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The setup and first results from commissioning ofast online photon energy spectrometer for theuuat
ultraviolet free electron laser at Hamburg (FLASH)DESY are presented. With the use of the lateéghraces in
detector development the presented spectrometehasareadout frequencies up tdMHz. In this paper we
demonstrate the ability to record online photonrgpespectra on a shot-to-shot base in the multchumode of
FLASH. Clearly resolved shifts in the mean wavetangver the pulse train as well as shot-to-shotelength
fluctuations arising from the statistical nature tbé photon generating Self Amplified SpontaneousisSion
(SASE) process have been observed. In additiom tonéine tool for beam calibration and photon diasfits, the
spectrometer enables the determination and setecfigpectral data taken with a transparent expartrap front
over the photon energy of every shot. This leadhigher spectral resolutions without the loss dicefhcy or

photon flux by using single-bunch mode or monoctators.

[.INTRODUCTION

Free electron lasers (FELs) have opened new anethe ifield of photon-matter interaction. With thhigh peak
brilliance and intensity they give access to neweeknents focusing on the dynamics and the intemacif matter
with intense radiation like nonlinear effe¢&The first short wavelength FEL is tifeee Electroriaser Hamburg
(FLASH)**® at DESY. With its 2 undulator length in total it produces short, aehg linearly polarized vacuum
ultraviolet or soft x-ray radiation pulses with peldurations of a few I8 between 4.8m and 4:m™ in the
fundamental. It reaches peak intensities of pfotons per shot or pulse and brilliances of photons/(s mrad?
mm2 0.1% BW) A unique property of FLASH and the upcoming Eump&-FEL'® is the superconducting linear
accelerator. It enables pulse rates larger thiiHz]l which is at least one order of magnitude mibven other
existing FELs. At FLASH up to 800 electron bunchéth a maximum bunch frequency oMHz form a bunch
train. The bunch trains are generated with a répetfrequency of 181z. This is the designed bunch structure of
FLASH and is called multi-bunch mode in contrasthe single-bunch mode, where a bunch train cansisonly

one bunch. Pulses with these high radiation vahresgenerated by the so callgelf Amplifying Spontaneous
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Emission (SASE) proces$!®*°It is of statistical nature and causes fluctuationall photon beam properties like
photon energy, intensity, spectral bandwidth, pdiseation and mode structure of the puf€&s For instance, the
mean photon energy of the FLASH beam varies ardurndo 2% on average. For spectroscopic experiments this
variation leads to reduced spectral resolution #metefore, to a more difficult interpretation betmeasured data,
especially, when performing experiments with a Isignal, which cannot generate a notable spectruthirwa
single pulse. For example, Senz et*and Bahn et & performed photoelectron spectroscopy on very elitnéetal
cluster beams in order to investigate their sizeedeent electronic structure. Despite the high étishe FEL, the
low target density leads to low count rates andiireg the integration or summation over many FEatshThe

photon energy fluctuations are included through #gproach and limit the energy resolution of {hecia.

To enhance the resolution one has to use monochoesiiaor measure the photon energy simultaneGG&tyuUntil
recently, there were no detectors available thdttheerequirements to measure photon energy speitraeadout
frequencies of up to MHz. By using available systems for online measumeis one has to switch to single-bunch
mode of FLASH with only one pulse per pulse tr&iff This option is often not desirable because theaed total
flux makes experiments at dilute targets inefficiemw even impossible. However, the last advanced an

developments in detector technology have madeekdet or even higher repetition rates poséible.

In this paper we present the setup and commisgjor@sults of a spectrometer combined with a shghtbdified
version of the nevain Optimizing microg rip sysTem witH AnalogReaDout (GOTTHARD) detectdP?. It is a
result of a joint development of the Paul Schetretitute (PSI) and DESY and offers for the firghe the
capability of measuring photon energy spectra sha-to-shot base in the multi-bunch mode of FLA8Hgther

words, of every pulse of a pulse train.

1. SETUP

The aim was to build a grating based spectrometitr tive capability to resolve the photon energytiiations of
the FEL pulses with pulse frequencies of up tdHz over the whole wavelength range provided by BHA
Spectrometers based on photoelectron or ion specpy of gas targets™ fulfill the temporal requirements but
their disadvantage is a dependence on the kincbeeg$ure of the chosen target and on the photam b#ansity.
Therefore, we decided to use a grating as dispesament to overcome space charge and non-liffeats which

result in spectral distortions and prevent an easnline photon energy analysis.

For single-shot detection of the dispersed distifioubehind a grating, a detector is needed wifficsent multi-hit
capability and spatial resolution. Most of the #afalie detectors for direct photon detection likeBZ<or ICCD’s

do not provide the required readout speed. 2D-Deteavith readout frequencies oMHz or even more, such as
the Adaptive Gain Integrating Pixel Detector (AG)D are currently under development. The GOTTHARD
detectot' is a single line detector, already available zamimrovide readout frequencies up tdHz with low noise

and conservation of linear response.



A further requirement is a compact and mobile dedig connect the spectrometer to different traremar
experiments within the limited space given in thipegimental hall of FLASH. With a grating as disgiee element
the size limitation results in a small focal lengtid, therefore, in a limitation of lateral dispenrsin the focal plane.
To get a reasonable resolution which is sufficientclearly resolve the fluctuations produced dueht® SASE
process, an indirect way of detection is chosesciematic sketch of the spectrometer setup is givégure 1 and

illustrates the underlying basic idea.
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FIG. 1: (Color online) Schematic sketch of the fiimr principle of the spectrometer. The disperséti/Xight from the FEL hits
a Ce:YAG crystal located in the focal plane of gnating and generates a visible fluorescence. Biséipn of the fluorescence
on the crystal depends on the wavelength of the If€m and is imaged and magnified via an out ofiwaclens system onto
the detector. The lengths given are the focal pailgths inside the spectrograph and the distandtheofSOTTHARD sensor
from the vacuum viewport.

The XUV light from the FEL is dispersed by a spharigrating. Depending on the wavelength of thedieat
photons the dispersed light hits different posgiam a cerium-doped yttrium-aluminum garnet (Ce:YAg/stal.
The crystal fully absorbs the XUV light and genesafluorescence in the visible regime. The fluosese is
imaged and magnified via an out of vacuum lensesysbnto the sensitive area of the detector. Thenifiegtion
compensates the small dispersion which results franiimitations given above. This design grantaecess to the
lens system and the detector without breaking theusym and has the advantage that the magnificatiah
therefore, the resolution of the whole spectrometer easily changeable even during measuremermtsawback of

this setup is the reduction of the number of phstibmough the magnification and the optical element

In detail we use a modified 251MX UHV soft x-rayesprograph from McPherson. The first modificatianai
welding of three additional flanges on the top §lanTwo ports are aligned with the light path af thcoming non-
dispersed beam. The front one is equipped with aipntator that holds a plate with pin holes of eifnt
diameters, the rear is equipped with another Ce:XAGtal. The third flange is a viewport directddhas crystal.
Together with the entrance slit they allow a precadignment of the chamber to the FEL beam. Therskc
modification is a shortening of the exit port. lretstandard design the port holds a CCD and thgerfacal plane
of the grating falls onto the detection surfacehaf camera. For our purposes the exit port wadeshed to be able
to hold a vacuum chamber with a linear feedthro@.the feedthrough the Ce:YAG crystal locatedhie image

focal plane is mounted.



This compact spectrograph features two variable Kpacing (VLS), concave, spherical, holographiglica
gratings with a gold coatinj:>’ The two gratings are mounted at a fixed angle aders attached to a rail system
and are selectable under vacuum via a linear femagh. The gratings are aberration corrected fst besolution,
have a nearly flat focal plane in their designedselength regions and have a laminar groove profilkich
effectively suppresses higher orders and stray*fighhe Low Energy Gratifg®(LEG) has a curvature radius of
5606mm, an effective groove density of 120@m and is designed for wavelengths betweam5and 2Gim. The
High Energy Gratind (HEG) with a curvature radius of 15920n and an effective groove density of 246@m
covers the region betweemfh and 6im. Nevertheless, both gratings are useable fan &rger wavelengths. In
our experiment the HEG is used at a wavelengtli2&rim. The thereby occurring deviation of the focalveufrom
the presumed plane is negligible and we have tharddge of a higher dispersion. With the informatand the
focal curves provided by the manufacturer it isgilde to estimate the size of the spectral distigiou Assuming a
1% fluctuation of the average wavelength of 18 the spectral distribution on the Ce:YAG screepasures

approximately 40@m when using the LEG and 6@éh when the HEG is used.

The FEL beam enters the spectrograph through aare slit. It is adjustable betweep and 3nm and was set
to 150pum during the experiment. The light travels a 287 long path through two apertures and impingethen
used HEG at an angle of 88.65°. The beam spoteoktitrance slit plane is then imaged at the folealeplocated

235mm from the parallel grating normal.

The Ce:YAG crystal mounted in the focal plane & ¢natings measures £@0x 0.1mm3 and can be moved along
the dispersion axis with the linear feedthroughCé doped YAG crystal can withstand the intense Fdgliation,
has a small fluorescence decay constant afs7@nd a fluorescence radiation mainly in the greslow optical
regime between 508m and 65Gm. This is suitable to the needs to clearly dggtish the pulses with a separation
of 1us at the highest possible frequency &fiHz and to transfer the light to the detector algsihe vacuum.
According to experiences with other spectrometard eonitors using Ce:YAG crystals for indirect beam
detectior’®***° a crystal of such thickness does not show sabaraffects at the expected photon flux or blurring

which could result in reduced energy resolution.

The magnifying lens system consists of two lenseasuring 9nm in diameter. The first is an achromatic lengwit
an effective focal length of I®m. The distance from the lens surface to the C&Yakystal is approximately
12.6mm. Between the crystal and the lensrané quartz glass window with a multilayer anti-refige coating for
the fluorescence main wavelength of 550 separates the vacuum from the non-vacuum stdes@&cond lens has a
focal length of 9nm and is located @8m behind the first one. The sensor surface o3 THARD detector is
approximately 7%nm away from the second lens. The lens system gesva total magnification of approximately
34. Assuming the 600m spectral distribution on the Ce:YAG screen bipngishe HEG, as mentioned above, the

image has a diameter of aroundni2® on the sensor.

The GOTTHARD detector used in this experiment isspnted by Mozzanigat al**3' and will be summarized in

the following. It is a 1D detector and has ax@mmz?2 microstrip silicon sensor with a fén pitch resulting in a



single line of 1280 strips. As the GOTTHARD is deyped to detect hard x-rays out of vacuum the stepe
shielded from visible light by an aluminum coatitigprovides single photon detection down to photoergies of
7keV. The core elements of the detector are thengtemented Application Specific Integrated Cirsu{ASIC).
Each of them contains a periphery circuitry for thgital control and the I/O functionality and hd28 identical,
parallel operating channels. Each channel is wineded to a strip and has a preamplifier with changegrating
configuration in its front end block. The gain dfet preamplifier has three selectable settings anddjusted
automatically by the front end circuit through donbus monitoring by a comparator. The fast readpetd of up
to 1Mhz is realized by a parallelization of the readanthitecture to 4 analog outputs per ASIC chipe TB8 input
channels of each chip are grouped into ensembl&2.0Every group is connected via a distributedtiplaixer,
which is clocked by a 32IHz readout clock and connects one channel at @ tinthe chip’s off driver. Besides the
ASICs and the sensor, the basic board holds a Feddrammable Gate Array (FPGA), the control aratioeit
electronics, Ghit and other 1/0 ports as well agabedded Linux system. Together, this forms a @mtingnd easy
manageable GOTTHARD module.

For the experiment described here, the GOTTHARD toade slightly modified. To detect the photonsnirthe
Ce:YAG crystal the sensor has to be sensitive diohd light. Therefore, the protective Al coatingswemoved by
an etching process. The other changes are softetated with regards to the implementation of tH@ TGHARD
module into the FLASH Data Acquisition (DAQ) systeRor the use at the multi-bunch mode of FLASH véth
10Hz bunch train repetition frequency and a bunchudesncy of up to MHz the detector has to be used in the so
called “burst mode”. In this mode a trigger stahs internal clock control of the GOTTHARD modu(@pening
time, repetition frequency and a defined numbesin§le line images or frames are programmed viaapiBcal
User Interface (GUI) and controlled by the softwafeghe GOTTHARD module itself. The single line iges are
cached in the FPGA during the pulse train and airaeted over the Gbit interface between two triggesnts.

The lens system and the detector are mounted aptéoal bench outside the vacuum chamber and thigtiances
are easily adjustable during the measurements.phinatly opaque fabric encased the exit port ofdpectrograph,
the lens system and the detector front side wighstinsitive sensor area to prevent stray light.speetrograph, the
lens system and the detector are placed on anabjtieadboard, which sits in a holding of a supgpgrframe.
Screws fixing the breadboard allow a precise alignirin the horizontal directions and angle in ielatto the
beam. The frame contains wheels and height-adjlesfuestals. They provide beam heights betweesini.and
1.65m and allow the connection to various beamlinese Thoveable frame has a floor space of about
550x 760mm2. From the beamline port to the end of thehaitling detector and lenses the whole spectronheter

a length below one meter and fulfills the requicedhpactness and flexibility.

For a reasonable use as a diagnostic tool or gmeeter for FLASH the GOTTHARD has to be fully implented
into the FLASH DAQ architecture. The taken data kasbe synchronized with the data coming from other
instruments, monitors and experiments at the beamdir the accelerator. In figure 2 a sketch of kamline
configuration with the mainly used instruments ihe texperiment is shown to illustrate the necessary

implementations and alignments.
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FIG. 2: (Color online) Beamline schematics for ffegformed experiment. Along the path of the FELnbegith n pulses per
pulse train the main detectors and data sourcesslewen: The Gas Monitor Detector (GMD), the varglihe spacing
spectrometer (VLS), a transparent experiment (ExR) the GOTTHARD spectrometer (GHS). In our cageetkperiment is a
Time-of-Flight (ToF) photoelectron/photoion speateter for gaseous targets. The FEL beam generatidrall data sources are
triggered by the FLASH master clock. The kind ambant of data transferred to the DAQ per triggezrgvor per pulse train
differs and is depicted in the ellipses. The DAQeyates a unique event-ID per trigger event anid oe data by it.

The instruments used are the Gas Monitor Deted&M)***. a variable line spacing grating spectrometer

(VLS)™, a transparent experiment (EXP) and the GOTTHARBcsometer (GHS). In our case the transparent

experiment was a photoelectron and photoion spemipy (PES/PIS) chamber for gaseous taf§ets.

The GMD is part of the beamline infrastructure &fASH and located before the branching point to difeerent
beamlines. A detailed description is given by Réctet al** and Tiedtkeet al? In short, it measures online the
energy of every photon pulse of a pulse train. bleam ionizes a rare gas target whose ions andalectre
accelerated towards oppositely mounted electrogeanbelectric field. The number of photons and theorded

energy of each pulse can be deduced from the nmezhslactron and ion signal.

The VLS spectrometer is an online photon energytspmeter, also implemented in the FLASH beamlind a
described in detail by Brennet al*® In summary, the FEL beam impinges on one of twecsable variable line
spacing blazed gratings at a fixed angle of 88ul% to 10% of the incident radiation is dispersed for anialys
while the rest is reflected in the zeroth order dods the experimental section of the beamline. fiisé order
diffraction is focused onto a Ce:YAG crystal locht@ the focal plane and produces a fluorescerseydsition
holds the information about the photon energy aniiniaged by a gated intensified CCD with 128®24 pixels
and a pixel size of dm. The camera and the crystal are mounted on @&ahte detection unit and follow the focal
curve for the whole wavelength range of the twdiggs from 6am to 60nm. Due to the use of a gated ICCD with
a readout frequency of H¥ single-shot spectra of a specific pulse of a@utain can be recorded and observed

online. The VLS is mounted in the BL branch befibre branching point to the three BL beamlines.

The PES/PIS experiment is an UHV chamber for gaseangets and described in the thesis of N. GétkBniefly,
a diffusive beam of rare gases or vaporized ligisdsipplied by a gas needle and crossed with Etelileam. With
high resolution Time-of-Flight spectrometers iomdaelectron spectroscopy can be performed on atsfsitot

basis.



All devices from FEL beam generation to data adtjoisand storage are triggered by the FLASH maditegk. For
every trigger event the FLASH DAQ system providksngaoming data with a unique event-ID number antime
stamp. Therefore, correct triggering and synchiation of all data sources are crucial. The obstictie varying
processing times of different data sources dueéh¢ovarying amount of data and different processiteps. In
figure 2 the amount of data per bunch train ori#tz trigger event from the mainly used instrumeastdepicted.
The ellipses show the data from every part of tkgegment produced by one trigger event. The numhisrthe
number of bunches within the bunch train. The GMID the VLS generate a moderate amount of datarwitdues

or one image per trigger event, respectively. TESMPIS experiment generates as many spectra akdaingthin
the train and the number of spectra from the GOTRBAspectrometem can be changed and normally exceeds the
number of bunchesren). The choice to take more frames than the numbéuonches or pulses generated from
FLASH was due to the fact, that we wanted to clealiserve the beginning and the end of the pukse for
verification and to get several frames without beenbackground. Tha frames per trigger event are composed to

an image with the dimensions mfx 1280 (number of frames x number of channels/pixels)

During this experiment FLASH ran in the multi-bunoiode and generated 80 electron bunches with ahbunc
frequency of 208Hz and a train repetition rate of 2. The 1% electron bunch of every bunch train was kicked
out for alignment. As mentioned above, the intemaktronics of GOTTHARD control the timing of thmeilse
exposures after receiving the trigger pulse. Thesimg pulse helps to find the timing setting fag #ynchronization

of the detection scheme to the pulse train. The GOARD detector was set to take 100 frames withegudency of
200kHz and an opening time of 343 when triggered by the FLASH H& trigger. The gain was set manually to
the highest gain. The resulting average data saaeaund some tens of kB/sec for the GMD and th& Vilhe GHS

generates around\B/s and the PES/PIS experiment aroundvEss on average.

I1l. Results

In the evaluation process the unexposed framesise@ to generate an average background signalhvigithen
subtracted from all frames taken from one pulsi&tfBhe composition of the frames one below thesptiesults in
images like the one shown exemplarily in figurdBe first pulse is visible in frame 11 and the lastrame 90. The
frames 1 to 10 and 91 to 100 are taken before #adthe pulse train, respectively, and just shbes moise of the
unilluminated sensor. Because thé bainch is kicked out, the frame 23 is also emphe flluminated frames show

clearly the photon energy spectra of the 79 lighsgs of the pulse train.
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FIG. 3: (Color online) Image of 100 frames takemhva readout frequency of 2@Biz. After some frames without a signal, one
can clearly see the wavelength distribution opalkes of the pulse train and a shift to higherrmeavelengths towards the end
of the pulse train. FLASH ran with 2861z and 80 bunches (the18as been kicked out).

The spectra show the expected SASE related fliongatof the mean photon energy or wavelength, splect
bandwidth and intensity from pulse to pulse. Furthe@re, the mean photon wavelength shows a shifi fiover
(12.26nm) to higher (12.36m) values from the beginning to the end of thes@uitain. This shift is stable over time
and depends on FEL machine parameters and setOigsr features are produced by blind pixels arocimhnel
1030 and distortions, which often arise from ch&@86 to 800. It is important to mention, that weoasuccessfully
recorded pulse spectra with 408z, 600kHz and 80&Hz readout frequency. Due to current limitationtbé
internal storage to cache 120 frames in maximurty arpart of the pulse train could be imaged as¢hbigher

readout frequencies.

For the purpose as an online tool a similar imagstewn in figure 3 can be observed during the oreagents in
the controlling GUI of the GOTTHARD detector whifeeasuring. The background correction is hereby diyne
taking few images without light. The software takiesse non-illuminated images as background foictreection

of the following images.

In figure 4 three different pulses extracted frdme pulse train depicted in figure 3 are shown. $hectra are
different in shape due to different mode contribnsi of the FEL. In the spectrum of pulse 75 (retied) only one
peak is visible, whereas the spectra of the pil3elblue solid) and 53 (green dashed) show a rpekik structure.
Once again one sees the shift in the mean photeelarsyth to higher values when going to higher @uismbers.
Except for some deviations originating from spikdamaged sensor channels or slight variations éns#msor

sensitivity due to the etching process the averdgal pulses of the pulse train (black thick spliths a shape of
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two to three strongly overlapping Gaussian curvéth & total FWHM of 0.12m. The structure of multiple

Gaussians is a result of the FEL tuning and canbserved over the whole measuring time and alsvéaraged

spectra of the VLS spectrometer.
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FIG. 4: (Color online) Different single pulse spacthowing the fluctuations in position and shape averaged spectrum over
the whole train has a shape of two or three strowerlapping Gaussians disturbed by fluctuating ead pixels of the

GOTTHARD detector line.

Note, that the mean count numbers of the pulse nmmadre just around% of the saturation limit of the selected
gain level. The limiting noise is the 1/f detechmise, especially at the chosen short integratinad. The relatively
low signal-to-noise ratio results from the strongd of photons due to the optical elements andnidgnification.
The FEL pulses entering the chamber get dispergetiebgrating whose absolute efficiency can berassuto be
below 1% in the first order at the used wavelendtiihe fluorescence of the Ce:YAG is distributed diguia all
directions and the first lens covers only a smalidsangle of 2.86. The strong magnification reduces the flux
further and enlarges the fluorescence also in theical direction. Due to the single line detectioh the
GOTTHARD a substantial part of the image hits tbeging and is not detected. The number of meaghetbns
can be estimated with the known behavior of thegantegrating amplifier and the number of couintsn the
mean integrated signal. On average, fifiotons per pulse reach the whole sensor ardeeafdtector. Furthermore,

GOTTHARD is designed to detect hard x-ray radiatather than visible, low energy photons.

The GOTTHARD spectrometer is not intrinsically batited. To get an energy or wavelength scale, gpadson
and correlation to the spectra measured with th8 $phectrometer was used. The calibration procdaduaeplained

by taking the example of the two spectra showrigaré 5.
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FIG. 5: (Color online) Example of a VLS (a) and B&spectrum (b) of the same pulse. The dashedaklitie marks the
calculated center of mass (CoM).

The two normalized spectra are taken from the gautse. The upper spectrum in figure 5(a) is meabwieh the
GOTTHARD spectrometer and the lower one (b) is réed with the VLS spectrometer. The backgroundemion
for the VLS spectra is different from that of th©BGIHARD spectra explained above. The signal fathef flanks
of the peak is taken as background baseline andastdd from the whole spectrum. A calibration fiime for the
VLS spectrometer enables the conversion from cHagostion into wavelength. The spectrum itselfwha better
signal-to-noise ratio compared to the GOTTHARD s$pgo due to the use of an intensified CCD. Howebeth
spectra show similar shape apart from the intenditythe VLS spectrum four peaks can be seen. & th
GOTTHARD spectrum the two peaks on the right sidevisible, whereas on the left side further peslesdifficult
to assign due to the lower signal-to-noise ratid arslightly lower resolution. The resolution oet&OTTHARD
spectrometer is estimated to be abou®alless compared to the VLS spectrometer. The atrted dashed line
marks the center of mass (CoM). The CoM has betrrded for all spectra by integration and seaglior the
channel which separates the area into two halmesase of GOTTHARD spectra a smoothing splinetisdito the
data in order to reduce the influence of the ndisging the measurements, the VLS gating has beanged after
several minutes of measuring to record spectra fpauises at different position within the pulse rigi The
existence and stability of the observed shift ie thean wavelength within the pulse trains are cmefil by the
VLS spectra. Their calculated CoMs are used agewée and compared with the CoMs of the correspaondi
GOTTHARD spectra. In figure 6(a) the CoM of moranh22000 corresponding spectra from both spectemet

are plotted against each other forming a correigtiot.
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FIG. 6: (Color online) Correlation plot of the cenbf masses (a) and a histogram of their distiobui) of more than 22000
corresponding spectra measured with GOTTHARD aadALS spectrometer. The linear fit to the data {e/ldiashed line) in a)
is used for the wavelength calibration of the GORRD spectra.

The plot shows a linear correlation in the obsemasielength window with a correlation coefficierito98. With a
linear fit (white dashed line) the wavelength sdaten the VLS calibration can be adapted to the GBARD
spectra and leads to the wavelength axis of fig@resand 5. In figure 6(b) a frequency histogranthe CoMs of
both spectrometers are plotted, showing similartriditions. The structure showing multiple overlaqgp
Gaussians, already seen in the averaged spectriigusé 4 and originated in the FEL machine paramsetiuring
the measurements, is clearer in the histogram. sfimate the reliability of the CoM values measuwdgth the
GOTTHARD spectrometer a statistical analysis hanhgerformed. All CoM values have been normalizetheir
respective average. Taking the VLS values as neferethe quotient of each GOTTHARD value with its
corresponding VLS value is formed. A quotient ofwbuld be a perfect correlation. With a histogramttoé
quotients the deviations of the GOTTHARD CoMs frtime ideal correlation within thes]1 2c and the 3 interval
can be determined. The deviations are%8.for 1o, 5.8% for the & and 6.8% for the & interval. The small

deviations confirm our findings that the spectroenewith the GOTTHARD detector can be used as abidi
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single-shot analysis tool for the photon energydeglly, when regarding the intensity and noisesigare method

of defining the CoM, the deviations can be reduggihcreasing the signal-to-noise ratio.

Another important issue for the functionality oEthew spectrometer is its intensity response. fitemsity of FELs

is also fluctuating statistically due to the SASBqess A precise knowledge of the intensity or of the memof
photons on a shot-to-shot base is vital for mogedrments aiming at nonlinear effects in light-reafinteraction.

For the extraction of the intensity information fiothe GOTTHARD data, the smoothed spectra have been
integrated resulting in pulse intensities in aesigrunits. For a comparison more than®1%° values gained by the
integration of the GOTTHARD signal are plotted augaithe corresponding values from the GMD in figdrélear
zero values arising for example from the data paptesenting the 3pulse, whose bunch was kicked out, have

been excluded.

= = |inear fit

200
=
2
Z 1150
&
(4]
c
(0]
8
° {100
o
[a)
=
O
50
0

0 20 40 60 80 100
GOTTHARD signal (arb. u.)

FIG. 7: (Color online) Correlation plot of more th&.7 million corresponding pulse intensity valuBse integrated
GOTTHARD signal against the Gas Monitor DetectoM(@ signal is shown and a fitted by a linear fuont{white dashed
line).

A nearly linear correlation can be identified. Hoee a linear function fitted to the data showsam-aero y-
intercept and clarifies the slight non-linearitys Anentioned above the low photon flux on the deteahd the
thereof resulting low count rates belowolof the saturation limit result in strong influescof distortions and noise.
Together with the uncertainty of the GMD valuesL6£4?* this can explain the broad shape of the plot. H@we
the deviations from linearity and the asymmetriglape cannot be explained by the signal-to-noise atone. A
saturation effect of the GMD is very unlikely aefe FEL intensities and a saturation of the crystalld show an
inverted curvature than observed. The intensityabin will be a matter of further investigation afagture

experiments.

The same statistical analysis done for the CoMsdatabove is now applied to the intensity values the GMD

values are taken as reference. The resulting hiestogf the quotients of the normalized values i€lmibroader, as

12



expected. The determined deviations ar@o2h the b, 46% 20 and 88% the & interval. The GMD uncertainty is
part of the deviation calculated in the statistigahlysis and cannot be assumed as negligiblenémease of the
photon flux and the knowledge of the response fandh the visible wavelength regime would strongdguce the

uncertainty for the intensity measurement performid the GOTTHARD detector.

The linear fit extracted from figure 7 is used &rescaling of the values from the integrationhef GOTTHARD
spectra for a direct comparison with the GMD sigorala shot-to-shot base. In figure 8 the rescaltzhsity values

from the pulse train shown in figure 3 are plotiegether with their corresponding GMD values.

70
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Pulse energy (u1J)

o
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FIG. 8: The scaled integrated signal of the illuatéd frames from the GOTTHARD detector compared tie Gas Monitor
Detector (GMD) signal of the pulse train shownigufe 3.

o

80

One sees the intensity fluctuations from shot tt s¥ithin the pulse train. Despite the strong deeies discussed
above a good similarity is visible in the behavw@tween the two datasets. The general trend ohtbasity over
the pulse train depends on machine parameters @rditions. In our measurement the first approxityati@enty

pulses were generally lower in intensity.

As a test for the purpose of enhancing the spectisblution of spectroscopic experiments at FLA$Hoto
electron spectra of atomic Neon have been obtainepgarallel with the PES/PIS chamber. For a redslena
spectrum usually several thousand single shot spant averaged. By this nonselective averaginfiuatiuations in
photon wavelength are also included and resulhimdditional peak broadening. This broadening daciéle by
selecting the photo electron spectra by the Cothefrespective GOTTHARD spectra. In figure 9 threutes of two
different averaged selections (blue dotted andlesthed) are compared with the unselective aveldgek(solid) of
the Ne spectra for the Ne 2p photo emission lifmtéelectron spectra produced by pulses with redbtishort
mean wavelength from 12.28n to 12.3Z7m are averaged in the blue dotted spectrum. Tthelashed spectrum
contains only photo electron spectra which are peed by pulses with relative long mean wavelendtbm
12.43nm to 12.46im according to the CoMs of their GOTTHARD spectra.

13
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FIG. 9: (Color online) Different averaged Time-dfght photoelectron spectra of atomic Neon 2p tailen with the experiment
before the GOTTHARD spectrometer. Comparison batweeselected data (black solid line), a short wavgth selection
containing mean wavelength values from 1220- 12.3hm (blue dotted line) and a long wavelength sedectiontaining

mean wavelength values from 128 - 12.46m (red dashed line).

As expected, the line of the short wavelength $ieledhas shorter and the long wavelength seledtinger flight
times than the line containing all data. The s@eabf single pulse photoelectron spectra with eespo the CoM of
corresponding GOTTHARD spectra results in a reduactif the FWHM. Compared to the unselected aveodgd
spectra the selection reduces the FWHM for the N&mfine around 1% for the long wavelength selection and

approximately 206 for the short wavelength selection.
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V. Conclusion and Outlook

We have presented the setup of a new grating speeter for the XUV FEL FLASH with the GOTTHARD
detector as key element and demonstrated the fldagsib measuring photon energy spectra on a sbegthot base
at FLASH for the first time. Complete pulse tragenerated by 80 electron bunches with a bunchitiepetate of
200kHz were imaged over a long period. Parts of tHeetrains were successfully probed with readaguencies
of up to 80kHz.

In the obtained photon energy spectra the fluamatin photon energy and intensity from shot ta sinising from
the statistical nature of the SASE process couldéarly observed. In addition, a long term stadbiit of the mean
photon wavelength to higher values over the puksi@ has been found originating in the used machkéttngs of
FLASH. The spectrometer can provide online infoioraton the photon energy as well as the intensity their

progression over the pulse train and can act amkme diagnostic tool for machine studies andrgni

By using the shot-to-shot wavelength informatioonirthe GOTTHARD spectrometer we have demonstrdted t
ability to enhance the resolution of simultaneousbBasured photo electron spectra by up t&20 this first test. In
the future this can boost the experimental valugpefctral data at FLASH and later at the Europe&tK.

Therefore, GOTTHARD has met our requirements oést,fsensitive and reliable detector and was ssftdls
implemented into the FLASH DAQ system. The inforimatgathered during the measurements will boost the
development of these kinds of ultrafast detectors their implementation at various light sources.ah example,
different GOTTHARD detector devices are currentiydaer development for the European X-FEL, which will

provide readout frequencies of up tMbiz, higher frame storage capacity and a more peediocking.

The next step will be a permanent implementatiothef GOTTHARD detector into the VLS spectrometeraas
alternative to the currently used ICCD camera. Thif open the possibility for shot-to-shot waveigh
measurements even for non-transparent experimg&ntplifier, such as micro-channel plates, before @@eYAG
crystal or another lens geometry can be used tease the photon flux onto the detector and theasig-noise
ratio of the measured spectra. With an improvechaitp-noise ratio a full deconvolution of measured
photoelectron spectra from the wavelength distidvubf the FEL beam will become possible and furttrghance
the experimental resolution. An additional futumsgibility is the online measurement of the putsggth, which is

a crucial information for time dependent measurdamdudsing the number of modes in the spectralitigion the

pulse length can be estimated via a second ordeglation functiori>**
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