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DESY 04-045Mar
h 2004A new te
hnique to generate 100 GW-levelattose
ond X-ray pulses from the X-ray SASEFELsE.L. Saldin, E.A. S
hneidmiller, and M.V. YurkovDeuts
hes Elektronen-Syn
hrotron (DESY), Notkestrasse 85, Hamburg, GermanyAbstra
tWe propose a s
heme for generation of single 100 GW 300-as pulse in the X-ray free ele
tron laser with the use of a few 
y
les opti
al pulse from Ti:sapphirelaser system. Femtose
ond opti
al pulse intera
ts with the ele
tron beam in thetwo-period undulator resonant to 800 nm wavelength and produ
es energy mod-ulation within a sli
e of the ele
tron bun
h. Following the energy modulator theele
tron beam enters the �rst part of the baseline gap-adjustable X-ray undulatorand produ
es SASE radiation with 100 MW-level power. Due to energy modulationthe frequen
y is 
orrelated to the longitudinal position within the few-
y
le-drivensli
e of the SASE radiation pulse. The largest frequen
y o�set 
orresponds to asingle-spike pulse in the time domain whi
h is 
on�ned to one half-os
illation pe-riod near the 
entral peak ele
tron energy. After the �rst undulator the ele
tronbeam is guided through a magneti
 delay whi
h we use to position the X-ray spikewith the largest frequen
y o�set at the "fresh" part of the ele
tron bun
h. Afterthe 
hi
ane the ele
tron beam and the radiation produ
ed in the �rst undulatorenter the se
ond undulator whi
h is resonant with the o�set frequen
y. In the se
-ond undulator the seed radiation at referen
e frequen
y plays no role, and only asingle (300 as duration) spike grows rapidly. The �nal part of the undulator is atapered se
tion allowing to a
hieve maximum output power 100-150 GW in 0.15nm wavelength range. Attose
ond X-ray pulse is naturally syn
hronized with itsfs opti
al pulse whi
h reveals unique perspe
tive for pump-probe experiments withsub-femtose
ond resolution.
Preprint submitted to Opti
s Communi
ations 11 Mar
h 2004





1 Introdu
tionTime-resolved experiments are used to monitor time-dependent phenomena. The studyof dynami
s in physi
al systems often requires time resolution beyond the femtose
ond
apabilities. Subfemtose
ond 
apabilities are now available in the XUV wavelength range[1,2℄. This is a
hieved by fo
using a fs laser into a gas target 
reating radiation of highharmoni
s of fundamental laser frequen
y. In prin
iple, table-top ultra-fast X-ray sour
eshave the right duration to provide us with a view of subatomi
 transformation pro
esses.However, their power and photon energy are by far low. There also exists a wide interestin the extension of attose
ond te
hniques into the 0.1 nm wavelength range.With the realization of the fourth-generation light sour
es operating in the X-rayregime [3,4℄, new attos
ien
e experiments will be
ome possible. In its initial 
on�gurationthe XFEL pulse duration is about 100 fs, whi
h is too long to be suÆ
ient for this 
lassof experiments. The generation of subfemtose
ond X-ray pulses is 
riti
al to exploringthe ultrafast s
ien
e at the XFELs. The advent of attose
ond X-ray pulses will open anew �eld of time-resolved studies with unpre
edented resolution. X-ray SASE FEL holdsa great promise as a sour
e of radiation for generating high power, single attose
ondpulses. Re
ently a s
heme to a
hieve pulse duration down to attose
ond time s
ale at thewavelengths around 0.1 nm has been proposed [5℄. It has been shown that by using X-raySASE FEL 
ombined with terawatt-level, sub-10-fs Ti:sapphire laser system it will bepossible to produ
e GW-level X-ray pulses that are rea
hing 300 attose
onds in duration.In this s
heme an ultrashort laser pulse is used to modulate the energy of ele
trons withinthe femtose
ond sli
e of the ele
tron bun
h at laser frequen
y. Energy-position 
orrelationin the ele
tron pulse results in spe
trum-position 
orrelation in the SASE radiation pulse.Sele
tion of ultra-short X-ray pulses is a
hieved by using the mono
hromator. Su
h as
heme for produ
tion of single attose
ond X-ray pulses would o�er the possibility forpump-probe experiments, sin
e it provides a pre
ise, known and tunable interval betweenthe laser and X-ray sour
es.In this paper we propose a new method allowing to in
rease output power of attose
-ond X-ray pulses by two orders of magnitude. It is based on appli
ation of sub-10-fs laserfor sli
e energy modulation of the ele
tron beam, and appli
ation "fresh bun
h" te
h-niques for sele
tion of single attose
ond pulses with 100 GW-level output power. The
ombination of very high peak power (100 GW) and very short pulse (300 as) will open avast new range of appli
ations. In parti
ular, we propose visible pump/X-ray probe te
h-nique that would allow time resolution down to subfemtose
ond 
apabilities. Proposedte
hnique allows to produ
e intense ultrashort X-ray pulses dire
tly from the XFEL, andwith tight syn
hronization to the sample ex
itation laser. Another advantage of the pro-posed s
heme is the possibility to remove the mono
hromator (and other X-ray opti
alelements) between the X-ray undulator and a sample and thus to dire
tly use the probeattose
ond X-ray pulse. 1



2 High power attose
ond fa
ility des
riptionA basi
 s
heme of the high-power attose
ond X-ray sour
e is shown in Fig. 1. An ultra-short laser pulse is used to modulate the energy of ele
trons within the femtose
ond sli
eof the ele
tron bun
h at laser frequen
y. The seed laser pulse will be timed to overlap withthe 
entral area of the ele
tron bun
h. It serves as a seed for modulator whi
h 
onsists ofa short (a few periods) undulator. Following the energy modulator the beam enters thebaseline (gap-tunable) X-ray undulator. In its simplest 
on�guration the X-ray undulator
onsists of an uniform input undulator and nonuniform (tapered) output undulator sepa-rated by a magneti
 
hi
ane (delay). The pro
ess of ampli�
ation of radiation in the inputundulator develops in the same way as in 
onventional X-ray SASE FEL: 
u
tuations ofthe ele
tron beam 
urrent serve as the input signal [6℄. When an ele
tron beam traversesan undulator, it emits radiation at the resonan
e wavelength � = �w(1 + K2=2)=(2
2).Here �w is the undulator period,m
2
 is the ele
tron beam energy, and K is the undulatorparameter. In the proposed s
heme the laser-driven sinusoidal energy 
hirp produ
es a
orrelated frequen
y 
hirp of the resonant radiation Æ!=! ' 2Æ
=
.Our 
on
ept of attose
ond X-ray fa
ility is based on the use of a few 
y
le opti
alpulse from Ti:sapphire laser system. This opti
al pulse is used for modulation of theenergy of the ele
trons within a sli
e of the ele
tron bun
h at a wavelength of 800 nm.Due to extreme temporal 
on�nement, moderate opti
al pulse energies of the order ofa few mJ 
an result in ele
tron energy modulation amplitude higher than 30-40 MeV.In few-
y
le laser �elds high intensities 
an be "swit
hed on" nonadiabati
ally within afew opti
al periods. As a result, a 
entral peak ele
tron energy modulation is larger thanother peaks. This relative energy di�eren
e is used for sele
tion of SASE radiation pulseswith a single spike in time domain. Single-spike sele
tion 
an e�e
tively be a
hieved whenele
tron bun
h passes through a magneti
 delay and output undulator operating at ashifted frequen
y. A s
hemati
, illustrating these pro
esses, is shown in Figs. 2 and 3.
Fig. 1. S
hemati
 diagram of high power attose
ond X-ray sour
e2



Fig. 2. Sket
h of high power attose
ond X-ray pulse synthezation through frequen
y 
hirpingand spe
tral �ltering
Fig. 3. Sket
h of prin
iple of "fresh bun
h" te
hniqueThe input undulator is a 
onventional 0.15 nm SASE FEL operating in the high-gain linear regime. This undulator is long enough (60 m) to rea
h 100 MW-level outputpower (see Fig. 4). After the input undulator the ele
tron beam is guided through amagneti
 delay (
hi
ane). The traje
tory of the ele
tron beam in the 
hi
ane has theshape of an isos
eles triangle with the base equal to L. The angle adja
ent to the base, �,is 
onsidered to be small. Parameters in our 
ase are: L = 4 m, � = 1:5 mrad, 
ompa
tionfa
tor L�2 = 8�m, extra path length L�2=2 = 4�m, horizontal o�set L�=2 = 3 mm. Inthe present design we have only 4 �m extra path length for the ele
tron beam, while theFWHM length of ele
tron bun
h is about 50 �m. Cal
ulations of the 
oherent syn
hrotronradiation e�e
ts show that this should not be a serious limitation in our 
ase.3



Fig. 4. Design of undulator system for high power attose
ond X-ray sour
e
Fig. 5. Installation of a magneti
 delay in the baseline XFEL undulator. The quadrupole sepa-ration of a FODO latti
e is large enough so that magneti
 
hi
ane of length 4 m 
an be installedPassing the 
hi
ane the ele
tron beam and seed SASE radiation enter the outputundulator operating at an o�set frequen
y. We use a magneti
 delay to position the o�setfrequen
y radiation at the "fresh" part of the ele
tron bun
h. This seed single spike atan o�set frequen
y starts intera
ting with the new set of ele
trons, whi
h have no energymodulation, sin
e they did not parti
ipate in the previous intera
tion with opti
al laserpulse (see Fig. 3). This is the essen
e of the "fresh bun
h" te
hniques whi
h was introdu
edin [7℄.In the output undulator seed radiation at referen
e frequen
y plays no role. However,single spike at an o�set frequen
y is exponentially ampli�ed upon passing through the4



Fig. 6. Baseline XFEL undulator allowing di�erent modes of operation for SASE FEL. Tuningof the radiation wavelength and magneti
 �eld tapering is provided by 
hanging the gap�rst (uniform) part of the output undulator. This part is long enough (30 m) to rea
hsaturation. The power level at saturation is about 20 GW. The most promising wayto extend output power is the method of tapering the magneti
 �eld of the undulator.Tapering 
onsists in slowly redu
ing the �eld strength of the undulator �eld to preserve theresonan
e wavelength as the kineti
 energy of the ele
trons 
hanges. The strong radiation�eld produ
es a ponderomotive well whi
h is deep enough to trap the parti
les. Theradiation produ
ed by these 
aptured parti
les in
reases the depth of the ponderomotivewell, and they are e�e
tively de
elerated. As a result, mu
h higher power 
an be a
hievedthan for the 
ase of a uniform undulator. At the total tapered undulator length of 20 m,the single-spike power is enhan
ed by a fa
tor of �ve, from 20 GW-level to 100 GW-level.With the baseline gap-tunable undulator design this option would require only installationof a magneti
 delay. The quadrupole separation of an undulator FODO latti
e (5 m) islarge enough so that relatively short (4 m) magneti
 
hi
ane 
an be installed (see Fig.5). The undulator taper 
ould be simply implemented as a step taper from one undulatorsegment to the next. Figure 6 shows the design prin
iple of undulator for attose
ond modeof operation.Our study shows that the method proposed in this paper allows dire
t produ
tion fromXFEL of single 100 GW-level X-ray pulses with FWHM duration of 300 as. Contrast ofa single spike is mainly de�ned by the ampli�
ation of shot noise in the main part ofele
tron bun
h. This e�e
t leads to degradation of 
ontrast of output attose
ond X-raypulses. However, parameters of the undulator system 
an be optimized in su
h a waythat the 
ontrast degradation is insigni�
ant. Cal
ulation shows that in optimum 
asethe ratio of the attose
ond pulse power (signal) and SASE pulse power (ba
kground) atthe undulator exit rea
hes a value of 400. 5



3 Generation of 100 GW-level attose
ond pulses from XFELOperation of 100 GW attose
ond SASE FEL is illustrated for the parameters 
lose tothose of the European XFEL operating at the wavelength 0.15 nm [3℄. Optimization of theattose
ond SASE FEL has been performed with the three-dimensional, time dependent
ode FAST [8℄ taking into a

ount all physi
al e�e
ts in
uen
ing the SASE FEL operation(di�ra
tion e�e
ts, energy spread, emittan
e, slippage e�e
t, et
.). The parameters of theele
tron beam are: energy 15 GeV, 
harge 1 nC, rms pulse length 25 �m, rms normalizedemittan
e 1.4 mm-mrad, rms energy spread 1 MeV. Undulator period is 3.65 
m.The parameters of the seed laser are: wavelength 800 nm, energy in the laser pulse2{4 mJ, and FWHM pulse duration 5 fs (see Fig. 7). The laser beam is fo
used onto theele
tron beam in a short undulator resonant at the opti
al wavelength of 800 nm. Optimal
onditions of the fo
using 
orrespond to the positioning of the laser beam waist in the
enter of the modulator undulator. It is assumed that the phase of laser �eld 
orresponds to"
osine" mode (solid line with ' = 0, see Fig. 7). Parameters of the modulator undulatorare: period length 50 
m, peak �eld 1.6 T, number of periods 2. The intera
tion with thelaser light in the undulator produ
es a time dependent ele
tron energy modulation as itis shown in Fig. 7. For the laser (FWHM) pulse duration of 5 fs at a laser pulse energy2-4 mJ, we expe
t a 
entral peak energy modulation of 30-40 MeV.SASE undulator 
onsists of three se
tions. First se
tion is 57 meter long uniform un-dulator. Se
ond se
tion is 28 meters long uniform undulator with di�erent resonan
efrequen
y. Frequen
y detuning between the se
ond and the �rst undulator se
tion is�!=! = 0:6%. The third se
tion is 20 meters long tapered undulator. A dispersion se
tionwith 8 �m net 
ompa
tion fa
tor is pla
ed between the �rst and the se
ond undulatorse
tions.Figure 8 shows evolution of energy in the radiation pulse along the undulator. Gener-ation of powerful attose
ond X-ray pulses is performed in three-step pro
edure. Ele
tronbeam enters the �rst undulator se
tion. Ampli�
ation pro
ess develops from the shot noisein the ele
tron beam. Figure 9 shows temporal stru
ture of the radiation pulse in the end
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ture of the radiation pulse in the end of the �rst undulator se
tionof the �rst undulator se
tion. Top plots in Fig. 10 show enlarged view of temporal stru
-ture and spe
tral stru
ture. A signature of the sli
e beam modulation is 
learly seen in thetemporal stru
ture of the radiation pulse. The dotted line in this �gure shows the initialenergy modulation of the ele
tron beam. The temporal stru
ture of the radiation pulsehas a 
lear physi
al explanation. The FEL pro
ess is strongly suppressed in the regions ofthe ele
tron bun
h with large energy 
hirp, and only regions of the ele
tron bun
h withnearly zero energy 
hirp produ
e radiation. From a physi
al point of view ea
h part of thebun
h near the lo
al extremum of the energy modulation 
an be 
onsidered as an isolated7
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olumn) evolution of the radiation pulsealong the undulator. Upper, middle, and lower plots 
orrespond to the undulator lengths of 57,85, and 100 m. Dashed line shows energy modulation of the ele
tron bun
hele
tron bun
h of short duration. At the 
hosen parameters of the system its duration isabout 300 attose
ond whi
h is about of 
oheren
e time. Thus, it is not surprising thatonly a single radiation spike is produ
ed by ea
h area near the lo
al extremum. Note thatea
h of these spikes (wavepa
kets) has signi�
ant frequen
y o�set from the frequen
y ofthe main radiation pulse. For instan
e, frequen
y detuning of the spike 
orresponding totime t = 165 fs is about 0.5%. It is hardly noti
eable on the s
ale of 
omplete spe
trum8
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t  [fs]Fig. 11. Temporal stru
ture of the radiation pulse after mono
hromator with 0.5% linewidthtuned to the frequen
y of the main maximum. Undulator length is 100 m. Plots at bottom showenlarged view of the top plot. Dotted lines show temporal pro�le of the radiation pulse beforemono
hromatorof the radiation pulse, sin
e its 
ontribution to the total radiation energy is a fra
tion ofa per 
ent.At the next step the ele
tron beam passes the dispersion se
tion. The dispersionse
tion performs two a
tions. First, it provides delay of the ele
tron bun
h by 15 fs withrespe
t to the radiation pulse, su
h that the radiation produ
ed by modulated sli
e ofthe ele
tron bun
h slips forward to "fresh", nonmodulated part of the bun
h. Se
ond,the strength of dispersion se
tion is suÆ
ient for suppression of the beam bun
hing. Asa result, the ampli�
ation pro
ess in the se
ond undulator se
tion starts with "fresh"ele
tron beam and radiation seed produ
ed by the �rst undulator se
tion. The undulatorof the se
ond se
tion is tuned to �!=! = 0:6% in order to provide the resonan
e withthe radiation produ
ed by the sli
e of the ele
tron bun
h having maximum energy o�set.Under su
h 
onditions only a single spike is ampli�ed e�e
tively as it is illustrated with9
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u
tuations of the radiation pulse after mono
hromator with 0.5% linewidthtuned to the frequen
y of the main maximum. Undulator length is 100 mplots in Fig. 10. The rest part of the seed radiation pulse has signi�
ant detuning andpropagates without visible intera
tion with the ele
tron bun
h. Amplitude of a singleattose
ond pulse grows exponentially with the undulator length, and enters to saturationregime with peak power of about 20 GW. In order to in
rease peak power to 100 GWlevel �nal (the third) undulator se
tion is tapered. Bottom plots in Fig. 10 illustratetypi
al temporal and spe
tral stru
ture of the radiation pulse at the exit of the SASEundulator. In prin
iple, mu
h higher than 100 GW peak power in the attose
ond pulse
an be a
hieved. However, one should keep in mind the ba
kground produ
ed by the restof the ele
tron bun
h. The seed radiation from the �rst undulator se
tion is not a problem,it has large frequen
y o�set and 
an be simply �ltered by multilayer mono
hromator. Themain limiting fa
tor is the growth of the radiation from the shot noise whi
h has the samefrequen
y spe
trum as attose
ond pulse. When attose
ond pulse enters nonlinear stage ofampli�
ation, noise ba
kground still 
ontinues to grow exponentially, and 
an rea
h highpower. This e�e
t imposes a limit on the allowable undulator length (and on peak powerof the attose
ond pulse). Figure 11 shows temporal 
hara
teristi
s of the radiation pulseat the exit of the undulator (dotted lines). Solid lines in this plot show properties of theradiation pulse after mono
hromator with 0.5% linewidth. It is seen that the 
ontrast ofthe radiation pulse is pretty high. Figure 12 illustrates shot-to-shot 
u
tuations of theradiation pulse.4 Pump-probe experiments with attose
ond SASE FELThe proposed high power, ultra-fast X-ray sour
e holds a great promise as a sour
e ofX-ray radiation for su
h appli
ations as pump-probe experiments. The time resolution ofpump-probe experiment is obviously determined by the duration of the pump as well as10



Fig. 13. S
heme for femtose
ond resolution pump-probe experiments based on the generation ofthe 100 GW-level attose
ond X-ray pulses dire
tly from X-ray SASE FELthe resolution of the probing. The pump pulse must always be as short as the desired timeresolution. In typi
al s
heme of a pump-probe experiment the short probe pulse followsthe pump pulse at some spe
i�ed delay. The signal re
orded by the slow dete
tor thenre
e
ts the state of the sample during the brief probing. The experiment must be repeatedmany times with di�erent delays in order to re
onstru
t the dynami
al pro
ess.We suggest to 
ombine attose
ond X-ray pulses with fs opti
al pulses generated inthe seed Ti:sapphire laser system (see Fig. 13) for pump-probe experiments. In this 
aseattose
ond X-ray pulse is naturally syn
hronized with its fs opti
al pulse, and time jitteris 
an
elled. Another advantage of the proposed s
heme is the possibility to remove allX-ray opti
al elements between the X-ray sour
e and a sample and thus to dire
tly use theprobe attose
ond X-ray pulse. Usual opti
al elements are used for seed laser beam splittingand tunable delay. It should be possible to a
hieve a timing a

ura
y 
lose to duration ofthe half period of the seed laser pulse (1 fs), allowing an unpre
edented insight into thedynami
s of ele
troni
 ex
itations, 
hemi
al rea
tions, and phase transitions of matter,from atoms, through organi
 and inorgani
 mole
ules, to surfa
e, solids and plasma.Let us dis
uss in more detail an attose
ond pulse 
ontrast in the proposed s
heme forpump-probe experiments based on the use the dire
t X-ray beam.We wish to 
onsider oneexample whi
h shows the relationship between the signal and ba
kground that is easy tounderstand. We 
hoose for emphasis here experiments aimed at measuring the lifetime ofele
troni
 ex
itation. First, the time dependen
e of ele
troni
 o

upation is assumed to beknown { this is an exponential dependen
e n(t) = n0 exp(�t=�0). The typi
al lifetime ofele
troni
 ex
itation is in the femtose
ond range. A time-resolved experiment inherentlybegins with initiation of the pro
ess under study (ele
troni
 ex
itation) at some moreor less a

urately de�ned instant in time. The number of photo
ounts dete
ted duringattose
ond pulse (probe) is dire
tly proportional to the physi
al parameter (ele
troni
 o
-
upation number) to be measured:K = AIa�an(� ), where Ia is the intensity of attose
ondpulse, �a is the attose
ond pulse duration, and � is the delay between pump and probepulses. On the other hand, the number of ba
kground photo
ounts is proportional to theintegrated value of the physi
al parameter: K = A 1R0 Ib(t)n0 exp(�t=�0)dt, where Ib(t) isinstantaneous ba
kground intensity of SASE radiation. At time t = 0 the pump pulse11



perturbs the sample. As a result, the average number of ba
kground photo
ounts is abouthKi ' AhIbi�0n0. The ratio of attose
ond intensity and ba
kground intensity is aboutIa=Ib ' 400. On the other hand, the ratio of attose
ond pulse duration and 
hara
teristi
time of (sub-10-fs) physi
al pro
ess is about �a=�0 ' 0:1 only. Thus, we �nd that e�e
tsof SASE ba
kground radiation are not important in experiments for the study of thedynami
s of the sub-10-fs pro
esses.It is obvious that proposed pump-probe te
hniques 
ould be applied at longer time-s
ale, too. In parti
ular, there exists a wide interest in the extension of light-triggeredtime-resolved studies to the sub-100-fs times
ale. Now we return to the question about anattose
ond pulse 
ontrast. A

ording to our dis
ussion above, the number of ba
kgroundphoto
ounts in this 
ase is proportional to integral over the whole SASE radiation pulsewith duration of about 300 times longer than the attose
ond pulse. Cal
ulation shows thatin this 
ase the ratio of attose
ond pulse energy to SASE radiation pulse energy rea
hes avalue of about 1:1. The number of photo
ounts as a fun
tion of delay time has thus a peakto ba
kground of 2 to 1. These sub-100-fs studies we 
an refer as time-resolved experimentswith the ba
kground, as opposed to the ba
kground-free time-resolved experiments forstudy of the sub-10-fs pro
esses. It should be noted that the �nal time resolution ofpump-probe experiments with the ba
kground is not worse than that of ba
kground-freeexperiments with the same pump and probe pulse duration, but we se
ure this resolutionwith a mu
h higher number of independent measurements.A s
heme of pump-probe experiments for the study of the dynami
s of the sub-100-fspro
esses 
an be modi�ed to in
rease signi�
antly the 
ontrast of output attose
ond X-ray pulses. A reliable method to de
rease the ba
kground might be to use a broadbandmono
hromator. One 
an align the mono
hromator so that the peak of the SASE radiationspe
trum at referen
e frequen
y is blo
ked. To rea
h the required value of mono
hrom-atization is not a problem. For 0.15 nm wavelength range, Bragg di�ra
tion is the maintool used for su
h purposes. In this 
ase, one has to 
are that the short pulse duration ispreserved. We are dis
ussing here only multilayer X-ray mirrors, whi
h have the largestrelative bandwidth [9{11℄. Layered syntheti
 materials { multilayers { are layered stru
-tures with usually two alternating materials: a low and high density materials. They playan important role in syn
hrotron X-ray opti
s. Typi
al multilayers used as opti
al ele-ments at the third generation syn
hrotrons provide a spe
tral bandwidth of 0.5 to 5%.Typi
al glan
ing angles are of the order of a degree. As a rule, from 100 to 400 periods par-ti
ipate in e�e
tive re
e
tion in su
h mirrors. About 90% peak re
e
tivity was a
hievedfor wavelengths around 0.1 nm. Analysis presented in this paper shows that this te
h-nique has a potential to in
rease single-spike 
ontrast (ratio of attose
ond pulse power toba
kground power) up to 2000. This means that in the proposed s
heme of pump-probeexperiments with multilayer mono
hromator the e�e
ts of SASE ba
kground radiationare not important even in the 100 fs time range.5 Con
lusionToday there are at least two possible attose
ond X-ray sour
es for light-triggered,time-resolved experiments asso
iated with the X-ray SASE FEL: the "attose
ond X-ray12



parasiti
" [5℄ and the "attose
ond X-ray dedi
ated" sour
e mode proposed in this paper.The simplest way to obtain attose
ond X-ray pulses from XFEL is to use "parasiti
"te
hnique whi
h is proposed in [5℄. It also would o�er the possibility of providing a beamto a pump-probe experiments with the XFEL that has a pre
ise, known and tunable timeinterval between the laser and X-ray sour
es. More power of attose
ond pulse 
ould beobtained using the XFEL for dedi
ated attose
ond X-ray pulse produ
tion as des
ribedin this paper.Both types of attose
ond X-ray sour
es are important, their roles are 
omplementary,and one type 
an not repla
e the other. The baseline gap-tunable XFEL undulator o�erssimpli
ity and 
exibility. Di�erent operational modes 
an be realized with the undulator
ontrol system. The baseline XFEL operates in uniform (maximum gain) mode. Withno 
onstraints on baseline FEL operation, te
hnique for produ
tion of attose
ond X-raypulses whi
h is proposed in [5℄ 
ould be used. If dedi
ated attose
ond beamtime will beavailable, an undulator 
ould be tapered (and magneti
 
hi
ane 
ould be swit
hed on) toprovide more power in attose
ond pulses.A
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