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3.3 XUV Interferometry using X-ray Lasers 
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Laboratoire d'lnteraction du rayonnement X A vec 1a Mati色re
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XUV interferometry i耳目 uniquetoo1 for accurate metro10gy based on phase modification. X-ray 1asers are 

very bright and short-duration sourじ側 thatgive opportunity to make interferometry of fast-evo1ving phenomena， 

such as dense plasmas or州汁Facedeformations due to external fields， In particular， picosecond reso1ution has 

been obtained by using transient coJlisional X-悶ylasers produced by CPA infrared lasers. 

Keywords: X-ray laser， XUV interferometry， grazing incidence and田 ultilayeroptics， nanoscale 

diagnostics， high-density plasmas， surfaces under high electric field. 

1. Introduction 

After the first demonstration of X-ray 1aser (XRL) feasibi1ity in 1984 [1]， a major question was， besides 

10wering of the pumping energy and improvement their optica1 prope目ies，the development of XRL applications. 

lndeed， creation and studies of XRLs needed 1arge sca1e pumping devices; d怠monstrationof the practica1 interest 

of these bright and brief soft X-ray sources was then necessary to justify persistent efforts devoted to XRLs 

progress. From this point of view， interferometry takes a special p1ace because interference pattems can be 

decoded to give complete infonnation on the e1ecrromagnetic wave that caused them， inc1uding phase as well as 

intensity. Moreover， XUV interferometry gives more accurate information than similar technique in the visib1e 

and near UV range: 

@ 皇陛tialresoluti金n:the phase differenceφis related to the path difference 0 and the wavelength入bythe 

reJationφ 士 o/ ;Athen， resoJution may be up to 20 times better atλ= 20 nm than with the third or 

fourth harmonics of infrared 1州内， which was typically used for interferometnc diagnostics [2，3]. 

• Higher electron -density range in plasma12: XUV probe beam邑areless refracted and less absorbed by 

inverse Bremsstrahlung than conventional optica1 beams and give access to higher density regimes; the 

critical density印 gionof Nd-glass 1aser-produced plasmas (1021 
- 1022 cm勺maybe investigated by 

XlN interferometry， which is not possible with the 4th harmonics ofNd-glass lasers. 

• No 1nt皇ractionwith probed surface~und旦~zing incid盟堕:the electromagnetic fie1d of optical lasers 

i8 able to produce p也ra吊iticfield emission from metallic surfaces under high electric fie1d. That is not 

the case for XRLs， bωause refraction inde礼 issmaller than 1 in the XUV range; then， the probe beam 

under grazing incidence is totally retlected by the surface and does not interact with the probed 

medium， 

Brightness of the most of X-ray lasers is 1arge enough for recording interference patterns in single-shot 

exposures. Then tempora1 reso1ution may be as short as the XRL pulse duration. Tempora1 reso1ution reaches the 

picosecοnd range in the case of thβso-cal1ed "transient col1isional XRLs"， driven by -one ps-pu1se in a p1asma 

previously produced by nanosecond pu1se， [4， 5]. 

2. Techniques ofXUV interferometry. 

lnterference pattems are produced by combination of two mutual1y coherent waves， one being used as a 

reference whereas the other may be perturbed by a sample. Both waves come general1y from the division of a 
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Figure 1 : Schematic of int叩 rometryby amplilude division (l掛川lwaνけontdivision (r，ゆり.

single one， which ensure待。leirmutual coh慰問nce，A前山ownin figure 1， one can produce the two waves either 

by amplitude division (Ietl) or wave仕omdivision (right)， 

The need of beam splitters available in the XUV range is a major difficulty of amplitude division. Mo:Si 

multilayer mirrors can be routinely fabricated with high retlectivity， especially in the wavelength range around 

13 nm. However， multilayers for beam splitters must be deposited on very thin membranes， typically less than 

100 nm， for preventing large absorption of transmitted Iight (cf. Fig. 2， le仕part).The most difficult question is to 

keep the mu1tilayer uniformly plane， i.e" to avoid stress during deposition process， in order that beam splitters do 

not introduce wavefront deformations. In addition，測chstructures are very fragile， and their Jifetime is short， in 

particular when hot plasma is produced in one arm of the interferometer. In spite of complications due to 

multilayer beam-splitters， a skewed Mach-Zehnder interferometer (shaped as a paraJJelogram instead of a 

rectangle) has been reaJised at the Lawrence Livermore National Laboratory (LLNL) [6j， lt was operating at 

15，ラ nmby using coJJj例。nallypumped neのn-likeyttrium XRL部 theprobe source， 政ecenrlyラ Michelson

interferometer operating at 13，9 nm ha内beendesigned by LIXAM and L的oratoireCharies Fabry (LCFlO) [7]. 

炉開w10nm

Mロ SI

Figure 2:イmplitudedivision techniqu白• Multilayer beam splitter (left)， di所actiongrating (righり

An altemative way for amplitude division is the use of diffraction gratings: two different diffraction orders 

follow two different ways， which constitutes amplitude divi針。nof the XRL beam (Fig.2， right). This scheme 

requires only to d明 ignproperly the ruling and blaze angle of gratings‘in order to privilege two orders of 

interference， namely the zero and the first order. Rocca and his colleagues at Colorado State University have 

built a Mach-Zehnder interferometer ba男edon gratings under grazing incidence [8]. One can also conceive 

similar interferometer based on transmission gratings; however a first attempt by the group of Queen's 

University ofBelfast at the Rutherford Appleton Laboratory has not been successful yet [9]. 

Wavefront division technique is more versatile because it is independent on wavelength owing to mirrors under 

grazing incidence. On the other hand， it is based on spatial coherence. Intrinsic spatial coherence width of XRLs 

at the plasma edge is generally very small， in the range of a few micrometers; spatial coherence is built in the 

propagation of XRL beam. At about 3 meters from the emitting plasma， coherence width is large of 0.5 to 1 mm. 

This limits sample size that can be probed by wavefront division interferometry. Fortunately， XRLs are bright 
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Figurθ3 : inteiferometηI under grazing incidence. Fr，ωnel (1吠)andLloyd什ight).

enough to give現 largeintensity at such distance in order to record interferograms in sing1e shots. Fig. 3 shows 

schematically both Fresnel [10，11] and L10yd [4] systems used for wavefront division interferometry with XRLs. 

Science with X-ray 1削 ersand XUV interferom創創成

XlJV interferom例rywith XRLs h制 beenused until now probing (i) XRLs them開 1vesfrom fringe 

contrast measurementふけり denseplasmas and (iii)州 r拘cespertl川町dby high electric field. 

On吃 canevaluate the coherence width of議 beamfrom fringe visibi1ity by using wave front division 

interferometers. At LlXAM， we have measured also the Iine width and the coherence 1ength (temporal 

coherence) ofゑ NトIikesilver 附 erwith Michelson interferometer. Figure 4 gives an example of two 

interference patterns cOITesponding to two similar XRL beams for an optical path difference of -0 (a) and 

200 11m (b} Coherence length is determined from var訪れのT憾のffringe visibility in function of the path difference 

(c). ()ne can see that the beam-splitter foil is n則 前at，and only a smal¥ p日付 ofthe beam can be used for 

mterferometric measurements; on the other hand匂倒防rel1ceお110tconstant over the entire beam. 
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Figure 4 :じoherenι:elength measurement of a Ni・.likesilνer XRL driven by a 130 ps laser pulse. Inteぞference
patrerns jor叫 ual川 thsol the two ar酬の(theMichelson (a) and for 200-μmてpathdifference (b). (c) Fringe 
visibiITtyνθrsus path difJerence. one can deduce the coherence length. which varies with position in the beam. 

Dense plasma probing has been the firsT application considered for XUV interferometry， in conjunction with 

imaging system へresulting in XUV microholography. With the LLNL interferometer at 15.5 nm， de開n出幻ityof 

21021 cm 

discharge pが1a視m号ma悶s[日12勾]and exp10ding wires pμ1a拙smas[13可]by using the Ne令帽-1ikeargon laser a飢t46.9 nm produc巴d

in capi1lary di附scha訂rg伊epμla邸sma酪s.With a Ni-like Pd 1aser at 14.7 nm driven by the COMET 1aser， they realised 

picosecond interferometry [14]. The probed densities are in the rangeのfa few 1020 cm-¥which is much 10wer 

than the Iimit density due to refraction. This is due to geometrical aberration of the optica1 device andlor large 

pixel size on the detector， which can reduce drastically the resolution of the imaging system. Aberration-free 

imaging mirrors， realised with ion-etching technique， are now able to improve reso1ution up to the diffraction 

limit[15]. 

P1asma probing is far from the on1y application ofXUV interferometry. In co¥laboration with the LCFIO and the 

CEA-DSM， we have developed at LIXAM a Fresnel interferometer aimed to probe opticaIly polished surface [11]: 

one half of the surface is used as reference while the other may introduce phase difference. Both half-beams are 

then recombined in the interference fie1d. We have applied this technique to niobium surfaces under high electric 
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fie1d， ana10gous to surfaces of superconductive acce1erating cavities of future particle acce1erators [16]. Fie1d 

emission and other e1ectric perturbations may heat the surface， which does not remain superconductive.すhat

1imits the useab1e electric fie1d under the nominal value. In situ probing by XUV interferometry凶ouldbe ab1e to 

give a better understanding of deleterious phenom凶 aand to find solutiOI1S to increase the field up to its nominal 

va1ue. The left part of Fig・3向。wsthe experimental device used recently at PALS [17.τhe E-field is peaked on 

one ha1f of the niobium cathode. The right part shows two pa仕emsrecorded for 0-and 50 MV/m and the relative 

surface maps. The cathode surface is bent in the direction parallel to the field Iines， with a peak-to-valley gap of 

30nm. 
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Figure 5:・interferometry01 an opticully polished niobium surface (see ce.砂

4. Conclusion. 

XUV interferometry using XRLs is a very promising technique to probe not only plasmas and surfaces， but 

a1so gases and thin samp1es under various conditions. A small amount of results has been recorded present1y 

owing to the too few XRL facilities available. Most of t防相 experimentshave been made on giant high-power 

1asers such as NOV A‘RAL， GEKKO XII， LULI， and PALS， which cannOl give enough XRL泊。tsto perform 

complete analysIs. New srnall size or tablelop rnachineκpurely devoted to XRL stud開sand appIications， will 

give opportunity to make comprehensive studies and not only 先制ibilitytests. Capi1lary discharge at Colorado 

State University as well as CPA XRL facilities at LLNL連日dAPR are now able to m視kecompiete studies by 

XUV interferometry. ln France， we are making "LASERIXぺ通 highrepetition rate CPA facility purely devoted 

to XRL progress and development of applications. LASERIX will deliver upωsix XRL shot邑 perminute in a 

wavelength range comprised between 10 and 40田n.
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