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Abstract.

Perfect crystals in transmission (Laue) geometry can be used effectively

for x-ray monochromators and moreover perfect Laue crystals show an inter-

esting focusing effect when the incident beam is white and divergent. This fo-

cusing is directly dependent on the beam divergence and on the diffraction

profile width of the crystal. The aim of this work is to study whether this prop-

erty can be used for focusing a synchrotron x-ray beam, and to obtain quanti-

tatively the dimensions of the resulting monochromatic beam. We have

experimentally measured the size of an undulator beam after diffraction from

a diamond crystal in Laue geometry, and we analyze and explain the results by

comparison with ray-tracing simulations.

1. Introduction.

Diamond crystals in Laue geometry are in many cases an interesting al-

ternative to conventional Bragg monochromators. Among the reasons to make

this choice are: i) The extremely good thermal properties of diamond like its

high thermal conductivity (23 W/cm/K at 300K for diamond and 1.5 W/cm/

K for silicon) and low coefficient of thermal expansion (1.18 10-6/K for dia-

mond and 2.35 10-6/K for silicon). ii) The availability of almost perfect synthet-

ic or natural monocrystals, with high transparency or low absorption to x-rays.

iii) The possibility of using not only the diffracted monochromatic beam, but

also the transmitted white beam for downstream  experimental stations oper-

ating at different photon energies. The latter concept is the basic idea of the



Troika beamline at ESRF[1]. This is a multi-station undulator beamline, work-

ing with a series of transmission monochromators. The first station, Troika I,

operating with one diamond crystal, is already completed and has been opened

to users in late 1994.

Laue crystals have been extensively used for x ray spectrometers [2] and

x ray interferometry [3] in the past. These studies analyze the cases of bent crys-

tals and monochromatic radiation. We investigate in this paper perfect flat

crystals in transmission geometry in order to study interesting effects in focus-

ing the white x-ray beam in the diffraction plane. This focusing is not perfect

because of the limitations imposed by the dynamical theory of diffraction. The

focusing behavior of these crystals has been described in Ref 4, and is summa-

rized in the next paragraphs. The experimental results obtained at the Troika

beamline monochromator are compared with ray-tracing calculations with the

SHADOW[5] code, using the crystal model described in Ref 6.

2. Experimental setup and results.

We measured the beam size of the monochromatic photon beam pro-

duced by a diamond monochromator in asymmetric Laue geometry, for differ-

ent positions downstream of the monochromator.

The x-ray source is a 36 period undulator with magnetic period of 46

mm, placed in a high beta section of the ESRF storage ring. The gap of the un-

dulator was set to obtain a deflection parameter value of K=1.70, and the third

harmonic undulator radiation was used. This corresponded to a photon energy

peak at about 9100 eV. The source size is 957µm and 212µm, for the horizontal

and vertical planes respectively. The beam divergences of the undulator central

cone for the selected photon energy are 40µrad (horizontal) and 26µrad (verti-

cal). The given beam size and divergence values are all Full Width at Half Max-

imum (FWHM).

The optical system (Fig 1) consisted of an entrance slit (at 27m from the

source), an asymmetric diamond crystal in Laue (transmission) configuration

(at 29 m from the source), with <111> diffracting Bragg planes and <100> crys-

tal surface, and a Ge <220>  crystal in Bragg (reflection) configuration (at 29.12



m from the source). The crystals are mounted in a (+n,-m) almost non-disper-

sive arrangement.  The d-spacing values for the selected reflection Miller inde-

ces for the diamond and Ge crystals are:  ddiamond<111>=2.05 Å and

dGe<220>=2.00 Å, with

[1]

for a cubic crystallographic structure, such as diamond and Ge; a is the length

of the lattice unit cell axes (a=3.55Å for diamond and a=5.66Å for Ge) and

<hkl> are the Miller indices. The diffracting plane is horizontal and the beam

size has been measured at three different positions downstream of the dia-

mond monochromator.

The diamond crystal (see Fig 1 inset) has a thickness of 200 µm. The

asymmetry angle (between the crystal surface and the crystal planes) is α=55

degrees, and the crystal was set to focus in real space (asymmetry factor b>1).

The crystal diffracts photons of 9100 eV, yielding an incidence angle of

θin=15.64 degrees and an exit angle of θout=125.64 degrees, both measured with

respect to the same crystal surface normal facing to the incident beam. These

values give the asymmetry factor b=cosθin/cosθout=1.65.

The image profile in the horizontal direction at three different image

planes was measured by scanning a 50µm wide vertical slit through the beam

and recording the intensity with a scintillation detector .

Fig 2a shows the recorded beam size (FWHM) as a function of the dis-

tance from the Laue diamond crystal for a number of horizontal entrance slit

apertures.  In this figure one can observe the evolution of the beam cross section

after diffraction.   With the open entrance slit (4mm), the beam cross section re-

duces as a function of the distance to the crystal. If the slit aperture is closed to

a value of about 2 mm, this convergence effect is lost resulting in a beam with

an almost constant cross section in the measured range. When the slit is pro-

gressively closed, the diffracted beam cross section increases as a function of

the distance to the crystal. Apparently, the evolution of the beam cross section
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after the diffraction process is affected by the entrance slit aperture. However,

even when the exit beam size decreases with distance from the crystal, the mea-

sured beam size never becomes smaller than for those cases where the beam

size increases with distance. Thus, our main results are: i) with wide entrance

slits the beam after diffraction reduces its cross section as  the distance to the

diamond crystal increases up to 10 m, and with intermediate or small entrance

slits the cross section decreases; and ii) at a given spatial position after the dia-

mond crystal, the beam size is larger for the case where it decreses with dis-

tance than where it increses.

These experimental results are compared (Fig 2b) with ray tracing sim-

ulations performed with SHADOW[5]  for the same  system, using as input

data the source, slit and crystal parameters described before. SHADOW creates

a set of rays (the photon beam) by Monte Carlo sampling the undulator source

brightness, size and divergence [7]. Then, this source is deterministically traced

through the optical system, which in our case, consists of the entrance slit and

diamond and Ge crystals. The rays  are diffracted at the crystals, and change

their directions and intensities according to the theory of x-ray diffraction  im-

plemented in SHADOW [6]. The beam profile at each screen position is calcu-

lated by histogramming the intensities of the traversing rays. This profile or

histogram is fitted with a gaussian function, giving the FWHM values shown

in Fig2b.  In order to have good statistics in the ray tracing calculation, an acu-

mulation of the results of 10 runs of SHADOW (total of 50000 rays) has been

used.  One can estimate the error in calculations from the goodness of the his-

tograms:  the mean difference between the histogram FWHM values and their

respective fit values  (plotted points) is  0.02 cm.

3. Discussion.

We will show in the following that the evolution of the beam size cross

section  after the diffraction by a Laue crystal is different when considering ei-

ther a monochromatic divergent beam or a polychromatic divergent beam

whose divergence is much larger than the crystal Darwin widths.



The change in the direction of a monochromatic beam diffracted by a

perfect crystal (Laue or Bragg) can be calculated supposing elastic scattering in

the diffraction process

|kin | = |kout| [2]

and using the boundary conditions at the crystal surface

kout || = k in || + G|| [3]

where  kin and kout are the incident and exit wave vectors (outside the crystal),

G is the reciprocal lattice vector and || refers to the component parallel to the

crystal surface. From these equations we obtain the angular direction of the out

going photons:

sin θout = sin θin + (λ/d<hkl>) sin α [4]

being θin  and θout  the incoming and outcoming angles, respectively (see Fig.

1); λ is the photon wavelength, and α is the asymmetry angle (α=90 degrees for

the symmetrical Laue case and α=0 for the symmetrical Bragg case). The emer-

gent ray direction θout  is a function of the incident angle and of the photon en-

ergy. This energy dependence exists for all cases except for the symmetrical

Bragg, where α=0 and then θin=θout (specular reflection). Therefore, the dif-

fraction by any Laue crystal is a typical dispersive process, thus specular reflec-

tion on the Bragg planes does not exist in general. Specular reflection only

exists in the particular case that the Bragg kinematical law is fulfilled, i.e. when

the incident angle for rays or photons of wavelengths λ is exactly

θin=(π/2) - α -θB, being λ=2d<hkl> sin θB.Equation [4] gives for this case an out-

put angle of θout=(π/2) + α -θB

The change of beam divergence in the diffraction process can be calcu-

lated from the derivative of Eq [4]

∆θout  = ∆θin (cos θin /cos θout)= ∆θin b [5]

The change in the divergence must be matched by a compensating change in

beam width (see inset of Fig 1), in order to fulfill the conservation of the area in

the phase-space diagram (Liouville’s theorem): ∆Sout = ∆Sin/b. Therefore, the

beam size ∆S after a distance s2 downstream the Laue crystal is ∆S=∆Sout+s2

∆θout= ∆θin [(s1/b) + s2b] , where s1 is the source-crystal distance. As a first con-

clusion, a monochromatic divergent beam diffracted by a Laue perfect crystal



will always be divergent.

We can consider now the case of a white divergent beam incident to a

crystal in Laue geometry, with divergence larger than the crystal Darwin

width. This beam is diffracted by a crystal producing a convergent beam as a

result of the selective selection of each wavelength according to its Bragg angle.

This is illustrated in Fig. 3. There exists a strong spatial-energy correlation in

the emerging beam. The focusing effect for the white beam can never be per-

fect, because it is evident that the focal spot for a polychromatic beam is never

smaller than the spot of one of its monochromatic components. Therefore, it is

impossible to reduce or even reach the source dimension by using a flat (sym-

metrical or asymmetrical) Laue crystal. The minimum focal size ∆S will corre-

spond to the case of monochromatic radiation, and a best focus is found at a

distance s2=s1/ b from the crystal.

The energy bandwidth of the diffracted beam depends on the diver-

gence of the entrance beam and on the intrinsic resolution of the crystal, char-

acterized by its diffraction profile width. The derivative the Bragg’s law

λ=2d<hkl> sin θB gives:

[6]

where the dispersion in the Bragg angle ∆θB has been written as a convolution

between the beam divergence ∆θ and the diffraction profile width ωD. The term

∆θ can be changed by using an entrance slit aperture. The slit aperture ∆s and

the source-slit distance s1 may be used to deduce the incident divergence

∆θ=∆s/s1.  The ∆E/E calculated in the limiting case of ∆θ=0 (collimated inci-

dent beam) is the intrinsic resolution of the crystal. In our case, the Darwin

widths ωD for the diamond and Ge at 9100 eV are 21.2 µrad and 42.2 µrad, re-

spectively. The beam divergence of the incident beam on the Ge crystal is

(∆θ)Ge= b (∆θ)Diamond > (∆θ)Diamond, because we use asymmetric factor greater

than one. Therefore the energy resolution calculated from [6] is always larger

for Ge than for diamond, thus no additional energy cut is performed after the

diamond diffraction. In addition, the Ge crystal does not alter the divergence

of the beam because it is a symmetric Bragg reflection. In this case, it acts as an
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almost passive element with the only purpose of returning the exit beam to an

almost parallel direction to the incident beam on the diamond crystal.

In our experimental results with the open slit, the incident beam diver-

gence is much larger than the diffraction profile width, so the focusing effect is

detectable, as discussed before for the white incident beam. When closing the

entrance slit, the diffracted beam energy bandwidth becomes smaller, tending

to the intrinsic resolution of the diamond crystal. When the term ωD in Eq. 5

dominates over ∆θ, the focusing effect is lost because the system approaches

the monochromatic case.

As slit aperture is closed, there is a smooth transition from the apparent-

ly convergent outcoming beam to a divergent one, corresponding to the limit-

ing cases ∆θ>>ωD and ∆θ<<ωD, respectively. As the energy bandwidth ∆Ε of

the diffracted beam depends on the divergence value ∆θ and on the diffraction

profile width (eq. 6), this convergent to divergent transition can also be moni-

tored by looking to the energy content of the diffracted beam. In other words,

the Laue crystal separates spacially and angularly the rays of different photon

energy of the diffracted beam, which evolve in a different manner. Therefore

the resulting cross section can be seen as the total contribution of individual

monochomatic beams of discrete energy E filling the ∆Ε interval. By reducing

in some way the diffracted beam energy bandwidth (for instance, by inserting

another monochromator or analyzer), some of the components of the total

beam will be revealed, and then the diffracted beam size and evolution may

change. In fact, when the ∆Ε interval of the diffracted beam is smaller than the

intrinsic resolution of the crystal, the diffracted beam evolves divergently. On

the contrary if ∆Ε much larger than the intrinsic resolution, each individual en-

ergy component evolves divergently, but the superposition of all the mono-

chromatic beams filling ∆Ε the interval makes the overall diffracted beam

apparently convergent, as illustrated in Fig. 3.

In order to validate this approach, we have performed the ray tracing of

a single asymmetric diamond crystal like the one used in the experiment, when

i) we change the divergence of the entrance white beam, and ii) we change the

energy bandwidth of the incident beam, keeping constant the beam diver-

gence. The results are shown in Fig 4. Here it is clear that both systems behave



in similar way when either the beam divergence or the energy bandwidth are

changed. Therefore, it illustrates the correlation between beam divergence and

energy bandpass in the effect they produce on the emergent beam behavior

The calculated beam size of the real system has been extended to dis-

tances larger than the measured ones (Fig 5). In the figure, a minimum in the

beam size is clearly found for the open entrance slit (8mm) at a position of

about 17 m after the diamond crystal. This position corresponds to the expected

best focus position at s2=s1/b=16.94 m from the diamond crystal.

In order to take advantage of the focusing effect of these crystals in a

beamline configuration, one has to use a white beam with a divergence much

larger than the diffraction profile width. From the calculations shown applied

to our conditions, this divergence value from which the focusing effect is ap-

preciable is about  150 µrad (corresponding to our 4mm slit). This value is larg-

er than the natural divergence of the central cone of the undulator radiation.

Thus no tangible benefits are produced by using the described flat diamond

Laue crystal when only looking at the  focalization of our undulator beam in

the diffraction plane.
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Figure Captions.

Fig 1. Layout of the experimental station (schematic): The monochromator

composed by the Laue diamond and Bragg Ge crystals in the non-dispersive

arrangement. Inset:  Incidence angles for the x-ray beam when the diamond

crystal is set to diffract photons with energy of 9100 eV.

Fig 2. Measured FWHM beam size (top) and ray tracing results (bottom) of a

two crystals system under the undulator radiation. The different curves refer

to different slit apertures. In the calculation, the points of the solid lines are ob-

tained by fitting the ray histograms with a gaussian function, and the SHAD-

OW input parameters are those described in paragraph 2. Room constraints at

the experimental station imposes the maximum recorded distance of 10 m after

the diamond crystal.

Fig. 3  Illustration of the pseudo-focusing effect of a Laue crystal for a white in

cident divergent beam. The selective reflections on the Bragg planes convert

the divergent beam into a convergent one. This is shown for three different

wavelengths.

Fig 4. Left: Ray tracing results of a diamond Laue crystal for different incident

beam divergences. The incident beam is white, and the marked energy resolu

tions are obtained after diffraction. Right: Same system where the beam diver

gence is always kept constant and the energy bandwidth of the incident beam

is changed (indicated close to the respective curve).

Fig 5. Ray tracing results of the crystals system under the undulator radiation

in an extended distance scale. The position of the minimum shifts to the smaller

distances from the Laue monochromator when the slit closes.
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Fig 2 M. Sánchez del Río, ThD65
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Fig 4 M. Sánchez del Río, ThD65
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