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DESY 04-013January 2004Terawatt-s
ale sub-10-fs laser te
hnology {key to generation of GW-level attose
ondpulses in X-ray free ele
tron laserE.L. Saldin, E.A. S
hneidmiller, and M.V. YurkovDeuts
hes Elektronen-Syn
hrotron (DESY), Hamburg, GermanyAbstra
tWe propose a te
hnique for the produ
tion of attose
ond X-ray pulses whi
h isbased on the use of X-ray SASE FEL 
ombined with a femtose
ond laser system. Afew-
y
le opti
al pulse from a Ti:sapphire laser intera
ts with the ele
tron beam ina two-period undulator resonant to 800 nm wavelength and produ
es energy modu-lation within a sli
e of the ele
tron bun
h. Following the energy modulator the ele
-tron beam enters the X-ray undulator and produ
es SASE radiation. Due to energymodulation the frequen
y is 
orrelated to the longitudinal position within the few-
y
le-driven sli
e of SASE radiation pulse. The largest frequen
y o�set 
orrespondsto a single-spike pulse in the time domain whi
h is 
on�ned to one half-os
illationperiod near the 
entral peak ele
tron energy. The sele
tion of single-spike pulses isa
hieved by using a 
rystal mono
hromator after the X-ray undulator. Our studiesshow that the proposed te
hnique is 
apable to produ
e 300 attose
onds long singlepulses with GW-level output power in the 0.1 nm wavelength range, and is appli-
able to the European X-Ray Laser Proje
t XFEL and the Lina
 Coherent LightSour
e at SLAC.
Preprint submitted to Opti
s Communi
ations 27 January 2004





1 Introdu
tionAt the start of this 
entury, we have seen a revolution in syn
hrotron radiationsour
e intensities. This revolution stemmed from the te
hnique of free ele
tronlaser (FEL) based on self-ampli�ed spontaneous emission (SASE), 
ombinedwith re
ent progress in a

elerator te
hnologies, developed in 
onne
tion withhigh-energy linear 
olliders. In 2001, the VUVFEL at the TESLA Test Fa
ilityat DESY (Hamburg, Germany) has su

essfully 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 devi
e that Wabnitz et al. reported in [3℄.They illuminated xenon 
lusters with high-intensity (1014 W/
m2) VUV FELpulses and observed an unexpe
tedly strong absorption of the VUV radiation.Su
h a highly nonlinear opti
al intera
tion between light and matter at VUVwavelength range has never been seen before and these fas
inating resultsshow the potential of this new 
lass of light sour
es for s
ienti�
 resear
h.While modern third generation syn
hrotron light sour
es are rea
hing theirfundamental performan
e limit, re
ent su

esses in the development of theVUV FEL at DESY have paved the way for the 
onstru
tion of the noveltype of light sour
e whi
h will 
ombine most of the positive aspe
ts of both alaser and a syn
hrotron. Starting in 2004, the phase 2 extension of TTF willdeliver FEL radiation down to the soft X-ray spe
tral range with minimumwavelength of about 6 nm in the �rst harmoni
 and rea
hing into "waterwindow" in the se
ond harmoni
 [4℄.Re
ently the German government, en
ouraged by these results, approved fund-ing a hard X-ray SASE FEL user fa
ility { the European X-Ray Laser Proje
tXFEL. The US Department of Energy (DOE) has given SLAC the goaheadfor engineering design of the Lina
 Coherent Light Sour
e (LCLS) devi
e tobe 
onstru
ted at SLAC. These devi
es should produ
e 100 fs X-ray pulseswith over 10 GW of peak power [5,6℄. These new X-ray sour
es will be able toprodu
e intensities of the order of 1018 W=
m2. The main di�eren
e betweenthe two proje
ts is the linear a

elerator, an existing room temperature lina
for LCLS at SLAC, and a future super
ondu
ting lina
 for European XFEL.The XFEL based on super
ondu
ting a

elerator te
hnology will make possi-ble not only a jump in a peak brillian
e by ten orders of magnitude, but alsoan in
rease in average brillian
e by �ve orders of magnitude 
ompared to mod-ern 3rd generation syn
hrotron radiation fa
ilities. The LCLS and EuropeanXFEL proje
ts are s
heduled to start operation in 2008 and 2012, respe
tively.The motivation for the development of XFELs was re
ently des
ribed in de-tail in [5,6℄. The dis
ussion in the s
ienti�
 
ommunity over the past de
adehas produ
ed many ideas for novel appli
ations of the X-ray laser. Brillian
e,
oheren
e, and timing down to the femtose
ond regime are the three prop-erties whi
h have the highest potential for new s
ien
e to be explored with1



an XFEL. In its initial 
on�guration the XFEL pulse duration is about 100femtose
onds. Even though this is a few hundreds times shorter than in thirdgeneration light sour
es, it 
an probably be further redu
ed to about 10 fem-tose
onds [7{9℄. A novel way to generate sub-10 fs x-ray pulses { the slottedspoiler method (P. Emma, 2003) has been proposed re
ently. This method isbased on spoiling the beam phase density in a part of the ele
tron bun
h sothat this part will not lase, while preserving lasing in a short length of thebun
h. The FEL performan
e of the spoiled beam approa
h was 
omputedusing the time-dependent GENESIS simulation. It has been shown that it ispossible to produ
e X-ray pulses with duration of 3-4 fs FWHM for nominalLCLS bun
h 
ompression parameters [10℄.Femtose
ond-resolution experiments with X-rays 
an possibly show dire
tlyhow matter is formed out of atoms. In fa
t, X-ray pulse duration even shorterthan one femtose
ond may be useful for many s
ienti�
 appli
ations. Thereason is that phenomena inside atoms o

ur on sub-femtose
ond times
ale.Generating single attose
ond � 0:1 nm X-ray pulses is one of the biggest
hallenges in physi
s. The use of su
h a tool will enable to tra
e pro
ess insidethe atoms for the �rst time. If there is any pla
e where we have a 
han
e totest the main prin
iples of quantum me
hani
s in the pure way, it is there.The interest in the s
ien
e with attose
ond pulses is growing rapidly in thevery large laser 
ommunity. This 
ommunity is familiar with attose
ond pulsesof light at photon energies up to about 0.5 keV (3 nm). This is a
hieved byfo
using a fs laser into a gas target 
reating radiation of high harmoni
s offundamental laser frequen
y. 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 fra
tion of mJ. This approa
h produ
ed the �rst measurableXUV pulses in the 200 as regime [11,12℄. In prin
iple, table-top ultra-fast X-ray sour
es have the right duration to provide us with a view of subatomi
transformation pro
esses. However, their power and photon energy are by farlow. The XFEL is ideally suited the purpose of this emerging �eld of s
ien
e.Re
ently an approa
h for the generation of attose
ond pulses 
ombining fsquantum laser and harmoni
 
as
ade (HC) FEL s
heme [13,14℄ was proposedin [15℄. The HC FEL s
heme has the potential to produ
e 
oherent light downto wavelengths of a few nm in an undulator sequen
e [16℄. The analysis pre-sented in [15℄ shows that this te
hnique has potential to produ
e 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 sour
e of radiation for gener-ating high power, single attose
ond pulses. What ultimately limits the XFELpulse duration? Sin
e the temporal and spe
tral 
hara
teristi
s of the radia-tion �eld are related to ea
h other through Fourier transform, the bandwidthof the XFEL and the pulse duration 
annot vary independently of ea
h other.There is a minimumduration-bandwidth produ
t (un
ertainty prin
iple). The2



shortest possible X-ray pulse duration generated by XFEL is limited by the in-trinsi
 bandwidth of the SASE pro
ess. In the 
ase of the European XFEL andthe LCLS, the FWHM bandwidth near saturation (at 0.1 nm) is about 0.1%,indi
ating a 300-as 
oheren
e time determined by the bandwidth produ
t. Re-
ently a s
heme to a
hieve pulse durations down to 400-600 attose
onds at awavelength of 0.1 nm has been proposed [17℄. It uses a statisti
al propertiesof SASE FEL high harmoni
 radiation. The sele
tion of a single 10-GW levelattose
ond pulses is a
hieved by using a spe
ial trigger in data a
quisitionsystem. A promising s
heme for attophysi
s experiments using this approa
hhas been studied and 
ould be implemented in the XFEL design [18℄.In this paper we propose a new method allowing to redu
e the pulse lengthof the X-ray SASE FEL to the shortest 
on
eptual limit of about 300 as. It isbased on the appli
ation of a sub-10-fs laser for sli
e energy modulation of theele
tron beam, and appli
ation of a 
rystal mono
hromator for the sele
tionof single attose
ond pulses with GW-level output power.2 The prin
iple of attose
ond te
hniques based on the use of XFEL
ombined with fs quantum laserA basi
 s
heme of the attose
ond X-ray sour
e is shown in Fig. 1. An ultrashortlaser pulse is used to modulate the energy of ele
trons within the femtose
ondsli
e of the ele
tron bun
h at the seed laser frequen
y. The seed laser pulsewill be timed to overlap with the 
entral area of the ele
tron bun
h. It servesas a seed for a modulator whi
h 
onsists of a short (a few periods) undulator.Following the energy modulator the beam enters the X-ray undulator. Thepro
ess of ampli�
ation of radiation in this undulator develops in the sameway as in a 
onventional X-ray SASE FEL: 
u
tuations of the ele
tron beam
urrent serve as the input signal [19℄. The proposed s
heme for the genera-tion of attose
ond pulses is based on frequen
y-
hirping the SASE radiation
Fig. 1. S
hemati
 diagram of attose
ond X-ray sour
e3



Fig. 2. Sket
h of single attose
ond X-ray pulse synthesation through frequen
y 
hirp-ing and spe
tral �ltering
Fig. 3. Sket
h of two attose
ond X-ray pulse sequen
e synthesation through fre-quen
y 
hirping and spe
tral �ltering. Pulse separation is 2T0, where T0 is theTi:sapphire laser os
illation periodpulse. When an ele
tron beam traverses an undulator, it emits radiation atthe resonan
e wavelength � = �w(1 +K2=2)=(2
2). Here �w is the undulatorperiod, m
2
 is the ele
tron beam energy, and K is the undulator parameter.The laser-driven sinusoidal energy 
hirp produ
es a 
orrelated frequen
y 
hirpof the resonant radiation Æ!=! ' 2Æ
=
. After the undulator, the radiationis passed through a 
rystal mono
hromator whi
h re
e
ts a narrow band-width. Sin
e the radiation frequen
y is 
orrelated to the longitudinal positionwithin the beam, a short temporal radiation pulse is transmitted through themono
hromator.Re
ent te
hnologi
al advan
es in ultrafast opti
s have permitted the genera-tion of opti
al pulses 
omprising only a few os
illation 
y
les of the ele
tri
4



and magneti
 �elds. The pulses are delivered in a di�ra
tion-limited beam[20℄. The 
ombination of a X-ray SASE FEL and a few-
y
le laser �eld te
h-niques is very promising. Our 
on
ept of an attose
ond X-ray fa
ility is basedon the use of a few-
y
le opti
al pulse from a Ti:sapphire laser system. Thisopti
al pulse is used for the modulation of the energy of the ele
trons withina sli
e of the ele
tron bun
h at a wavelength of 800 nm. Due to the extremetemporal 
on�nement, moderate opti
al pulse energies of the order of a fewmJ 
an result in an ele
tron energy modulation amplitude larger than 30-40MeV. In few-
y
le laser �elds high intensities 
an be "swit
hed on" nonadi-abati
ally within a few opti
al periods. As a result, a 
entral peak ele
tronenergy modulation is larger than other peaks. This relative energy di�eren
eis used for the sele
tion of SASE radiation pulses with a single spike in thetime domain by means of a 
rystal mono
hromator. A s
hemati
, illustratingthese pro
esses, is shown in Fig. 2. Many di�erent output �elds 
an be realizedby using di�erent spe
tral windowing. For instan
e, it is possible to generatea sequen
e of 300-as X-ray pulses, separated by T0 (or 2T0), where T0 is theTi:sapphire laser os
illation period. Su
h operation of the attose
ond X-raysour
e is illustrated in Fig. 3.The dis
ussion in this paper is fo
used on the parameters for the EuropeanXFEL operating in the wavelength range around 0.1 nm [5℄. Optimization ofthe attose
ond SASE FEL has been performed with the three-dimensional,time dependent 
ode FAST [21℄ taking into a

ount all physi
al e�e
ts in
u-en
ing the SASE FEL operation (di�ra
tion e�e
ts, energy spread, emittan
e,slippage e�e
t, et
.). In our s
heme the separation of the frequen
y o�setfrom the 
entral frequen
y by a mono
hromator is used to distinguish the300-as pulse from the 100 fs intense SASE pulse. The mono
hromatization isstraightforward: for the 0.1 nm wavelength range, Bragg di�ra
tion is the maintool used for su
h purposes. In this 
ase, one has to take 
are that the shortpulse duration is preserved. Transmission through the mono
hromator willprodu
e some intrinsi
 spreading of the pulse, and the minimum pulse dura-tion whi
h may be sele
ted by this method is limited by the un
ertainty prin-
iple. The number of possible re
e
tions whi
h provide the required spe
tralwidth is rather limited. We are dis
ussing here only Ge 
rystals, whi
h havethe largest relative bandwidth. This is an important feature whi
h ensures thepreservation of the single-spike pulse duration. In its simplest 
on�gurationthe mono
hromator 
onsists of Ge 
rystal di�ra
ting from the (111) latti
eplanes. We show that it is possible to produ
e X-ray pulses with FWHM du-ration of 300 as. In some experimental situations this simplest 
on�gurationof mono
hromator is not optimal. In parti
ular, our study has shown that themaximum 
ontrast of the attose
ond X-ray pulses does not ex
eed 80% andis due to the long tail of the intrinsi
 
rystal re
e
tivity 
urve. The obviousand te
hni
ally possible solution of the problem of 
ontrast in
rease might beto use a premono
hromator. One 
an align the premono
hromator so that themain peak of the spe
trum is blo
ked.5



3 Generation of attose
ond pulses from XFELIn the following we illustrate the operation of an attose
ond SASE FEL for theparameters 
lose to those of the European XFEL operating at the wavelength0.1 nm [5℄. The parameters of the ele
tron beam are: energy 15 GeV, 
harge1 nC, rms pulse length 25 �m, rms normalized emittan
e 1.4 mm-mrad, rmsenergy spread 1 MeV. Undulator period is 3.4 
m.3.1 Sli
e modulation of the ele
tron 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 isfo
used onto the ele
tron beam in a short undulator resonant at the opti
alwavelength 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 fo
using 
orrespond to the positioning of the laserbeam waist in the 
enter of the undulator. In laser pulses 
omprising just afew wave 
y
les, the amplitude envelope and the 
arrier frequen
y are notsuÆ
ient to 
hara
terize and 
ontrol laser radiation, be
ause the evolution ofthe light �eld is also in
uen
ed by a shift of the 
arrier wave with respe
tto the pulse peak [20℄. Re
ently, the generation of intense, few-
y
le laserpulses with a stable 
arrier envelope phase '0 was demonstrated [22℄. Let us
onsider the prin
iple question for the design of few-
y
le pulse experiments:how does the pulse phase behave during linear propagation? In order to answer
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tron beam at the exit of the modulator undu-lator. The laser parameters are � = 800 nm, Wpeak = 800 GW, and FWHM pulseduration of �p = 5 fsthis question, we 
an 
al
ulate the evolution of few-
y
le pulses in va
uum,whi
h is most 
onveniently des
ribed by a paraboli
 wave equation and bystarting from a Gaussian initial spatial pulse pro�le [20℄. Choosing the initialpulse phase to be '0 at the beam waist, one reveals that the 
arrier envelopephase in the far �eld '(1) = '0 � �=2 undergoes a phase shift due to theGuoy phase shift ��=2 [20℄. Note that the Guoy phase shift and all the other
hanges experien
ed by the pulse during propagation do not depend on theinitial phase '0.For an attose
ond X-ray sour
e it is of great interest to maximize the 
entralpeak energy o�set, whi
h depends sensitively on the absolute phase of the seedlaser pulse '0. We start with an illustration of the few-
y
le-driven energymodulation assuming that the peak ele
tri
 �eld appears at the peak of theenvelope when the laser pulse passes the undulator 
enter (i.e. '0 = 0 at theGaussian beam waist). The intera
tion with the laser light in the undulatorthen produ
es a time dependent ele
tron energy modulation as shown in Fig. 5.For the laser (FWHM) pulse duration of 5 fs at a laser pulse energy 2-4 mJ,we expe
t a 
entral peak energy modulation 30-40 MeV.3.2 Mono
hromatorThe width of the spe
tral distribution of the SASE radiation will be deter-mined by the frequen
y 
hirp, provided the frequen
y 
hirp is larger than FELbandwidth. A mono
hromator may be used to sele
t the pulses of short du-ration, due to 
orrelation between frequen
y and longitudinal position in theradiation pulse. For 12 keV photons, we 
onsider Bragg di�ra
tion in 
rystals7



as a method of bandwidth sele
tion. Spe
ial attention is 
alled to the fa
tthat the relative spe
tral width for the given Bragg re
e
tion is independentof the wavelength or glan
ing angle of X-rays and is given merely by proper-ties of the 
rystal and the re
e
ting atomi
 planes. In parti
ular, it impliesthat the 
hoi
e of a 
rystal and re
e
ting atomi
 planes determines the spe
-tral resolution. For example, one 
an 
onsider Si(111) 
rystals, whi
h have aFWHM bandwidth of ��=� = 1:3 � 10�4, or Ge(111)
rystals, whi
h have aFWHM bandwidth of ��=� = 3:4 � 10�4. Mono
hromators at syn
hrotronbeam lines are most 
ommonly fabri
ated from sili
on. The reason is that thesemi
ondu
tor industry has 
reated a huge demand for defe
t-free , perfe
tsingle 
rystals. Sili
on is by no means the only 
hoi
e, and in re
ent yearsdiamond has be
ome a popular alternative, due to the fa
t it has the highestthermal 
ondu
tivity and low absorption.An attose
ond X-ray sour
e requires a relatively broadband mono
hromator.The larger the mono
hromator bandwidth is, the shorter the minimal pulseduration than 
an be extra
ted. We are dis
ussing here only Germanium sin-gle 
rystals whi
h have the largest relative bandwidth. Although Ge is not asperfe
t as sili
on or diamond, suÆ
iently large perfe
t Ge 
rystals are avail-able today. For 12 keV photons Bragg peaks of Ge 
rystals have re
e
tivitiesof approximately 75%. Figure 6 gives an example of a re
e
tivity 
urve for athi
k absorbing 
rystal. The drawing of Fig. 6 shows several interesting fea-tures. The shape is asymmetri
 and is due to absorption e�e
t. The tails ofthe re
e
tivity 
urve de
rease as (��=�)�2. It should be pointed out that thetail of re
e
tivity 
urve plays important role in the operation of the attose
-ond X-ray sour
e, and this 
hara
teristi
 of spe
tral window and attose
ondpulse 
ontrast are ultimately 
onne
ted. Good 
rystal quality is required for
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high resolving power. Similarly, a good resolving power requires a 
ollimatedbeam. In fa
t, the angular spread of an insuÆ
iently 
ollimated beam neg-atively a�e
ts the wavelength resolution just like poor 
rystal quality. TheGe mono
hromator angular a

eptan
e is of order 50 �rad for a wavelength0.1 nm, and is well mat
hed to the natural opening angle, (1 �rad), of anXFEL sour
e. Therefore, a 
rystal mono
hromator works better with XFELradiation than with 
onventional syn
hrotron sour
e.Besides the 
rystal quality, other fa
tors must be 
onsidered in sele
ting as
heme for a mono
hromator. The mono
hromator 
rystal must be thermallystable and 
apable of being exposed to XFEL output radiation with limitedradiation damage. We have 
hosen the one Ge (111) 
rystal s
heme of theX-ray mono
hromator with sili
on premono
hromator, whi
h withdraws themajor heat load from the a
tual short pulse sele
tion Ge mono
hromator. We
onsider Laue di�ra
tion in Si 
rystals as a method of bandwidth sele
tion inpremono
hromator. In the pre-mono
hromator part one 
an use ten Si 
rystalplates of 15�m thi
kness and the re
e
tion Si(111). Given the 
rystal plate isperfe
t, it re
e
ts 90% of the in
ident X-rays within a band of ��=� ' 10�4.One 
an align the Si plates so that the main peak of the spe
trum is blo
ked.The radiation power whi
h rea
hes the broadband (Ge) mono
hromator 
rys-tal is 10% of the initial value. Only 30% of the o�set frequen
y radiationis absorbed in (15 � 10 = 150�m thi
kness) premono
hromator totally, andthe rest passes through. Another advantage of the premono
hromator is thepossibility to in
rease the 
ontrast of output attose
ond X-ray pulses.3.3 Output 
hara
teristi
s of attose
ond FELA 
omplete des
ription of the X-ray FEL 
an be performed only with three-dimensional, time-dependent numeri
al simulation 
ode. Sin
e ampli�
ationpro
ess starts from shot noise, properties of a single-spike sele
tion shouldbe des
ribed in statisti
al term. The statisti
s of 
on
ern are de�ned over anensemble of radiation pulses.In the present s
heme an ele
tron beam with sli
e modulation of the energypasses through the undulator and produ
es SASE radiation. Sin
e only a smallfra
tion of the bun
h is modulated (10 fs versus 200 fs of FWHM ele
tronpulse duration, see Fig.5), the total energy in the radiation pulse remainsapproximately the same as in the 
ase of nonmodulated ele
tron beam (seeFig. 7), and saturation is a
hieved at an undulator length of about 120 m.Figure 8 shows typi
al temporal and spe
tral stru
ture of the radiation pulseat saturation. In the present numeri
al example the 
entral part of the ele
tronbun
h was subje
ted to the sli
e energy modulation, and one 
an noti
e its
lear signature in the temporal stru
ture. Figure 9 shows an enlarged view of9
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entral part of the radiation pulse. The dotted lines in this �gure showthe initial energy modulation of the ele
tron beam. The temporal stru
tureof the radiation pulse has a 
lear physi
al explanation. The FEL pro
ess isstrongly suppressed in the regions of the ele
tron bun
h with large energy
hirp, and only regions of the ele
tron bun
h with nearly zero energy 
hirpprodu
e radiation. From a physi
al point of view ea
h part of the bun
h nearthe lo
al extremum of the energy modulation 
an be 
onsidered as an isolatedele
tron bun
h of short duration. At the 
hosen parameters of the system itsduration is about 300 attose
ond whi
h is about of 
oheren
e time. Thus, itis not surprising that only a single radiation spike is produ
ed by ea
h areanear the lo
al extremum. An asymmetry of averaged power (at symmetri
energy modulation) is due to the nonsymmetry of the FEL pro
ess with respe
tto the sign and the value of the energy 
hirp. In parti
ular, spikes relatedto the negative of energy o�set have a higher amplitude. This is a typi
alnonlinear e�e
t allowing to prolong intera
tion of the radiation pulse withthe ele
tron pulse at the "
orre
t" sign of the energy 
hirp. The temporalstru
ture of the radiation pulse nearly repeats the temporal stru
ture of theenergy modulation. Slight deviations from the periodi
 stru
ture are also dueto the nonsymmetry of the FEL pro
ess with respe
t to the sign of the energy
hirp. In parti
ular, spikes related to the negative energy o�set slip moreforward than those related to the positive energy o�set.Let us turn ba
k to the main subje
t of our study, i.e. to the produ
tion ofattose
ond pulses. The lower plot in Fig. 8 shows the total radiation spe
trumof the radiation pulse. At this s
ale a signature of the sli
e energy modula-tion 
an hardly be seen. In Fig: 10 we present the tails of the spe
trum at anenlarged s
ale. Ea
h of three 
learly visible bumps in the averaged spe
trum
orresponds to a lo
al extremum of the energy o�set shown in Fig. 5. The10
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ture of the radiationpulse. Solid line at the lower plot shows averaged spe
trum. Undulator length is120 mbump marked as M1 
orresponds to the 
entral peak energy o�set. The bumpM2 
orresponds to the neighboring two positive energy o�sets. The bumpM3
omes from the areas of the ele
tron bun
h with negative energy o�set. Thesingle-shot spe
trum (shown as grey line) exhibits an os
illatory behavior nearbumpsM2 and M3. That is due to an interferen
e of two radiation wavepa
k-ets with 
lose frequen
ies 
oming from di�erent parts of the ele
tron bun
h.Other maxima 
an be hardly distinguished, sin
e they are lo
ated within thebandwidth of the main spe
trum.Figures 2, 3, and 10 give a 
lear idea about separation of the attose
ond ra-11
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t  [fs]Fig. 9. Averaged (upper plot) and typi
al single-shot (lower plot) temporal stru
tureof the 
entral part of the radiation pulse. Undulator length is 120 m. Dotted lineshows energy modulation of the ele
tron bun
h (see Fig. 5)diation pulses. Positioning of the mono
hromator to di�erent maxima of thespe
trum allows us to sele
t single pulse, or a two pulse sequen
e of attose
-ond duration. The 
al
ulation involves the following steps. The FEL simulation
ode produ
es 3-D arrays for the radiation �eld in the near zone. This �eldis re
al
ulated into the far �eld zone, and is subje
ted to the Fourier trans-form. The latter result is 
onvoluted with the re
e
tivity fun
tion of Ge(111)mono
hromator (see Fig. 6), and is subje
ted to inverse Fourier transformgiving temporal stru
ture of the radiation pulse behind the mono
hromator.By sele
ting the frequen
y o�set of the mono
hromator to the position marked12
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∆ω/ω  [%]Fig. 10. Spe
trum of the radiation pulse produ
ed by modulated ele
tron bun
h(gray line). Undulator length is 120 m. Plots show enlarged tails of 
omplete spe
-trum presented in Fig. 8. Solid line is averaged spe
trum. Dashed line is averagedspe
trum of nonmodulated ele
tron beam. MarkM1 shows tuning of mono
hroma-tor for single pulse sele
tion (see Fig. 11). Marks M2 and M3 show tuning of themono
hromator for sele
tion of two pulse sequen
e (see Figs. 12 and 13).as M1 in Fig. 10, we sele
t single pulses. Their properties are illustrated withFig. 11. An analysis of single pulses shows that their pulse duration is about300 as, the average power has GW-level, and the radiation pulse energy isabout a �J. The larger width of the averaged 
urve is partially due to shot-to-shot 
u
tuations of the position of the radiation pulse (a fra
tion of 
oher-en
e time). Note that shot-to-shot 
u
tuations of the radiation energy aftermono
hromator are suppressed signi�
antly due to ultrashort duration of the13
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t  [fs]Fig. 11. Temporal stru
ture of the radiation pulse behind mono
hromator tuned tosingle spike sele
tion (mark M1 in Fig. 10). Upper plot shows average over manypulses, and lower plot shows details of single pulses. Bold 
urve is average over manypulseslasing fra
tion of the ele
tron bun
h [23℄. An advantage of single-pulse sele
-tion is the small ba
kground from the main radiation pulse due to a largeo�set from the resonant frequen
y.By positioning of the mono
hromator 
entral frequen
y to the spe
trum bumpsM2 or M3 one 
an sele
t a two pulse sequen
e as illustrated in Figs. 12 and13. Two pulses are separated by two or one os
illation period of opti
al laserdepending on the 
hoi
e of the mono
hromator tuning. Note that due to thestatisti
al nature of the SASE pro
ess the time jitter between two pulses is14



5 10 15 20
0

1

2

3

 

 

P
  
[G

W
]

t  [fs]

7.0 7.5 8.0 8.5 9.0
0

1

2

3

4

5

 

 

P
  
[G

W
]

t  [fs]Fig. 12. Temporal stru
ture of the radiation pulse behind mono
hromator tunedto sele
tion of two pulse sequen
e (mark M2 in Fig. 10). Pulse separation is twolaser os
illation 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 fra
tion of the 
oheren
e 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 typi
al nonlineare�e
t related to the sensitivity of the FEL pro
ess 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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t  [fs]Fig. 13. Temporal stru
ture of the radiation pulse behind mono
hromator tuned tosele
tion of two pulse sequen
e (mark M3 in Fig. 10). Pulse separation is one laseros
illation period Upper plot shows average over many pulses, and lower plot showsdetails of single pulses. Bold 
urve is average over many pulses4 Dis
ussionSu

essful operation of the attose
ond XFEL requires the ful�llment of sev-eral requirements. The requirement that the SASE FEL bandwidth is mu
hless than the separation of the few-
y
le-driven frequen
y o�set is of 
riti
alimportan
e for the performan
e of the attose
ond XFEL. In this 
ase a 
rys-tal mono
hromator 
an be used to distinguish the attose
ond pulses from theintense SASE pulses. Obviously, this requirement is easier to a
hieve for high16



power opti
al laser systems. For 800 nm laser radiation and for 0.1 nm outputradiation, for example, the peak power of few-
y
le laser pulse must be largerthan 500-700 GW. This 
ondition 
an be satis�ed by a terawatt-s
ale sub-10fs Ti:sapphire laser system whi
h seems feasible.Our s
heme of attose
ond X-ray sour
e is based on the assumption that thebeam density modulation does not appre
iably 
hange as the beam propagatesthrough the energy modulator undulator. When the resonan
e 
ondition takespla
e, the ele
trons with di�erent arrival phases a
quire di�erent values of theenergy in
rements (positive or negative), whi
h result in the modulation ofthe longitudinal velo
ity of the ele
trons with the laser frequen
y. Sin
e thevelo
ity modulation is transformed into a density modulation of the ele
tronbeam when, passing the undulator, an additional wake�eld exists be
auseof a variation in amplitude density modulation. It is interesting to estimatethe amount of bun
hing produ
ed during the 800 nm undulator pass. Anundulator is a sequen
e of bending magnets where parti
les with di�erentenergies have di�erent path length, �z = R56ÆE=E. The net 
ompa
tionfa
tor of the undulator is given by R56 = 2�0Nw, where �0 = 800 nm isthe resonan
e wavelength and Nw = 2 is the number of undulator periods.An indu
ed 
orrelated energy spread at the exit of (800 nm) undulator isabout 0.3%. Therefore, a rough estimate for the indu
ed bun
hing is Æa '(�R56=�0)(ÆE=E) ' 3�10�2. Sin
e this value is mu
h less than unity, we 
an
on
lude that density modulation in the 800 nm undulator due to few-
y
le-driven energy spread should not be a serious limitation in our 
ase.The next problem is that of syn
hronization. Frequen
y 
hirp in the XFELis seeded by positioning a fs opti
al pulse on the ele
tron bun
h. Even whenfemtose
ond pulses from laser system are syn
hronized to the photoinje
tormaster 
lo
k with phase-lo
king te
hnique, the syn
hronization of the opti
alseed laser with the ele
tron pulses to an a

ura
y of 100 fs is not yet a
hievable.A more serious problem is the timing jitter of ele
tron and seed laser pulses.The jitter of ele
tron pulses originates in the photoinje
tor laser system (laserpulse jitter) and in the magneti
 bun
h 
ompressors (from ele
tron bun
henergy jitter). Due to this un
ertainty, not every fs opti
al pulse will produ
ean attose
ond X-ray pulse. Random produ
tion of attose
ond X-ray pulsesneeds to be 
ontrolled. A basi
 question at this point is how attose
ond X-ray pulses will be identi�ed. Separation of attose
ond pulse frequen
y fromthe 
entral frequen
y 
an be used to distinguish the 300 as pulses from theintense 100 fs pulses. Appearing of X-ray pulses at the frequen
y o�set willindi
ate that the seed opti
al pulse is overlapped with the 
entral part of theele
tron bun
h.Analysis of parameters of an attose
ond X-ray sour
e shows that its repetitionrate is 
learly limited by the value of repetition rate a
hievable with terawatt-s
ale sub-10 fs Ti:sapphire laser system having 1-kHz repetition rate [22℄.17



The single-pass s
heme 
onsidered here is the simplest one. The laser beam,whi
h is essentially unaltered in the ele
tron beam modulation pro
ess, isthen disposed of. This is not optimum for a 
ouple of reasons. The idea isroughly the following. The attose
ond pulse repetition rate 
an be signi�
antlyin
reased if the laser pulse 
an be reused, be
ause the laser pulse su�ers littleloss in energy after ea
h intera
tion with ele
tron beam. The solution of thisproblem is a multipass approa
h (based on re
e
tive opti
al elements) in whi
ha laser pulse is made to pass through the modulator undulator a �nite numberof times before being thrown away. In this way, the attose
ond pulse repetitionrate is in
reased by in
reasing the number of laser pulses used.5 Con
lusionOperation of the proposed s
heme was illustrated for the parameters of theEuropean XFEL. Although the present work is 
on
erned primarily for use inthe wavelength range around 0.1 nm, its appli
ability is not restri
ted to thisrange, for example 0.15 nm LCLS fa
ility is a suitable 
andidate for appli
a-tion of attose
ond te
hniques des
ribed here. It is important that proposedattose
ond s
heme 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 ma
hine designshould foresee the spa
e for installation of modulator undulator and a view-port for input opti
al system. Many of the 
omponents of the required lasersystem 
an be a
hieved with te
hnology whi
h is 
urrently being developedfor appli
ations other than the attose
ond X-ray sour
e. As a result, a lasersystem 
ould be developed over the next few years and 
an meet the XFELrequirements well in advan
e of XFEL 
onstru
tion s
hedule.A
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