50 p.J
pulses at European XFEL with the copper disk running at 3000 rpm. (c) SEM measurements of copper craters resulting from two 9 keV 10 uJ LCLS x-ray pulses spaced by

35 ns resulting in a 2.1 um spacing at a sample speed of 60 m/s.

sampled at varying speeds and successfully operated consistently at
a half-MHz sampling rate with short sampling periods at 1.13 MHz
due to shorter foil lifetimes. A typical crater pattern on a copper foil
is shown in Fig. 6(b). Therefore, we conclude that our setup can be
readily used for other high repetition x-ray experiments at LCLS,
EUXFEL, or elsewhere.

B. Air spindle system tests

We have also tested an air spindle-based high-speed delivery
system. It employed an air turbine motor driving a high-speed spin-
dle connected to the same foil frame style used for the DC motor.
The turbine motor can be driven by compressed air or helium gas
to speeds between 200 and 400 m/s (30 000-60 000 rpm). The high
speed helps axial stability as the centrifugal forces tend toward pla-
nar motion. With this system, we have achieved a sample velocity
of up to 60 m/s (7600 rm) and tested it with the LCLS bunch train
operation, delivering two pulses separated by 35 ns.”” The result-
ing craters are shown in Fig. 6(c), confirming the target moved fast
enough to resolve two consecutive pulses in a 35 ns pulse train. We
note that mutual x-ray intensity fluctuations from LCLS in two-pulse
mode result in different double crater sizes. However, the air spindle

system exhibited large axial oscillations, resulting in displacements
along the beam direction averaging ~500 ym peak to peak. Opera-
tion of an air spindle system will require engineering upgrades that
address these oscillations before it will be feasible for operations at
nanofocus XFEL experiments, which typically have a Rayleigh length
of 120 ym.

IV. TARGET UPGRADE AND FUTURE
SPINDLE DEVELOPMENT

To further advance our solid target setup, we are developing
an upgraded target system for even higher speeds, greater stability,
and improved longevity. This system will have two main distinctions
from the implementations already discussed: the first is the use of a
rigid pair of retaining disks to tension and support the foil, and the
second is employing a dedicated spindle system to minimize oscilla-
tions of the rotor and thus foil (Fig. 7). The use of robust retaining
disks dramatically reduces the demands placed on the mechani-
cal properties of the foil itself; instead, these retaining disks can be
fabricated to very tight tolerances using machining processes like
wire electrical discharge machining (EDM) and precision grinding.
This also means that the range of candidate foil materials can be
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at atmospheric pressure. In each case, the system was set to a target
speed and allowed to settle before the rms vibration was measured
(Fig. 8). In contrast with the unsupported foil, the vibrations did not
tend to increase at higher speeds; if anything, the trend was improv-
ing as the centrifugal force effectively stiffened the retaining disks.
Future tests in vacuum are anticipated to reduce the vibrations even
further.

To supplement these measurements, the air-bearing-based tar-
get was also characterized using a confocal displacement sensor,”
which measures the absolute axial displacement of the foil. The
deviation of the foil from a perpendicular plane was inferred (Fig. 9).

After the target was allowed to stabilize at 4800 rpm, the foil’s
axial position was measured for 12 000 revolutions. Using the sharp
Retaining edges associated with the spokes, the data for all 12000 turns were
disks and . o .

ol aligned, and the mean and standard deviation at each angular posi-

tion were recorded (Fig. 9). The small error bars illustrate the

excellent turn-to-turn stability of the system: the axial position of

the foil as a function of the angle is extremely reproducible. This

indicates that a flat retaining disk will consistently deliver flat foil
without appreciable vibration or aerodynamic flutter.

Our sample delivery systems can also benefit laser ablation
experiments with an optical laser pump and x-ray probe. In these
types of experiments, linear translation stages are commonly used,
limiting the repetition rate of the experiment due to the need to
replenish the relatively large, damaged region of the sample. For
significantly expanded. The robustness and repeatability of this instance, typical laser ablated craters in copper are shown in Fig. 10.
approach are quantified by some of the measurements below. More- In this case, a 1064 nm Nd:YAG laser with 77 m] pulse energy was
over, since the spinning foil no longer needs to contact other objects,
the likelihood of catastrophic failure is substantially reduced, espe-
cially for extended run times at high speed. This lack of contact 60
is especially valuable for scenarios where a thin layer of sample 4
is deposited onto a foil substrate, which would be susceptible to ok
damage by fixed guides. This approach, however, does come with
challenges. The rotating mass is many times larger, requiring a far
more stringent design of the target system in addition to a more

Belt drive

FIG. 7. Annotated schematic of the upgraded target system using air bearings and
rigid retaining disks.

N
<]
%

Displacement [pm]
=)

powerful motor. Furthermore, a retaining disk with spokes, as the Aial offset [um] o,
present design uses, does occlude some of the target material (~8% 20 5? % ."‘»..,. o
in this case). 28 \\ s '
Two different spindle systems are being developed in parallel. o= —
One employs air bearings pressurized by helium, as shown in Fig. 7, 0l
0 50 100 150 200 250 300 350

while the other uses high precision ball bearings in a similar configu-
ration. Air bearings offer much lower friction and superb radial and
axial alignment but have a much lower tolerance for both static and FIG. 9. Confocal displacement sensor data from 12 000 revolutions of the air bear-
dynamic imbalances in the rotor and disk. ing target system. Error bars are the standard deviation. (Inset) Inferred map of

The mechanical bearing system was characterized using the the axial offset of the foil as measured by the confocal displacement sensor (not

Disk azimuthal angle [°]

. . . to scale).
same laser Doppler vibrometer system at a range of speeds in helium )
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FIG. 8. Laser Doppler vibrometer measurements of the mechanical bearing target foil vibration as a function of angular velocity.
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FIG. 10. Example SEM images of optically ablated craters in copper using a Nd:YAG 1064 nm laser with 77 mJ pulses. (Left) The foil was not at the focal point, reducing the
intensity. (Right) The foil is close to the focal point, and the 25 ym foil is completely punctured.

employed. Using the fast rotating target, we can increase the data
collection rate in these types of experiments. One can also investi-
gate the recoil effects of the plasma plume on the target using optical
laser ablation. We have begun to develop a testing protocol using an
Nd:YAG infrared laser to enable testing without requiring access to
an x-ray beamline.

V. SUMMARY

In summary, we have demonstrated a continuous solid target
sample delivery system capable of operating at high-repetition-rate
x-ray sources. We have studied its performance as an XFEL target
using a 25 um copper foil in a helium atmosphere and in vacuum.
We envision the use of other foils made of different materials (e.g.,
low absorbing plastic films) and comparable thicknesses in various
user experiments. This approach could become applicable for the
rapid delivery of many systems continuously dispensed on the rotat-
ing disk, including proteins or nanocrystals. Finally, we validated the
mechanical design of the direct drive variable speed system capable
of accelerating the copper foil up to 36 000 rpm. The results of this
development will be published in the future.
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