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Int egr at ing photon collectio n on position sensiti ve detectors used in
com bination with an absorption Ùlter o˜ers man y advantages in X -ray Ûuo-
rescence holograph y exp eriments : (i ) the simultaneous recording of the full

hologram allow s us to overcome most of the di£culti es | notably the large
numb er of experimental points and the precision requirements | that make
the practical reali zatio n of the measurement of holographi c patterns very
di£cult and time demanding also w hen using powerf ul synchrotron radia-

tion sources ; (ii) the high angular resolution and the very precise detection
of intensities make the reconstruction of images of distant as w ell as light
atoms possibl e; (iii) area detectors are readily available at most crystallo-

graphy dedicated beamlines at synchrotron radiation sources, so there is no
need of complex, dedicated instrumentation . A s an example, the hologram
of a C oO single crystal recorded on an imaging plate is rep orted, evidencin g
the images of atoms located up to more than 7 ¡A far from the emitter and

also of the light oxygen atoms.

PAC S numb ers: 61.10.{i, 07.85.{m, 42.40. {i

1. I n t rod uct io n

R eal -space three- dim ensional im aging at ato mic resoluti on, the ori gina l goal
tha t led Gabor to the di scovery of holography, was not achi eved for a long ti m e.
Onl y recentl y, Sz�oke pointed out tha t the interf erence patterns of characteri stic
X- rays, photo electrons or Aug er electro ns emi tted by ato m s inside a sol id can
be tho ught of as holograms and used for resolvi ng the vi cini ty of the emi tti ng
ato m s [1]. And indeed shortl y after Sz�oke argum ent was presented, electron emis-
sion holography was developed both theo reti cal ly and exp erim enta lly into a useful
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pra cti cal to ol in surface science [2]. In spite of the more ideal nature of X- ray
scatteri ng by ato m s, i .e. (i ) negl igible mul tipl escatteri ng, (i i) much m ore isotro pic
character, (i i i ) negl igibl e phase shift when compared to electrons, the developm ent
of X- ray Ûuorescence holography (X F H) as bul k probe has been much slower, and
onl y in 1996 the Ùrst successful int ernal source XFH experim ent was reported by
T egze et al . [3].

The m ain probl em of XFH consists in the pra cti cal rea lizati on of experi -
m ents. The large numb er of experim enta l points and the preci sion requi rem ents
m ake the m easurements of holographi c patterns very di £ cul t and ti me dem anding
also when using powerful synchro tro n radi ati on sources. As a consequence only a
few successful exp eriments on well -known structures of heavy ato m s have been
reported so far [3{ 6], and onl y one exp eriment reports im aging of l ight ato m s [7].

W e reported recentl y a new appro ach to the detecti on of Ûuorescence pho-
to ns [8] whi ch m ake i t possible to m easure higher Ûux and to reduce dra stical ly
m easuri ng ti mes in XFH exp eriments.

2. T heor y

The interna l source scheme of XFH [1, 3] is schemati cally shown in Fi g. 1:
Ûuorescence from a parti cul ar ta rget ato m A i s excited by m eans of a suita ble
ioni zing radiati on; the electri c Ùeld ê ( k) in the locati on of a detecto r positi oned
at som e large di stance R from the emi tter consists of the unscattered porti on of
the emitted wa ve ê 0 ( k) , whi ch serves as holographi c phase reference (R -wa ve),
and of the porti on elasti cal ly scattered at neighbori ng ato m s ê S ( k; r j ) (ob ject or
O -waves). The functi on ê S ( k; r j ) depends on the positi on r j of the j -th neighb oring
ato m , wi th an am pl itude proporti onal to 1 = j r j j , and phase determ ined by the
di ˜erence in path kÂ r j À k r j relati ve to the ref erence wa ve. The angul ar distri buti on
of Ûuorescence intensi ty

I ( k ) / j ê ( k ) j
2 = j ê 0 (k ) j

2 + j ê S( k ; r j ) j
2 + 2Re[ ê 0( k) ê Ê

S ( k ; r j ) ] (1)

can be m easured by m ovi ng the detecto r on the far-Ùeld sphere. The Ùrst term ,
the intensi ty of the reference wa ve, represents an isotro pic background. The sec-
ond term , the intensi ty of the obj ect wa ve, is negl igible for hard X- rays wi th
the excepti on of di recti ons ful Ùll ing the Bra gg condi ti on (Ko ssel l ines). The holo-
gram , consti tuted by the interf erence between the reference and obj ect waves, is
deÙned as

â (k ) ²

ê Ê

S( k ; r j )

ê Ê

0 ( k)
+

ê S ( k; r j )

ê 0( k )
: (2)

Thi s rati o depends on the wave vecto r k and on the envi ronm ent of the emi tter,
i .e. on the positi ons and the ato m ic weights of surro undi ng atom s. The extra cti on
of the hologram from the experim enta l data is not easy because of i ts m agnitude:
â (k ) ¤ 1 0 À 4

À 5 È 1 0 À 3 . Com prehensi ve revi ews on the data- trea tm ent procedure
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Fig. 1. T he internal source X -ray Ûuorescence holography scheme: Ûuorescence from

a particular target atom A , approaching a detector located at some large distance R ,

constitutes the holographi c ref erence beam, with energy E F and w ave vector k . In other

direction s the Ûuorescence is scattered by neighb oring atoms at positions r j . A part

of this singly scattered Ûuorescence, the holograph ic ob ject beam, w ill tra vel directly

tow ards the detector and interf ere w ith the ref erence b eam. By mo ving the detector on

a far- Ùeld sphere the resulting holograp hic pattern of intensities I ( k) can be recorded,

normalized and transf ormed into a real space holograph ic image.

requi red can be found in the l i tera ture [9]. The real -space reconstruct ion U ( r ) can
be calcul ated from â ( k) using the Hel m holz{ Ki rchho ˜ theo rem

U ( r ) =

Z Z

â (k ) exp( i kr ) d¨ ; (3)

where the integ ra l is over the part of a sphere in recipro cal space wi th radius
k = k f or whi ch intensi ti es I ( k) have been measured.

In practi ce, always a large numb er of ato m s is exci ted. Di ˜erent ato m s emi t
the Ûuorescence wa ves wi th random phases and do not interf ere. Thei r intensi ti es
sim ply add up at the detecto r. As a consequence, the overal l signal is simpl y the
sum of the indi vi dual ho lograms and the reconstructe d image represents the mean
envi ronm ent of al l emi tters.

The angular region on whi ch the Ûuorescence intensi ty has to be recorded
| ideal ly, the ful l sphere around the sampl e | can be reduced by usi ng the
sym m etry of the sam ple structure. In the case of crysta ls wi th a cubi c uni t cell , at
least the signal in a cone wi th an aperture of about 56 degrees has to be measured
wi th an angular resoluti on of the order of 1 degree [9]. Theref ore, the num ber
of requi red picture elements is in the order of a f ew tho usand, and for each of
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them at least 1 0 7
À 1 0 8 photo ns have to be col lected in order to achi eve su£ cient

stati stics. In previ ousl y reported experim ents the elasti cal ly scattered pri m ary
beam , inelastic scatteri ng as wel l as characteri stic K Ù l ine emi tted by a reference
ato m were suppressed by means of a curved graphi te crysta l analyzer [4, 6] and/ or
by an energy dispersive detecto r [3, 5]. But selecting such a narro w wi ndow around
the emi tter characteri sti c K ˜ l ine, determ ined either by the rocking curve of the
m onochro mato r or by the energy resoluti on of the photo n counti ng detecto r, is
accom pani ed wi th intensi ty loss.The photo n count rate is strongly reduced because
of the low reÛectivi ty of the graphi te crysta l , or by the l ineari ty l imit of energy
di spersive detecto rs, and eventua l ly also because of the smal l detecti on sol id angle.

The point is tha t i t is not necessary to select such a narro w energy wi ndow.
As reported elsewhere [10] we have already perf orm ed a successful XFH exp eriment
usi ng a pro perl y chosen absorpti on Ùlter in order to e˜ecti vely discriminate the
Ûuorescence signal , rejecti ng the scattered part of the pri m ary beam . W e extend
here thi s concept, expl oi ti ng the energy selectivi ty of a f oil Ùlter in conjuncti on
wi th the use of an integrati ng positi on sensiti ve detecto r.

The experim ent, al ready reported in [8], has been carri ed out at the di ˜ra c-
ti on beam l ine of the ELETTR A synchro tro n radiati on source in T rieste wi th the
exp erimenta l setup shown in Fi g. 2, uti l i zing the sam e mar 345 imaging -pla te de-
tecto r system , whi ch is norm al ly used for single-crysta l di ˜ra cti on data col lection.
The sam ple, a slab of a CoO single crysta l wi th surf aces para l lel to the (001)

Fig. 2. Exp erimental setup for X FH with area detector: the elasticall y scattered pri-

mary beam with energy E is absorb ed by a foil Ùlter and only the Ûuorescence photons,

w ith energy E F , reach the detector.

crysta l lographi c pl ane, wa s m ounted on the bui l t- in sing le axi s goniom eter. The
energy of the incident beam was selected wi th a doubl e-crysta l Si(111) monochro -
m ato r at 8.0 keV, slightl y above the cobal t K absorpti on edge (7.709 keV). A
50 ñ m thi ck i ron absorb erÊ was placed between the sam ple and the detecto r.

Ê I ron , wh ose K ab sor p t ion ed ge is a t 7.1 12 keV, is ev id entl y a suit ab le m at eri al fo r di scr i m i-

n at in g t h e co ba lt K ch ara ct eri st ic li n e.
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The elastical ly scattered pri mary beam as well as the cobal t K Ù1
characteri stic

l ine (7.649 keV) [11] from the sam ple were absorb ed in the i ron foi l . Thus onl y
photo ns corresp ondi ng to the cobal t K ˜ 1 ; 2

doubl et wi th energies 6.930 keV and
6.915 keV, respecti vely, along wi th some inelasti cal ly scattered photo ns reached
the detecto r, located at the distance of 80 m m. The tra nsmission of the foi l Ùl-
ter is in fact as low as 0.00061% and 0.00015%, respecti vel y at 8 keV and at the
Co K Ù1

line, and ri ses to more tha n 10% at the energy of the cobal t K ˜ 1 ; 2
dou-

bl et. A pi xel size of 1 5 0 È 1 5 0 ñ m 2 was selected by the read-out softwa re. In thi s
conÙgurati on, the intensi ti es of the Ûuorescence emi tted in more tha n 4,000,000
di recti ons inside the cone of Ï 6 5 £ around the norm al to the sampl e surf ace were
recorded at the sam e ti m e. The to ta l photo n Ûux incident on the whole im aging
pl ate was appro xi matel y 5 È 1 0 photons/ s whi ch, for exampl e, represents a gain
of about three orders of magni tude in comparison to the XFH experim ents wi th a
fast sol id state detecto r. The dyna m ic range of the image plate is appro xi matel y
1:100,000 photo ns/ pixel wi th a background of 20 photo ns/ pixel. 64 images ta ken
wi th 50 s exposure ti me were summed in order to im pro ve stati sti cs. The preci sion
of experi menta l data of the order of 1 0 À (1 0 À ) wi th the angul ar resoluti on better
tha n 0 : 1 £

È 0 : 1 £ (1 : 0 £
È 1 : 0 £ ) was achi eved in thi s way. The typi cal image col lected

is shown in Fi g. 3a.

R ecordi ng the whole image on the positi on sensiti ve detecto r elim inates the
need to norm al ize the data to the Ûux of the inci dent beam, a pro minent source
of stati stical errors inherent to al l exp eriments col lecting the hologram point by
point. The exp erimenta l data were correcte d for the vari ati ons in the thi ckness
of the absorb er and in the e£ ciency of indi vi dual im aging pl ate pixel s by divi d-
ing each im age by a second image recorded whi le rota ti ng the crysta l around an
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axi s laying on the sampl e surf ace, randomly oriented wi th respect to the crysta l -
lographi c axes. The Ûuorescence background, whi ch is modul ated by the angular
dependence of the absorpti on, was rem oved by means of a 25£ wi de high-pass Ùlter.
The resulti ng im age, conta ini ng only the sym m etry- related sharp features (Ko ssel
l ines), derivi ng from the crysta l l ine nature of the sampl e, and the hologram, is
shown in Fi g. 3b, in whi ch the Ko ssel l ines were used to extend the data to the
ful l sphere [6]. These are then Ùltered out num erical ly using the com binatio n of a
m edian and a Savi tzky{ Golay low pass Ùlter. The wi dth of both Ùlters was chosen
to be approxi matel y 2 £ in order to im age the real -space region around the emi tter
wi th the di ameter of about 8 ¡A. The resulti ng hologram is shown in Fi g. 3c. As
an exam ple, the reconstruc ti on of the (001) crysta llographi c plane at z = a i s
i l lustra ted in Fi g. 4a. In contra st to a previ ous experim ent carri ed out by using

Fig. 4. (a) Reconstructed image of the (001) plane of cobalt atoms at z = a (C oO has

a face-centered cubic structure w ith a lattice constant a = 4: 2 6 ¡A ); (b) a detail of the

same plane, show n with a di˜erent intensity scale in order to evidence the position of the

oxygen atoms. T he x and y axes are along the [100] and [010] directions, resp ectively .

the sam e sampl e [6], the images of the thi rd, fourth, and Ùfth Co neighbors, up
to a di stance of m ore tha n 7 ¡A from the emi tter are clearl y vi sibl e in expected
positi ons because of the high preci sion and angular resoluti on of the data . It is
possible to locate the positi ons of som e of the l ight oxygen ato ms, as evi denced
in the enlarged vi ew of Fi g. 4b. But i t has to be menti oned tha t the real -space
im age su˜ers from two disturbi ng e˜ects: (i ) the interf erence between the real
and twi n images of ato ms inherent to any sing le-energy reconstructi on [12] and
(i i ) the destructi ve e˜ect of \ ta i ls" of im ages of neighbori ng ato m s. Co nsequentl y,
the intensi ti es of images of cobal t ato m s do not decrease linearl y wi th increasing
di stance from the emitter in Fi g. 4b and even im ages of some ato m s are m issing in
reconstruc ti ons of other crysta l lographi c planes. Neverthel ess, the real -space im -
age obta ined from the exp erimenta l ho logram is in very good agreem ent wi th the
sim ulati on, includi ng relati ve intensi ti es of the reconstructed ato ms.
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4. Co n clu si on

It is obvi ous tha t exp erimenta l conÙgurati ons wi th detecti on of photo ns
wi thi n a narro w energy wi ndow cannot always be repl aced wi th the m etho d of
absorpti on Ùlters. Sui ta ble thi n foi l Ùlters are however avai lable in m any cases,
and then the techni que of absorpti on Ùlters coupl ed to an area detecto r reduces
dra stical ly the dura ti on of experim ents and m akes i t possibl e to m easure data
wi th better stati stics. The im pro vement of data preci sion al lows the recordi ng of
holographi c signals from weaker scatterers and to get images of l ighter ato m s. For
exam ple, the m etho d of absorpti on Ùlters coul d be used for m ost of the sampl es
used in XFH experim ents perform ed up to now.

Mo reover, interna l source XFH is the onl y stra tegy al lowi ng to col lect data
in a non-sequential way and, as dem onstra ted, can lead to com parabl e resul ts
in much shorter ti m es and by using a simpl e non-dedicated exp erimenta l setup.
The combi natio n of thi s stra tegy wi th fast area detecto rs and ul tra -bri ght sources
of X- rays (as, for exampl e, free-electron lasers) wo uld make X- ray Ûuorescence
holography a prom ising to ol for im aging of structures of smal l cl usters or m olecules
and/ or ti m e-resolved studi es.

The techni que described in the paper uses an interna l source concept of
ho lography. It m eans, in pri ncipl e, tha t holograms can be obta ined only for a few
characteri sti c energies of atom s present in the sampl e and it can be insu£ cient for
rem ovi ng twi ns and other artef acts rela ted to the Hel mhol tz{ Ki rchho˜ reconstruc-
ti on algori thm . However, the m etho d of f ast X-ray holography can pro vi de useful
inf orm ati on on a sampl e structure in spite of the fact tha t a very l imi ted num ber
of avai lable energies wi l l not always al low to determ ine unam bigously positi ons of
al l ato m s (especial ly in the case of non-centro sym etri c crysta ls).
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