
In situ focus characterization by ablation technique to enable optics alignment at an

XUV FEL source

N. Gerasimova, S. Dziarzhytski, H. Weigelt, J. Chalupský, V. Hájková, L. Vyšín, and L. Juha

Citation: Review of Scientific Instruments 84, 065104 (2013); doi: 10.1063/1.4807896

View online: https://doi.org/10.1063/1.4807896

View Table of Contents: http://aip.scitation.org/toc/rsi/84/6

Published by the American Institute of Physics

Articles you may be interested in

A new compact soft x-ray spectrometer for resonant inelastic x-ray scattering studies at PETRA III
Review of Scientific Instruments 86, 093109 (2015); 10.1063/1.4930968

A 10 mK scanning tunneling microscope operating in ultra high vacuum and high magnetic fields
Review of Scientific Instruments 84, 033903 (2013); 10.1063/1.4793793

Gas detectors for x-ray lasers
Journal of Applied Physics 103, 094511 (2008); 10.1063/1.2913328

X-ray wavefront analysis and optics characterization with a grating interferometer
Applied Physics Letters 86, 054101 (2005); 10.1063/1.1857066

Monochromator beamline for FLASH
Review of Scientific Instruments 77, 115108 (2006); 10.1063/1.2364148

High-efficiency in situ resonant inelastic x-ray scattering (iRIXS) endstation at the Advanced Light Source
Review of Scientific Instruments 88, 033106 (2017); 10.1063/1.4977592



REVIEW OF SCIENTIFIC INSTRUMENTS 84, 065104 (2013)

In situ focus characterization by ablation technique to enable optics
alignment at an XUV FEL source

N. Gerasimova,1,a),b) S. Dziarzhytski,1 H. Weigelt,1 J. Chalupský,2 V. Hájková,2 L. Vyšín,2

and L. Juha2

1Deutsches Electronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany
2Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2,
18221 Prague, Czech Republic

(Received 4 March 2013; accepted 14 May 2013; published online 3 June 2013)

In situ focus characterization is demonstrated by working at an extreme ultraviolet (XUV) free-

electron laser source using ablation technique. Design of the instrument reported here allows reach-

ing a few micrometres resolution along with keeping the ultrahigh vacuum conditions and ensures

high-contrast visibility of ablative imprints on optically transparent samples, e.g., PMMA. This en-

ables on-line monitoring of the beam profile changes and thus makes possible in situ alignment of

the XUV focusing optics. A good agreement between focal characterizations retrieved from in situ

inspection of ablative imprints contours and from well-established accurate ex situ analysis with No-

marski microscope has been observed for a typical micro-focus experiment. © 2013 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4807896]

I. INTRODUCTION

The novel type of extreme ultraviolet (XUV) and X-

ray sources, the free electron lasers (FELs) such as FLASH

in Germany,1 LCLS in USA,2 or SACLA in Japan3 pro-

duce unprecedentedly intense short pulses of coherent short-

wavelength radiation and enable a large variety of novel ex-

periments being performed for the first time. The radiation

from these sources resembles partially that from classical

lasers and partially that from synchrotrons, so that to han-

dle this radiation, new dedicated methods and instrumenta-

tion merging expertise from different fields should be devel-

oped. For instance, though the beam transport systems are

very similar to the beamlines at the synchrotron sources, the

diagnostics methods are often adopted from the laser optics.

In particular this is valid for the focus characterization. The

knife edge scanning method, which is standard at synchrotron

beamlines, is successfully used at FEL sources.4 Yet, scan-

ning is limited to average properties diagnostics while most of

presently operational XUV and X-ray FELs1–3 often demon-

strate stochastic behavior: when the lasing is based on self-

amplified spontaneous emission (SASE) process, each pulse

is particular and single pulse diagnostics is needed to enable a

comprehensive insight. The imaging of XUV and X-rays into

visible fluorescence by imaging crystals can provide a single

pulse diagnostics. Imaging crystals are often used, especially,

to monitor relatively large spots. However, the method is lim-

ited by saturation and quenching of the fluorescence process

and demands for strong attenuation of intense FEL beam. This

necessity to keep the fluorescence level below saturation re-

stricts single pulse detection of strongly focused beams: when

the spot size is reduced to sub-10 µm, high-magnification in-

spection system is required; increase of magnification, in turn
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(as the working distance and numerical aperture are fixed) put

stronger requirements on camera sensitivity. This limitation

on detectable spot size, set by low number of fluorescence

photons, becomes most pronounced in XUV regime for the

small penetration depth of XUV photons (compared to X-

rays) limits the number of visible photons to be detected even

more.

There are two other methods, both adopted from laser

optics, which are used to characterize highly focused beam at

the short wavelength FELs: the wavefront reconstruction us-

ing, for instance, Hartmann plate5, 6 and the beam profiling by

ablative imprints.7, 8 The wavefront reconstruction is a pow-

erful and sensitive method since it can provide both phase

and amplitude information. However, the measurements are

done behind the beam waist in this case, and the reconstructed

beam profile in focus depends strongly on degree of spatial

coherence; the latter cannot be simply predicted and should

be measured for such a source as FLASH.9 On the other hand,

detailed knowledge on wavefront is not required for the focus-

ing optics alignment and focal spot size estimation. In return,

the ablative imprints, which are taken in the beam waist posi-

tion and enable direct visualization of the beam profile in fo-

cus, can provide convenient diagnostics for XUV optics align-

ment. Yet, a combination of two technical challenges hindered

the method being easily applied to in situ focusing optics

alignment at the XUV/soft X-ray FEL beamlines. First, this

is a demand for ultrahigh vacuum conditions necessary to op-

erate the XUV/soft X-ray optics. Second, in situ microscopy

inspection is challenged by optical transparency of the sam-

ples to be ablated, e.g., PMMA (poly(methyl methacrylate))

which has been shown to be an ideal substance for the im-

prints in case of XUV radiation.7 Here we report on a solu-

tion found to overcome the challenges mentioned above and

present a compact and low-cost tool enabling in situ focus di-

agnostics and XUV optics alignment using ablation imprints

technique.
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FIG. 1. The diagnostics port for in situ focus characterization: (1) the FEL

beam comes from the right; (2) the optical port for ablative imprints inspec-

tion equipped with the microscope optics and the CCD is directed towards

the viewer at 60◦ to the FEL incoming beam; (3) the port for imaging crystal

inspection is directed from the viewer at 45◦ to the FEL beam; (4) the sam-

ple positioning is enabled by a rotatable feedthrough combined with an X-Y

stage from top; (5) the X-Y stage from below allows for caustic scans.

II. THE INSTRUMENT

A dedicated diagnostics port for focus characterization

has been designed and built up to enable in situ alignment of

XUV focusing optics at FLASH (Fig. 1). The goal was set

to approach 3 µm resolution in spot inspection which would

enable aligning of the beamline optics aiming down to 5 µm

focus size. To reach such a resolution maintaining at the same

time ultrahigh vacuum conditions, a solution of commercial

optical microscopy system operated in air (outside the vac-

uum chamber) has been chosen to image an imprinted spot on

a sample onto a CCD. The resolution in such scheme is lim-

ited by a minimum distance needed to separate the optical sys-

tem from the sample in vacuum. In our case the working dis-

tance of above 78 mm is given by an optical window mounted

at 60◦ with respect to the incoming FEL beam. This geome-

try allows for direct inspection of ablative imprints while the

sample, faced towards the microscope (inspection system), is

being shot with single FEL pulses. The sample positioning

is enabled by a rotational feedthrough combined with X-Y

translation stage (Fig. 1). There is a possibility foreseen to

face the sample in any other direction, e.g., towards the FEL

beam, for shooting and rotating towards the microscope for

inspection just afterwards.

FIG. 2. Taken in situ image of 10 µm per division scale.

The optical microscopy system has been realized with a

Navitar high magnification zoom lens 12×-zoom approach-

ing 1.65 µm resolution at the closest possible working dis-

tance of 78 mm. The Basler scA1600 CCD has been chosen

as a detector resulting in 0.66 µm per pixel calibration factor

for high magnification mode. The calibration measurements

presented in Fig. 2 show high quality of the imaging which is

an important advantage of commercially developed standard

microscope lenses. In addition, the commercial in air solution

is provided with a good optical tightening, which is a chal-

lenge for in-vacuum conditions (for instance, commonly used

in air anodized materials are incompatible with ultrahigh vac-

uum). And finally, commercial solutions allow for a proper

illumination system, which is a key to overcome the problem

of low contrast when structures on optically transparent sam-

ples are to be inspected. To achieve high contrast in ablative

imprints inspection, an intense coaxial illumination, Bright-

Light LED from Navitar, has been chosen. An idea of coaxial

illumination is important since it allows the light being re-

flected back from the smooth surface with an exception of the

structures having slope to the surface. In return, the core of

the ablative imprints method is the detection of imprints con-

tours corresponding to the damage threshold and thus trac-

ing the beam profile along with changeable intensity of the

beam.7, 8, 10 And, for the contours are always under a certain

slope to the surface, the coaxial illumination allows to mon-

itor them with high contrast. The sample angular position is

easily adjustable with the rotational feedthrough aiming for

strongest back-reflection. Finally, we do not discriminate any

negative influence of the optical window (the latter was pro-

vided with antireflection coating) separating the inspection

system from in-vacuum environment.

The organic molecular solids such as PMMA have been

shown to be a proper substance to characterize focused XUV

beam by ablative imprints technique.7 We prefer to use the

PMMA thin layers deposited onto monocrystalline Si sub-

strates by spin coating process (fabricated by Silson Ltd.,

UK). The layer thickness varying from 500 nm to 5 µm pro-

vides adjustment for the flux level. The imprints on spin-

coated PMMA samples have been compared with those on

bulk PMMA samples provided by Goodfellow and higher

sensitivity has been achieved in the first case. We attribute this

observation to higher surface quality of the deposited PMMA
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layers compared to polished bulk. The highest surface qual-

ity in this case is important for ablation itself and in addition

ensures high contrast of inspection discussed above.

A translation stage below (Fig. 1) allows both adjusting

the set-up transversally to the beam and scanning along the

beam waist to enable caustic measurements and beam charac-

terization along the beam propagation axis.

Finally, the diagnostics port is compact and allows for

fast exchange of samples or installation to the beamline due

to small volume and easy pumping down to the operational

conditions of 10−9 mbar range (ensuring safe operation of

beamline focusing mirrors).

The ablative technique can be complemented both with

the wavefront measurements, for a possibility to install the

Hartmann wavefront sensor behind the tool is foreseen, and

with the imaging of the XUV radiation into visible fluores-

cence. The latter is enabled by the imaging crystal; we use

0.1 mm thick YAG doped with 0.2% Ce from Crytur Ltd.,

Czech Republic, mounted onto the same sample holder as

the samples for ablation. Conceptually, the fluorescence spots

which image FLASH radiation could be seen by the same mi-

croscope system as for the ablation technique in absence of

illumination. In practice, however, this high magnification in-

spection does not work in single shot regime due to above-

mentioned requirements put by low fluorescence level on

camera sensitivity. The limited fluorescence level results from

a demand to stay below saturation along with small volume

emanating these photons. The latter is related to extremely

small penetration depth of XUV photons: at FLASH operat-

ing below C K-edge, the penetration depth is below 100 nm

in case of YAG:Ce crystals. This limitation on number of flu-

orescence photons becomes stronger for lower XUV photon

energies and smaller spots and does not allow for high mag-

nification with a simple CCD detector in our case. More sen-

sitive cameras, e.g., intensified CCD, are not only much more

expensive but bulky as well. To increase the photon flux on a

CCD, an additional optical system of moderate resolution has

been added. This system consists of Pentax C5028 lens and

Basler scA1300 CCD and mounted on the second window

port at 45◦ to the incoming FEL beam (Fig. 1). The crystal

can be faced towards this port by the rotational feedthrough.

The scaling factor of the optical system is 5.9 µm per pixel,

and a resolution of 12 µm is reachable. This imaging tech-

nique can be used for spot characterization down to 20 µm in

size.

III. ABLATIVE IMPRINTS AND COMPARISON
WITH EX SITU MEASUREMENTS

The method of ablative imprints applied to the focus size

characterization goes back to early eighties of last century

when Liu used first the contours imprinted by an optical laser

beam on silicon crystals to estimate the transverse beam size

in case of Gaussian beam.10 The technique can be applied to

the pulsed beams and has been noticed being particularly use-

ful in case of strongly focused beam spots. The idea of the

technique is fairly simple and based on tracing the beam pro-

file by varying the beam intensity: since the contour of ab-

lative imprints corresponds to the damage threshold, varia-

FIG. 3. Inspection of the imprints in situ by diagnostics port (a) and ex situ

by Nomarski microscope (b).

tion of overall beam intensity highlights cross-sections of dif-

ferent slices of the beam profile. The method has been re-

cently demonstrated by working at VUV/XUV FEL for both

Gaussian7 and non-Gaussian8 beam using PMMA as media

for ablation, and extendable to shorter wavelengths in case

of X-ray FEL with other suitably chosen materials to be

ablated.11

To examine capabilities and limitations of the in situ

beam profile characterization by using diagnostics port and

ablative imprints technique, a comparison between in situ and

ex situ measurements was done. For the sake of comparison,

the imprints taken at FLASH earlier (in 2009) during an ex-

periment with a super-polished off-axis parabolic mirror12, 13

were re-used. Goal of this former experiment was to achieve

a sub-micrometer focus at wavelength of 13.5 nm. Micron-

sized ablative imprints were inspected by both the diagnos-

tics port (in situ) and Nomarski (DIC–differential interference

contrast) microscope (ex situ). There are two advantages of

such a virtual experiment. First, the imprints had already been

thoroughly investigated by different techniques ex situ to re-

trieve accurate focus characterization. Second, small dimen-

sions of the focused spot size and of corresponding ablative

imprints, which are just beyond the capabilities of the diag-

nostics port, allow to determine the limitations.

A few images taken in situ by the diagnostics port and ex

situ by Nomarski (DIC) microscope are presented in Fig. 3.

They show both a good visibility of in situ inspection of ab-

lative imprints contours on optically transparent PMMA sam-

ples and good representation of the contours shape. The latter

is important for in situ optics alignment since it directly re-

flects aberrations to be corrected.

The imprints areas, enclosed by ablative threshold con-

tour, were measured in situ and ex situ. The obtained re-

sults were compared, and this comparison is represented in

Fig. 4(a) by a correlation plot. Linearity of the correlation plot

evidences a good agreement between in situ and ex situ mea-

surements, albeit the correlation slope does not exactly equal

unity. Slightly higher slope value of (1.13 ± 0.01) is related

to experimentalist’s subjective error in ablation threshold

contour identification. This immediately follows from lower
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FIG. 4. Correlation plot of crater size estimation by in situ measurements

using the diagnostics port versus Nomarski microscope (a) and caustic

curves (b).

resolution of in situ images blurring otherwise sharp edges of

ablation imprints (see Fig. 3 for comparison).

In order to gain a deeper insight into beam propagation

properties, a z-scan (caustic scan) method11 is usually ex-

ploited. For several longitudinal z-positions in close vicinity

of the focus (beam waist) a few ablative imprints are recorded.

The results of such measurements retrieved from both in situ

and ex situ inspection are presented in Fig. 4(b). Model of a

stigmatic Gaussian beam11 was applied to measured ablation

imprints areas plotted as a function of longitudinal z-position

in order to enumerate the focal spot area, waist position, and

Rayleigh range. The results are summarized in Table I. A

good agreement between the main propagation parameters

such as waist position and Rayleigh range was achieved. The

focal spot area obtained by means of in situ measurements is

slightly overestimated with respect to ex situ value due to the

subjective error discussed above. Moreover, it should be noted

that, in this particular case, both focal spot areas are overes-

timated owing to highly non-Gaussian nature of the beam for

which the stigmatic Gaussian model usually fails. Typically,

the results (except for the waist position) may depend on av-

erage attenuation level at which the z-scan is performed. This

follows from the fact that different parts of the non-Gaussian

beam (e.g., vicinity of the maximum, beam tails) may resem-

TABLE I. Results of caustic curves parameters measured in situ (diagnos-

tics port) and ex situ (Nomarski microscope).

The caustic In situ Ex situ

property (diagnostics port) (Nomarski microscope)

Focal spot area (µm2) 7.2 ± 2.5 4.7 ± 2.2

Waist position (mm) 9.49 ± 0.02 9.44 ± 0.02

Rayleigh range (mm) 0.32 ± 0.07 0.29 ± 0.07

Average

peak-to-threshold

ratio 〈ln(E/Eth)〉

6.9 ± 2.8 8.2 ± 4.5

ble a Gaussian beam of different parameters. Yet, the goal of

this measurement was to compare the performance of the di-

agnostics port and Nomarski (DIC) microscope which is not

affected by validity or invalidity of the model used.

To conclude this section, it should be pointed out that

in situ diagnostics tool provides excellent insight into per-

formance of focusing optics used. Apparently, the optical

resolution of the Navitar objective is much lower than of

Nomarski microscope, which is primarily dictated by techni-

cally available working distance and numerical aperture (WD

= 0.2 mm, NA = 1.3 for Nomarski 100× zoom objective;

WD ≥ 78 mm, NA ≤ 0.1 for Navitar objective at maximum

7× zoom in presented set-up). However, the possibility of

real-time inspection, being otherwise hardly feasible with No-

marski 100× zoom lens, represents a considerable benefit of

long working distance microscopy despite the fact that the

resolution is lower. Finally, we should highlight that a combi-

nation of the z-scan method and in situ measurements directly

reveals fundamental aberrations of the focusing optics (e.g.,

astigmatism and coma) as stated above.

IV. COMPARISON BETWEEN ABLATIVE IMPRINTS
AND FLUORESCENCE IMAGING

A qualitative comparison between the ablative imprint

technique and imaging of the spot into visible fluorescence

is presented in Fig. 5. The measurements were performed

at FLASH running at 19 nm wavelength (65 eV photon en-

ergy) after the monochromator beamline PG214, 15 operating

in zeroth diffraction order. The imprints were taken on the

FIG. 5. The beam profile taken by ablative imprints (a) and with imaging

crystal (b).
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spin-coated with 0.5 µm PMMA samples, and the pulse en-

ergy on sample was varied from 2.5 µJ to 13 µJ. In Fig. 5(a)

the left imprint corresponds to 12.9 µJ and the right to

2.8 µJ pulse energy. The resulting beam size in a Gaussian

beam approximation was estimated to be (108 ± 17) µm

FWHM in vertical and (149 ± 29) µm FWHM in horizon-

tal direction. The imaging with YAG:Ce crystal was done at

strong attenuation (down to 12 nJ) to avoid saturation effects

leading to overestimation of the beam size. The resulted beam

size (FWHM) for this particular shot is 89 µm in vertical di-

rection and 152 µm in horizontal which is in good agreement

with the ablation measurements.

As it has been mentioned above, the imaging of the XUV

(highly) focused beams into optical fluorescence is limited

by relatively low visible photon flux. The number of fluo-

rescence photons could not be increased either by increasing

volume of interaction of XUV photons with imaging crystal

because of limited penetration depth (for instance, the pene-

tration depth for 65 eV photons is 42 nm), or by increasing

number of XUV photons because of saturation and quench-

ing of the fluorescence. On the contrary, strong attenuation

should be applied to avoid over-estimation of the beam size

due to saturation: 3 orders of magnitude has been attenuated

in the case presented here for the beam size above 100 µm,

and even stronger by 3-4 order attenuation is needed when

spot size reduces to few micrometers. The investigation of sat-

uration effects is strongly wavelength dependent and should

be done for each particular case. Yet, the number of photons

could be increased in the case of multibunch operation acquir-

ing light from up to hundreds of bunches. Summing visible

light from pulse train on CCD is not affected by saturation

since the separation between bunches in train is above 1 µs at

FLASH, and this is slower than characteristic decay time of

Ce luminescence in YAG. However, the pointing instabilities

of SASE-based lasing could result in over-estimation of the

beam size and smear out the spot shape in case of integrated

multibunch acquisition.

Summarizing this section, for the beams focused down

to 20 µm, both imaging crystal and ablative imprints methods

implemented in our set-up could be used. A good agreement

between the two methods achieved in this case confirms the

reliability of the measurements. For the smaller beams, the

ablative imprints provide fast and reliable diagnostics.

Finally, the diagnostics port has been successfully used

at FLASH for the re-alignment of the focusing optics of the

PG2 beamline. After the realignment, the FWHM spot size

in focus has been reduced from above 100 µm to below

50 µm.

V. CONCLUSIONS

In conclusion, a portable low-cost tool has been built up

allowing in situ focus characterization and enabling fast optics

alignment at an XUV free electron laser source. The method

of ablative imprints has been demonstrated being used in situ

maintaining ultrahigh vacuum conditions needed to operate

the XUV optics. The high contrast of inspection on transpar-

ent samples is reached using coaxial illumination. A good rep-

resentation of the crates contours shape has been confirmed by

comparison with ex situ analysis by Nomarski miscroscope.

In this comparison, the focus sizes down to 3 µm have been

demonstrated to be possible to characterized in situ.
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