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Th e e˜e ct of resonance, obser ved in X -ray w aveguide layered structures
in a characteristic w ay in Ûuences the scattering prop erties of the Ùlms. I t

is w ell know n that in the resonant region the reÛectivity show s a series of
minima, usually very deep and extremely narrow . T he positio ns and depths
of the minima depend only on X -ray waveguide structural prop erties, on the

X -ray w avelength and on the inciden t beam divergence. In the present w ork
w e prop ose and discuss the applicati on of the X -ray waveguide and quasi
X -ray w aveguide Ùlm structures as to ols to experimental evaluation of some
quantities related to X -ray reÛectometric or di˜ractometric measurements,

like the beam divergence, wavelength, or angular distance. Examples of ap-
plicati on of the X -ray w aveguide as an excellent to ol to estimate the e˜ective
b eam divergence are show n. Prop erties of the X -ray w aveguide elements as
a handy w avelength or angular calibratio n standard are also mentioned.

PAC S numb ers: 68.65.{k, 61.10. K w , 06.30.Bp

1. I n t rod uct io n

X- ray wa veguide (XW G) layered structures are extensi vel y studi ed for a few
recent years, m ainly due to thei r abi l i ty of compressing the pri m ary monochro -
m ati c synchro tro n beam to nanometri c sizes [1{ 3]. Thei r properti es result f rom
the resonance-enhanced propagati on of the X- rays in thi n Ùlm s deposited on an
X- ray reÛecting mirro r, whi ch was anti cipated theo reti cal ly a decade ago [4, 5]. The
e˜ect of resonance occurs whenever a parti cul ar com binati on of layer thi ckness,
i ts electron density (wi th respect to deeper neighbori ng lay er) and wa velength of
the exci ted X-ray beam is obeyed. The resonant region occurs wi thi n the angles
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of incidence between ˚ c 1 and ˚ c 2 , characteri zing the cri ti cal angles of low density
upp er Ùlm and heavy X-ray mirro r beneath, respectivel y.

The e˜ect strongly inÛuences the reÛectivi ty of XW G sam ples, whi ch shows
in the resonant reg ion a series of m inima, Ùrst 2{ 3 being usual ly very deep and
narro w. T o obta in thi s typ e of reÛectivi ty i t is not necessary, as i t is in the case
of a true XW G structure tha t the low density Ùlm wa s covered wi th an ul tra -thi n
layer of higher electron density . The reÛectivi ty of quasi-XW G structures wi tho ut
thi s to p covera ge is characteri zed by sim i lar properti es. The positi ons and depths
of the mini ma depend onl y on the speciÙed above XW G structure and X- ray
wa vel ength. An addi ti onal factor inÛuencing the shapes (depths) of the m inima is
the e˜ecti ve instrum enta l broadening (c. f. Fi gs. 1 and 2).

Al tho ugh in pri nci ple the theo reti cal diverg ence of an X- ray devi ce can be
calculated from geom etri cal dependences and pro perti es of opti cal elements, l ike
m irro rs, m onochroma to rs, sli ts, etc., our kno wl edge of status of a parti cul ar system
is often insu£ cient to do thi s correctl y. Theref ore, there is a strong need to Ùnd
exp erimenta l ly the value of the e˜ecti ve beam diverg ence, necessary for interpre-
ta ti on of recorded results. The exi stence of m entio ned above stro ngly pro nounced
and very sharp structures in reÛectivi ty of the XW G can be used not onl y in esti -
m ati on of the divergence, but also can be helpf ul in accompl ishing the wa velength
or angul ar cal ibrati on in com m only used X- ray devi ces.

2. P r oper t ies of t he X W G r eÛect i vi t y

If we wri te the index of refracti on of the Ùlm as n r ef = 1 À £ + ik , the interna l
angle of incidence, ˚ in t , can be expressed as

˚ int =

q
˚ 2

ext À 2£: (1)

Here ˚ ext is the externa l angle of incidence.
Assum ing the sim plest geom etri cal condi ti on for the angular positi on of the

n - th resonance (reÛecti vi ty minimum) exci ted by m onochrom ati c X- ray beam of
wa vel ength Ñ in a Ùlm of thi ckness d 0 to be nÑ = 2 d 0 sin ˚ n [3], we get the fol lowi ng
form ula for the appro xi mate positi ons of the resonant m inima in the reÛecti vi ty
of XW G:

ç

sin À 1

˚
nÑ

2 d 0

ÇÑ2

+ 2 £ = ˚ 2
n : (2)

The ˚ n positi ons obta ined using the above appro xi matio n di ˜er from the exact
values, whi ch can be deri ved usi ng the form ula given by D e Boer [5], who obta ined
for the positi ons of interf erence mini ma the fol lowing dependence:

nÑ = 2 d 0 N 0

j z ¤ 2 d 0 sin ˚ n ( 1 À £j = sin2 ˚ n ) ; i f ˚ n ƒ ˚ c : (3)

Here N 0

j z i s the z -th com ponent real part o f the com plex vecto r of refracti on, N j ,
deÙned as N j = N 0

j À iN 0 0

j = Ñk j =2 ¤ , where j i s the wa ve vecto r.
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Fig. 1. A ngular positions of reÛectivity minima of the structure comp osed of 95 nm

graphite deposited on nickel. Open circles | calculated according to Eq. ( 2). Full squares

| obtained from the simulation algorithm. T he di˜erences in the exact and the approx-

imate angular p ositions can be accurately Ùtted using a binomi al (dotted line).

The calcul ati on of the X- ray reÛectivi ty for the arbi tra ry mul til ay er Ùlm
system can be preci sely perform ed using the recursi ve algori thm intro duced by
Parra tt [6 ], and based on Fresnel f orm ula. Compari son of the angular positi ons of
reÛectivi ty m inim a of sim ple quasi-XW G structure calcul ated accordi ng to Eq. (2)
and sim ulated usi ng Parra tt algori thm is shown in Fi g. 1. The di ˜erence in the
angular positi ons of the m inima is not large, and can be accuratel y Ùtted to the
positi ons obta ined from the Parratt algori thm using a bi nom ial .

2.1. XW G as a beam divergence probe

Fi gure 2 shows an experim enta l reÛectivi ty spectrum for the true waveguide
structure (of compositi on Cr 5.5 nm / C 74.3 nm / Au 30 nm / Cr 20 nm / Si substra te).
It was recorded wi th m onochro mati c synchro tro n beam of energy 13 keV and
di vergence of 5 ñ rad (about 3 È 1 0 À 4 £ ). Thi n sol id l ine shows calcul ated reÛecti vi ty
for the structure assuming zero roughness and a para l lel beam . The theoreti cal
depth in the Ùrst resonance reaches a value under 5% of inci dent beam intensi ty .
Thi s com pari son shows tha t inf orm atio n about the beam diverg ence can be easily
extra cted Ùtti ng the exp erimenta l reÛectivi ty wi th theo reti cal calcula ti on assuming
the divergence as a param eter.

Al so the quasi-XW G structures, sim pl iÙed to a thi n Ùlm (usua l ly made of
graphi te) of appro pri atel y chosen thi ckness deposited on heavi er substra te can be
used for thi s purp ose. In Fi g. 3 the experim enta l reÛectivi ty and the theoreti cal
sim ulati on for the structure com posed of 98.5 nm graphi te Ùlm (wi th an ul tra -thi n
Ti layer in i ts center) deposited on Ni m irro r are compared. The m easurem ents
were perform ed wi th conven ti onal Cr X-ray tub e. The positi ons of al l structures
observed in experim ental reÛectivi ty are in excellent agreement wi th theoreti cal
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Fig. 2. ReÛectivity of an X -ray w aveguide structure of comp ositi on 5.5 nm C r /

74.3 nm C/30 nm A u/20 nm C r/Si substrate. Points | experiment with mono chro-

matic synchrotron beam of energy 13 keV (Ñ = 0 :9 5 ¡A ), size of 3 ñ m, and divergence

of 5 ñ rad (ab out 0 :000 3 £ ). T hin solid line | calculated reÛectivity for the structure,

assuming zero roughness and parallel b eam. FW H M of the Ùrst experimental minimum

w as found to b e 0 .

Fig. 3. ReÛectivi ty of quasi- X -ray w aveguide structure comp osed of a 98.5 nm thick

graphite Ùlm w ith an ultra- thin T i layer 0.5 nm thick in its center, dep osited on 82 nm

N i mirror. C alculati ons w ere perf ormed assuming 0.7 nm roughnesses on all interf aces

and for the 5414 eV photon energy (C r radiation).

predi cti ons. It is evident tha t the magnitude of suppressi on of experim ental depth
in the resonant m inima also in thi s case can be used to extra ct the inf orm ati on
about the e˜ecti ve di vergence of the pri mary beam . Thi s suppressi on decreases
wi th the order of m inimum , mainly due to the fact tha t the natura l wi dth of
the mini mum increases wi th the order, and the beam diverg ence (whi ch is here a
convo luti on factor) is the sam e for the who le reÛectivi ty . From the above we can
conclude tha t the XW G can be used as an excellent beam di vergence probe.
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The instrum ental broadeni ng can be easily extra cted Ùtti ng to a theoreti cal
m odel includi ng smearing wi th an apparatus functi on. In Fi g. 4 the experim en-
ta l reÛectivi ty obta ined from the carb on structure used as a resoluti on pro be is
compared wi th the resul t of Ùtti ng wi th resoluti on parameter Â = 0 : 0 0 1 4 £ . The
wa vel ength wa s set to Ñ = 1 : 2 1 1 7 5 ¡A. The m easurem ents were done at powder
di ˜ra cto meter insta l led at B2 synchro tro n beam l ine in HAS YLAB (Ha m burg) and
pro ved appl icabi l i t y of thi s devi ce to reÛectom etri c m easurem ents [7].

Fig. 4. ReÛectivi ty of thin carb on prob e Ùlm measured at B2 powder di˜ractometer

station in H A SY LA B, H amburg. Open circles | exp erimental points, solid line | result

of Ùtting w ith the resolution parameter Â = 0: 00 14
£ . The w avelength was set to Ñ =

1 : 211 75 ¡A .

It is also possibl e to obta in the values of the beam di vergence wi th a rea-
sonable accuracy sim ply by compari ng the experim ental intensi ty rati o in the Ùrst
m inim a wi th pre- ta bul ated values.

2. 2. Wavel ength and angular calibration wi th XWG

XW G reÛectivi ty wi th i ts extrem ely sharp and narro w m inima can be also
useful in cal ibrati on of the wavel ength. In Fi g. 5 a calculated intensi ty distri buti on
m ap in Ñ; ˚ ( Ñ; ˚ | wa velength, angle of inci dence, respecti vely) coordi nates is
shown. The narro w feature observed near the wa velength Ñ ¤ 1 : 4 9 ¡A is generated
by a stro ng variati on of the opti cal constants near the absorpti on edge of Ni layer
in the wa veguide structure. The calcul ated pattern gives evi dence tha t the angu-
lar positi ons of m inim a alm ost l inearly increase wi th wavelength. Our exp erience
supp orted by calcul ati ons shows tha t from the exp erimenta l positi ons of the m in-
im a we can easily deduce the wavelength wi th relati ve accuracy better tha n 1 0 À ,
whi ch is usual ly su£ cient in the most of scatteri ng exp eriments.

In a sim ilar way, also wi th reasonable accuracy, the angular positi ons can be
cal ibra ted. It has to be stressed tha t both ki nds of cal ibrati on can be accom pl ished
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Fig. 5. Calculated intensity distribu tion map in Ñ ; ˚ ( Ñ; ˚ | w avelength, angle of

inciden ce, respectively) coordinates for the quasi- X W G structure comp osed of 95 nm

graphite Ùlm dep osited on nickel.

even i f we do not kno w the zero of the angul ar scale; i t can be deduced from the
m inim a positi ons of the reÛectivi ty .
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