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DESY 04-013January 2004Terawatt-sale sub-10-fs laser tehnology {key to generation of GW-level attoseondpulses in X-ray free eletron laserE.L. Saldin, E.A. Shneidmiller, and M.V. YurkovDeutshes Elektronen-Synhrotron (DESY), Hamburg, GermanyAbstratWe propose a tehnique for the prodution of attoseond X-ray pulses whih isbased on the use of X-ray SASE FEL ombined with a femtoseond laser system. Afew-yle optial pulse from a Ti:sapphire laser interats with the eletron beam ina two-period undulator resonant to 800 nm wavelength and produes energy modu-lation within a slie of the eletron bunh. Following the energy modulator the ele-tron beam enters the X-ray undulator and produes SASE radiation. Due to energymodulation the frequeny is orrelated to the longitudinal position within the few-yle-driven slie of SASE radiation pulse. The largest frequeny o�set orrespondsto a single-spike pulse in the time domain whih is on�ned to one half-osillationperiod near the entral peak eletron energy. The seletion of single-spike pulses isahieved by using a rystal monohromator after the X-ray undulator. Our studiesshow that the proposed tehnique is apable to produe 300 attoseonds long singlepulses with GW-level output power in the 0.1 nm wavelength range, and is appli-able to the European X-Ray Laser Projet XFEL and the Lina Coherent LightSoure at SLAC.
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1 IntrodutionAt the start of this entury, we have seen a revolution in synhrotron radiationsoure intensities. This revolution stemmed from the tehnique of free eletronlaser (FEL) based on self-ampli�ed spontaneous emission (SASE), ombinedwith reent progress in aelerator tehnologies, developed in onnetion withhigh-energy linear olliders. In 2001, the VUVFEL at the TESLA Test Failityat DESY (Hamburg, Germany) has suessfully demonstrated saturation from82 nm to 125 nm with GW-level peak power and pulse duration down to 40 fs[1,2℄. It is the �rst result from this devie that Wabnitz et al. reported in [3℄.They illuminated xenon lusters with high-intensity (1014 W/m2) VUV FELpulses and observed an unexpetedly strong absorption of the VUV radiation.Suh a highly nonlinear optial interation between light and matter at VUVwavelength range has never been seen before and these fasinating resultsshow the potential of this new lass of light soures for sienti� researh.While modern third generation synhrotron light soures are reahing theirfundamental performane limit, reent suesses in the development of theVUV FEL at DESY have paved the way for the onstrution of the noveltype of light soure whih will ombine most of the positive aspets of both alaser and a synhrotron. Starting in 2004, the phase 2 extension of TTF willdeliver FEL radiation down to the soft X-ray spetral range with minimumwavelength of about 6 nm in the �rst harmoni and reahing into "waterwindow" in the seond harmoni [4℄.Reently the German government, enouraged by these results, approved fund-ing a hard X-ray SASE FEL user faility { the European X-Ray Laser ProjetXFEL. The US Department of Energy (DOE) has given SLAC the goaheadfor engineering design of the Lina Coherent Light Soure (LCLS) devie tobe onstruted at SLAC. These devies should produe 100 fs X-ray pulseswith over 10 GW of peak power [5,6℄. These new X-ray soures will be able toprodue intensities of the order of 1018 W=m2. The main di�erene betweenthe two projets is the linear aelerator, an existing room temperature linafor LCLS at SLAC, and a future superonduting lina for European XFEL.The XFEL based on superonduting aelerator tehnology will make possi-ble not only a jump in a peak brilliane by ten orders of magnitude, but alsoan inrease in average brilliane by �ve orders of magnitude ompared to mod-ern 3rd generation synhrotron radiation failities. The LCLS and EuropeanXFEL projets are sheduled to start operation in 2008 and 2012, respetively.The motivation for the development of XFELs was reently desribed in de-tail in [5,6℄. The disussion in the sienti� ommunity over the past deadehas produed many ideas for novel appliations of the X-ray laser. Brilliane,oherene, and timing down to the femtoseond regime are the three prop-erties whih have the highest potential for new siene to be explored with1



an XFEL. In its initial on�guration the XFEL pulse duration is about 100femtoseonds. Even though this is a few hundreds times shorter than in thirdgeneration light soures, it an probably be further redued to about 10 fem-toseonds [7{9℄. A novel way to generate sub-10 fs x-ray pulses { the slottedspoiler method (P. Emma, 2003) has been proposed reently. This method isbased on spoiling the beam phase density in a part of the eletron bunh sothat this part will not lase, while preserving lasing in a short length of thebunh. The FEL performane of the spoiled beam approah was omputedusing the time-dependent GENESIS simulation. It has been shown that it ispossible to produe X-ray pulses with duration of 3-4 fs FWHM for nominalLCLS bunh ompression parameters [10℄.Femtoseond-resolution experiments with X-rays an possibly show diretlyhow matter is formed out of atoms. In fat, X-ray pulse duration even shorterthan one femtoseond may be useful for many sienti� appliations. Thereason is that phenomena inside atoms our on sub-femtoseond timesale.Generating single attoseond � 0:1 nm X-ray pulses is one of the biggesthallenges in physis. The use of suh a tool will enable to trae proess insidethe atoms for the �rst time. If there is any plae where we have a hane totest the main priniples of quantum mehanis in the pure way, it is there.The interest in the siene with attoseond pulses is growing rapidly in thevery large laser ommunity. This ommunity is familiar with attoseond pulsesof light at photon energies up to about 0.5 keV (3 nm). This is ahieved byfousing a fs laser into a gas target reating radiation of high harmonis offundamental laser frequeny. The key to these developments was the inven-tion of laser systems delivering pulses in the range of 5 fs with pulse energieshigher than a fration of mJ. This approah produed the �rst measurableXUV pulses in the 200 as regime [11,12℄. In priniple, table-top ultra-fast X-ray soures have the right duration to provide us with a view of subatomitransformation proesses. However, their power and photon energy are by farlow. The XFEL is ideally suited the purpose of this emerging �eld of siene.Reently an approah for the generation of attoseond pulses ombining fsquantum laser and harmoni asade (HC) FEL sheme [13,14℄ was proposedin [15℄. The HC FEL sheme has the potential to produe oherent light downto wavelengths of a few nm in an undulator sequene [16℄. The analysis pre-sented in [15℄ shows that this tehnique has potential to produe 100 as longradiation pulses with MW-level of output power down to 1 nm wavelength.The X-ray SASE FEL holds a great promise as a soure of radiation for gener-ating high power, single attoseond pulses. What ultimately limits the XFELpulse duration? Sine the temporal and spetral harateristis of the radia-tion �eld are related to eah other through Fourier transform, the bandwidthof the XFEL and the pulse duration annot vary independently of eah other.There is a minimumduration-bandwidth produt (unertainty priniple). The2



shortest possible X-ray pulse duration generated by XFEL is limited by the in-trinsi bandwidth of the SASE proess. In the ase of the European XFEL andthe LCLS, the FWHM bandwidth near saturation (at 0.1 nm) is about 0.1%,indiating a 300-as oherene time determined by the bandwidth produt. Re-ently a sheme to ahieve pulse durations down to 400-600 attoseonds at awavelength of 0.1 nm has been proposed [17℄. It uses a statistial propertiesof SASE FEL high harmoni radiation. The seletion of a single 10-GW levelattoseond pulses is ahieved by using a speial trigger in data aquisitionsystem. A promising sheme for attophysis experiments using this approahhas been studied and ould be implemented in the XFEL design [18℄.In this paper we propose a new method allowing to redue the pulse lengthof the X-ray SASE FEL to the shortest oneptual limit of about 300 as. It isbased on the appliation of a sub-10-fs laser for slie energy modulation of theeletron beam, and appliation of a rystal monohromator for the seletionof single attoseond pulses with GW-level output power.2 The priniple of attoseond tehniques based on the use of XFELombined with fs quantum laserA basi sheme of the attoseond X-ray soure is shown in Fig. 1. An ultrashortlaser pulse is used to modulate the energy of eletrons within the femtoseondslie of the eletron bunh at the seed laser frequeny. The seed laser pulsewill be timed to overlap with the entral area of the eletron bunh. It servesas a seed for a modulator whih onsists of a short (a few periods) undulator.Following the energy modulator the beam enters the X-ray undulator. Theproess of ampli�ation of radiation in this undulator develops in the sameway as in a onventional X-ray SASE FEL: utuations of the eletron beamurrent serve as the input signal [19℄. The proposed sheme for the genera-tion of attoseond pulses is based on frequeny-hirping the SASE radiation
Fig. 1. Shemati diagram of attoseond X-ray soure3



Fig. 2. Sketh of single attoseond X-ray pulse synthesation through frequeny hirp-ing and spetral �ltering
Fig. 3. Sketh of two attoseond X-ray pulse sequene synthesation through fre-queny hirping and spetral �ltering. Pulse separation is 2T0, where T0 is theTi:sapphire laser osillation periodpulse. When an eletron beam traverses an undulator, it emits radiation atthe resonane wavelength � = �w(1 +K2=2)=(22). Here �w is the undulatorperiod, m2 is the eletron beam energy, and K is the undulator parameter.The laser-driven sinusoidal energy hirp produes a orrelated frequeny hirpof the resonant radiation Æ!=! ' 2Æ=. After the undulator, the radiationis passed through a rystal monohromator whih reets a narrow band-width. Sine the radiation frequeny is orrelated to the longitudinal positionwithin the beam, a short temporal radiation pulse is transmitted through themonohromator.Reent tehnologial advanes in ultrafast optis have permitted the genera-tion of optial pulses omprising only a few osillation yles of the eletri4



and magneti �elds. The pulses are delivered in a di�ration-limited beam[20℄. The ombination of a X-ray SASE FEL and a few-yle laser �eld teh-niques is very promising. Our onept of an attoseond X-ray faility is basedon the use of a few-yle optial pulse from a Ti:sapphire laser system. Thisoptial pulse is used for the modulation of the energy of the eletrons withina slie of the eletron bunh at a wavelength of 800 nm. Due to the extremetemporal on�nement, moderate optial pulse energies of the order of a fewmJ an result in an eletron energy modulation amplitude larger than 30-40MeV. In few-yle laser �elds high intensities an be "swithed on" nonadi-abatially within a few optial periods. As a result, a entral peak eletronenergy modulation is larger than other peaks. This relative energy di�ereneis used for the seletion of SASE radiation pulses with a single spike in thetime domain by means of a rystal monohromator. A shemati, illustratingthese proesses, is shown in Fig. 2. Many di�erent output �elds an be realizedby using di�erent spetral windowing. For instane, it is possible to generatea sequene of 300-as X-ray pulses, separated by T0 (or 2T0), where T0 is theTi:sapphire laser osillation period. Suh operation of the attoseond X-raysoure is illustrated in Fig. 3.The disussion in this paper is foused on the parameters for the EuropeanXFEL operating in the wavelength range around 0.1 nm [5℄. Optimization ofthe attoseond SASE FEL has been performed with the three-dimensional,time dependent ode FAST [21℄ taking into aount all physial e�ets inu-ening the SASE FEL operation (di�ration e�ets, energy spread, emittane,slippage e�et, et.). In our sheme the separation of the frequeny o�setfrom the entral frequeny by a monohromator is used to distinguish the300-as pulse from the 100 fs intense SASE pulse. The monohromatization isstraightforward: for the 0.1 nm wavelength range, Bragg di�ration is the maintool used for suh purposes. In this ase, one has to take are that the shortpulse duration is preserved. Transmission through the monohromator willprodue some intrinsi spreading of the pulse, and the minimum pulse dura-tion whih may be seleted by this method is limited by the unertainty prin-iple. The number of possible reetions whih provide the required spetralwidth is rather limited. We are disussing here only Ge rystals, whih havethe largest relative bandwidth. This is an important feature whih ensures thepreservation of the single-spike pulse duration. In its simplest on�gurationthe monohromator onsists of Ge rystal di�rating from the (111) lattieplanes. We show that it is possible to produe X-ray pulses with FWHM du-ration of 300 as. In some experimental situations this simplest on�gurationof monohromator is not optimal. In partiular, our study has shown that themaximum ontrast of the attoseond X-ray pulses does not exeed 80% andis due to the long tail of the intrinsi rystal reetivity urve. The obviousand tehnially possible solution of the problem of ontrast inrease might beto use a premonohromator. One an align the premonohromator so that themain peak of the spetrum is bloked.5



3 Generation of attoseond pulses from XFELIn the following we illustrate the operation of an attoseond SASE FEL for theparameters lose to those of the European XFEL operating at the wavelength0.1 nm [5℄. The parameters of the eletron beam are: energy 15 GeV, harge1 nC, rms pulse length 25 �m, rms normalized emittane 1.4 mm-mrad, rmsenergy spread 1 MeV. Undulator period is 3.4 m.3.1 Slie modulation of the eletron beamThe parameters of the seed laser are: wavelength 800 nm, energy in the laserpulse 2{4 mJ, and FWHM pulse duration 5 fs (see Fig. 4). The laser beam isfoused onto the eletron beam in a short undulator resonant at the optialwavelength of 800 nm. Parameters of the undulator are: period length 50 m,peak �eld 1.6 T, number of periods 2.Optimal onditions of the fousing orrespond to the positioning of the laserbeam waist in the enter of the undulator. In laser pulses omprising just afew wave yles, the amplitude envelope and the arrier frequeny are notsuÆient to haraterize and ontrol laser radiation, beause the evolution ofthe light �eld is also inuened by a shift of the arrier wave with respetto the pulse peak [20℄. Reently, the generation of intense, few-yle laserpulses with a stable arrier envelope phase '0 was demonstrated [22℄. Let usonsider the priniple question for the design of few-yle pulse experiments:how does the pulse phase behave during linear propagation? In order to answer
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as a method of bandwidth seletion. Speial attention is alled to the fatthat the relative spetral width for the given Bragg reetion is independentof the wavelength or glaning angle of X-rays and is given merely by proper-ties of the rystal and the reeting atomi planes. In partiular, it impliesthat the hoie of a rystal and reeting atomi planes determines the spe-tral resolution. For example, one an onsider Si(111) rystals, whih have aFWHM bandwidth of ��=� = 1:3 � 10�4, or Ge(111)rystals, whih have aFWHM bandwidth of ��=� = 3:4 � 10�4. Monohromators at synhrotronbeam lines are most ommonly fabriated from silion. The reason is that thesemiondutor industry has reated a huge demand for defet-free , perfetsingle rystals. Silion is by no means the only hoie, and in reent yearsdiamond has beome a popular alternative, due to the fat it has the highestthermal ondutivity and low absorption.An attoseond X-ray soure requires a relatively broadband monohromator.The larger the monohromator bandwidth is, the shorter the minimal pulseduration than an be extrated. We are disussing here only Germanium sin-gle rystals whih have the largest relative bandwidth. Although Ge is not asperfet as silion or diamond, suÆiently large perfet Ge rystals are avail-able today. For 12 keV photons Bragg peaks of Ge rystals have reetivitiesof approximately 75%. Figure 6 gives an example of a reetivity urve for athik absorbing rystal. The drawing of Fig. 6 shows several interesting fea-tures. The shape is asymmetri and is due to absorption e�et. The tails ofthe reetivity urve derease as (��=�)�2. It should be pointed out that thetail of reetivity urve plays important role in the operation of the attose-ond X-ray soure, and this harateristi of spetral window and attoseondpulse ontrast are ultimately onneted. Good rystal quality is required for
-0.10 -0.05 0.00 0.05 0.10

0.0

0.2

0.4

0.6

0.8

 

 

In
te

n
s
it

y
 R

e
fl

e
c

ti
v
it

y

∆λ/λ  [%]Fig. 6. Reetivity urve for a thik absorbing rystal in the Bragg ase. Germanium,111, 0.1 nm 8



high resolving power. Similarly, a good resolving power requires a ollimatedbeam. In fat, the angular spread of an insuÆiently ollimated beam neg-atively a�ets the wavelength resolution just like poor rystal quality. TheGe monohromator angular aeptane is of order 50 �rad for a wavelength0.1 nm, and is well mathed to the natural opening angle, (1 �rad), of anXFEL soure. Therefore, a rystal monohromator works better with XFELradiation than with onventional synhrotron soure.Besides the rystal quality, other fators must be onsidered in seleting asheme for a monohromator. The monohromator rystal must be thermallystable and apable of being exposed to XFEL output radiation with limitedradiation damage. We have hosen the one Ge (111) rystal sheme of theX-ray monohromator with silion premonohromator, whih withdraws themajor heat load from the atual short pulse seletion Ge monohromator. Weonsider Laue di�ration in Si rystals as a method of bandwidth seletion inpremonohromator. In the pre-monohromator part one an use ten Si rystalplates of 15�m thikness and the reetion Si(111). Given the rystal plate isperfet, it reets 90% of the inident X-rays within a band of ��=� ' 10�4.One an align the Si plates so that the main peak of the spetrum is bloked.The radiation power whih reahes the broadband (Ge) monohromator rys-tal is 10% of the initial value. Only 30% of the o�set frequeny radiationis absorbed in (15 � 10 = 150�m thikness) premonohromator totally, andthe rest passes through. Another advantage of the premonohromator is thepossibility to inrease the ontrast of output attoseond X-ray pulses.3.3 Output harateristis of attoseond FELA omplete desription of the X-ray FEL an be performed only with three-dimensional, time-dependent numerial simulation ode. Sine ampli�ationproess starts from shot noise, properties of a single-spike seletion shouldbe desribed in statistial term. The statistis of onern are de�ned over anensemble of radiation pulses.In the present sheme an eletron beam with slie modulation of the energypasses through the undulator and produes SASE radiation. Sine only a smallfration of the bunh is modulated (10 fs versus 200 fs of FWHM eletronpulse duration, see Fig.5), the total energy in the radiation pulse remainsapproximately the same as in the ase of nonmodulated eletron beam (seeFig. 7), and saturation is ahieved at an undulator length of about 120 m.Figure 8 shows typial temporal and spetral struture of the radiation pulseat saturation. In the present numerial example the entral part of the eletronbunh was subjeted to the slie energy modulation, and one an notie itslear signature in the temporal struture. Figure 9 shows an enlarged view of9
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t  [fs]Fig. 12. Temporal struture of the radiation pulse behind monohromator tunedto seletion of two pulse sequene (mark M2 in Fig. 10). Pulse separation is twolaser osillation periods. Upper plot shows average over many pulses, and lower plotshows details of single pulses. Bold urve is average over many pulsesabout 200 as, a fration of the oherene time. One should not wonder thatpulse amplitudes di�er visibly for the ase of pulse separation by one laser os-illation period (see Fig. 12). As mentioned above, this is a typial nonlineare�et related to the sensitivity of the FEL proess to the sign and the valueof the energy hirp. Although the energy modulation amplitude is the samein both maxima, the shape of the energy hirp is asymmetri.15
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power optial laser systems. For 800 nm laser radiation and for 0.1 nm outputradiation, for example, the peak power of few-yle laser pulse must be largerthan 500-700 GW. This ondition an be satis�ed by a terawatt-sale sub-10fs Ti:sapphire laser system whih seems feasible.Our sheme of attoseond X-ray soure is based on the assumption that thebeam density modulation does not appreiably hange as the beam propagatesthrough the energy modulator undulator. When the resonane ondition takesplae, the eletrons with di�erent arrival phases aquire di�erent values of theenergy inrements (positive or negative), whih result in the modulation ofthe longitudinal veloity of the eletrons with the laser frequeny. Sine theveloity modulation is transformed into a density modulation of the eletronbeam when, passing the undulator, an additional wake�eld exists beauseof a variation in amplitude density modulation. It is interesting to estimatethe amount of bunhing produed during the 800 nm undulator pass. Anundulator is a sequene of bending magnets where partiles with di�erentenergies have di�erent path length, �z = R56ÆE=E. The net ompationfator of the undulator is given by R56 = 2�0Nw, where �0 = 800 nm isthe resonane wavelength and Nw = 2 is the number of undulator periods.An indued orrelated energy spread at the exit of (800 nm) undulator isabout 0.3%. Therefore, a rough estimate for the indued bunhing is Æa '(�R56=�0)(ÆE=E) ' 3�10�2. Sine this value is muh less than unity, we anonlude that density modulation in the 800 nm undulator due to few-yle-driven energy spread should not be a serious limitation in our ase.The next problem is that of synhronization. Frequeny hirp in the XFELis seeded by positioning a fs optial pulse on the eletron bunh. Even whenfemtoseond pulses from laser system are synhronized to the photoinjetormaster lok with phase-loking tehnique, the synhronization of the optialseed laser with the eletron pulses to an auray of 100 fs is not yet ahievable.A more serious problem is the timing jitter of eletron and seed laser pulses.The jitter of eletron pulses originates in the photoinjetor laser system (laserpulse jitter) and in the magneti bunh ompressors (from eletron bunhenergy jitter). Due to this unertainty, not every fs optial pulse will produean attoseond X-ray pulse. Random prodution of attoseond X-ray pulsesneeds to be ontrolled. A basi question at this point is how attoseond X-ray pulses will be identi�ed. Separation of attoseond pulse frequeny fromthe entral frequeny an be used to distinguish the 300 as pulses from theintense 100 fs pulses. Appearing of X-ray pulses at the frequeny o�set willindiate that the seed optial pulse is overlapped with the entral part of theeletron bunh.Analysis of parameters of an attoseond X-ray soure shows that its repetitionrate is learly limited by the value of repetition rate ahievable with terawatt-sale sub-10 fs Ti:sapphire laser system having 1-kHz repetition rate [22℄.17



The single-pass sheme onsidered here is the simplest one. The laser beam,whih is essentially unaltered in the eletron beam modulation proess, isthen disposed of. This is not optimum for a ouple of reasons. The idea isroughly the following. The attoseond pulse repetition rate an be signi�antlyinreased if the laser pulse an be reused, beause the laser pulse su�ers littleloss in energy after eah interation with eletron beam. The solution of thisproblem is a multipass approah (based on reetive optial elements) in whiha laser pulse is made to pass through the modulator undulator a �nite numberof times before being thrown away. In this way, the attoseond pulse repetitionrate is inreased by inreasing the number of laser pulses used.5 ConlusionOperation of the proposed sheme was illustrated for the parameters of theEuropean XFEL. Although the present work is onerned primarily for use inthe wavelength range around 0.1 nm, its appliability is not restrited to thisrange, for example 0.15 nm LCLS faility is a suitable andidate for applia-tion of attoseond tehniques desribed here. It is important that proposedattoseond sheme is based on the nominal XFEL parameters, and operatesin a "parasiti" mode not interfering with the main mode of the XFEL opera-tion. It an be realized with minimum additional e�orts. The mahine designshould foresee the spae for installation of modulator undulator and a view-port for input optial system. Many of the omponents of the required lasersystem an be ahieved with tehnology whih is urrently being developedfor appliations other than the attoseond X-ray soure. As a result, a lasersystem ould be developed over the next few years and an meet the XFELrequirements well in advane of XFEL onstrution shedule.AknowledgmentsWe thank G. Gr�ubel, D. Novikov, E. Wekert for many useful disussions. Wethank R. Brinkmann, J.R. Shneider, A. Shwarz, and D. Trines for interestin this work.Referenes[1℄ V. Ayvazyan et al., Phys. Rev. Lett. 88(2002)104802.[2℄ V. Ayvazyan et al., Eur. Phys. J. D20(2002)149.18
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