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The design of a highly focusing pro®led Si(111) Bragg crystal polychromator for dispersive EXAFS

(extended X-ray absorption ®ne structure) experiments is described. The contour of the crystal has

been optimized to give the best focus over the full 4±13 keV energy range. The pro®le optimization

has been improved taking into account all the degrees of freedom of the geometry and the results of

X-ray tracing simulations. The pro®le of the crystal has been calculated to take full advantage of the

new possibilities given by the undulator source and the optics of beamline ID24 at the European

Synchrotron Radiation Facility. Full spot sizes have been measured to be between 20 and 40 mm in

the 5±12 keV energy range. These values compare well with X-ray tracing simulations and are the

smallest spots ever obtained with energy-dispersive EXAFS optics, keeping, however, a wide enough

energy bandpass for most X-ray absorption spectroscopy experiments.
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1. Introduction

X-ray absorption in dispersive mode (DXAS) collects in

parallel all the data of XAS (X-ray absorption spectro-

scopy) spectra over a large spectral range (Matsushita &

Phyzackerly, 1981; Flank et al., 1983). This scheme is based

on dispersive optics, i.e. a bent perfect crystal which re¯ects

a polychromatic beam out of a white source. After being

focused at the sample position, the photons are collected by

a position-sensitive detector able to work under high-¯ux

conditions (Tolentino et al., 1988, 1990; Koch et al., 1996).

The energy±direction correlation given by the crystal

polychromator is transformed into an energy±position

correlation at the detector position. Since all the data of a

spectrum are acquired simultaneously, the time resolution

achievable is in the millisecond range. In addition, since no

mechanical movement takes place during the data collec-

tion, the stability of this experimental set-up is excellent.

These characteristics of the spectrometer are of interest

mainly for time-resolved and X-ray magnetic circular

dichroism experiments. High-pressure experiments using

diamond anvil cells also take advantage of the high quality

of the focus of the DXAS instrument (ItieÂ et al., 1992). In

that case the small size and the homogeneity of the focus

are essential parameters. Consequently, such a focus is

required for aberration-free optics. At other synchrotron

facilities, up to now, the best achievement of focus sizes on

a DXAS spectrometer range from 500 to 100 mm. The

reduction of the focus size with the optics described in this

paper has allowed the study of smaller samples and

consequently opens up new types of experiments. In

particular, we can cite the ®rst XAS experiment over

megabar pressures (San Miguel, Polian et al., 1998), the ®rst

results on EXAFS on single crystals at high pressure (ItieÂ et

al., 1997), the development of nanosecond-resolved XMCD

experiments (Bon®m et al., 1997; Pizzini et al., 1998) or an

energy-dispersive microXANES experiment (Mosbah et

al., 1998). Examples of reference data are given elsewhere

(Hagelstein et al., 1997).

This paper describes the design and the commissioning

of a Bragg-contoured polychromator crystal which achieves

a focus size between 20 and 40 mm over the 5±12 keV

energy range.

In DXAS experiments the crystal polychromator can be

set either in transmission geometry (Laue case) or in

re¯ection geometry (Bragg case). In our energetic range, as

shown by Hagelstein et al. (1995), the Bragg geometry is

much more convenient.

The most commonly used technique to achieve a desired

bending of the crystal polychromator in DXAS experi-

ments has been to apply a force to the apex of a triangular-

shaped crystal whose base is clamped (Tolentino et al.,

1988). The resulting cylindrical shape differs from the ideal

elliptical pro®le (Tolentino et al., 1990) and it gives an

aberration proportional to the square of the illuminated
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length of the crystal (Ice & Sparks, 1984). To achieve the

elliptical pro®le the curvature has to be increased from the

base to the apex of the crystal. This is accomplished by

tailoring its width, which no longer varies linearly (Tolen-

tino et al., 1990). However, as one end of the crystal must

remain ®xed, a different contour is needed, ideally for each

energy. This may be too expensive and not too practical. An

improvement of this method yields additional degrees of

freedom. It consists of using contoured rectangular crystals

mounted on four-point benders, which permit almost

independent adjustment of two moments (i.e. two curva-

tures) at two points near each end of the crystal (Allen et

al., 1993). This is the principle that we have applied. In

addition, we have performed more detailed simulations in

order to optimize the contour of the crystal to average the

minimization of the spot size over the whole 4±13 keV

energy domain.

Therefore we computed the crystal elastic behaviour and

performed X-ray tracing simulations in order to ®nd the

more effective contour to produce the best focus in the 4±

13 keV energy domain. Consistent with the theoretical

investigation, the smallest spot ever obtained in an energy-

dispersive EXAFS spectrometer has been achieved. The

optimized bender and the pro®ling procedure of the poly-

chromator using X-ray tracing is described in the following

sections before the presentation of the results of the

experimental tests.

2. Theory

To decide the contour of a crystal suited to yield ellipse-

induced focusing, we need to choose the medium diffracted

energy (Eo) and to set the appropriate geometrical factors

of the spectrometer.

To ®nd the best-®tted contour for a crystal poly-

chromator working in the 4±13 keV energy domain, we

proceed via two steps. First, some geometrical parameters

are chosen and the appropriate contoured crystals are

calculated for different energies (optimization energies,

Eo). Second, the focusing performance of each of these

calculated crystals is simulated for other energies (here-

after called calculation energies, Ec) chosen over the 4±

13 keV range. This is performed by looking for the best

moments that must be applied to the crystal to simulate the

new ellipse through a de®ned ®gure of merit. The geome-

trical parameters and the results are compared through this

®gure of merit. X-ray tracing is used to verify the correct-

ness of the ®gure of merit and to try to predict the spot size

at the focus.

2.1. Geometrical considerations

We de®ne a reference frame (x,y) having its origin in the

central point (P) of the bent crystal (Fig. 1). The X-ray

source (S) and the sample position (I) de®ne the ellipse

that the symmetric crystal polychromator must follow in

order to attain focusing aberration-free behaviour. In this

reference frame, the shape of the ellipse can be expressed

as (see, for example, Howells & Lunt, 1993)

y � a2�x2 � a3x3 � a4x4 � : : :�; �1�
where a2, a3 and a4 are geometrical coef®cients depending

on the source-to-crystal distance (p), the crystal-to-focus

distance (q) and the Bragg angle (�B) at the centre of the

crystal. Equation (1) is a good approximation when the

radius of curvature of the crystal is larger than its length, as

in the present case. As the direction of diffraction of the

X-rays depends on the angle between the incident rays and

the planes of diffraction, the evaluation of the quality of

approximation (1) is given by the differences between the

slope derived from (1) and that of the exact formula of the

ellipse (the ®gure of merit, de®ned later, is based on this

calculation). This difference is less than 1%.

Keeping only the ®rst term in (1), the basic equations of

cylindrical optics remain, i.e.

1=p� 1=q � 2=R sin �B; �2�
where R is the radius of curvature of the crystal at P.

Equation (2) de®nes the energy bandpass, given by

�E � E cot g�B�l=Rÿ l sin �B=p�: �3�
The use of an undulator source, as is the case in ID24, can

introduce an additional limitation in the energy bandpass.

In most of the cases, this can be avoided by tapering the

undulator and/or using the even harmonics of the undu-

lator source (see Hagelstein et al., 1997).

In the absence of optical aberrations, the energy reso-

lution of the polychromator (Tolentino et al., 1988) depends

on the spatial resolution of the detector, the size of the

X-ray source, the penetration depth of the incident X-rays

into the bent crystal, and the intrinsic Darwin width of the

Figure 1
The X-ray source, S, and the focus point, I (polychromatic image),
are located at the two focuses of the ellipse. a and b are the half-
axis lengths. The curved polychromator is centred at point P. p is
the source-to-crystal distance and q is the crystal-to-polychro-
matic focus distance. �B is the Bragg angle. The two coordinate
systems (x,y) and (X,Y) described in the text are explicitly shown.
At the energy-dispersive XAS beamline at the ESRF (ID24), p =
29.7 m and q can be adjusted from 0.5 to 1.5 m. Obviously the
®gure is not drawn to scale.
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rocking curve of the perfect crystal. The two latter factors

deal with the polychromator optics. For a ®xed curvature

radius of the crystal, the only way to increase the energy

resolution will be to increase the Miller indices of the

diffraction planes. Nevertheless, the ultimate limiting factor

of the energy resolution in XAS experiments is a given

fraction of the core-hole width of the probed atom. A good

compromise between energy resolution and energy band-

pass, in the energy domain under consideration, is obtained

with an Si(111) re¯ection. As explained by Tolentino et al.

(1988), the contribution of the source is minimized if the

crystal-to-sample distance, q, is approximately equal to the

sample-to-detector distance, d. The resolution decreases

slowly if d > q (but the decrease is negligible for small X-ray

sources as the undulators at ESRF beamlines) and

increases very fast if d < q. Consequently we will set d � q.

Aberrations can contribute to losses in the energy

resolution that can be of the order of the core-hole width.

Then, any correction of the aberration should improve the

energy±position correlation. It is easy to see from the size

of the spot which we have measured with the pro®led

crystal that the remaining aberrations introduce losses of

energy resolution smaller than the core-hole width.

2.2. Elastic behaviour and crystal pro®le

The elastic equation of a beam bent at two points is (see,

for example, Landau & Lifschitz, 1986)

EYI
d2y

dx2
� M1 �M0

2
�M1 ÿM0

2

x

Lm

; �4�

where EY is the Young modulus in the compression/dila-

tation direction, i.e. the x direction in Fig. 2(a). The right-

hand side of (4) describes the distribution of internal

moments along the beam. M0 and M1 are the internal

moments at the points of application of the external forces,

which are separated by a distance Lm. The curvature of the

crystal is approximated by the second derivative of y with

respect to x. I is the section moment around the neutral

axis, and is given by I = wt3/12.

Equation (4) is valid for small ¯exures (the radius of

curvature of the beam is large compared with its length)

and if the external forces are concentrated at discrete

points of the beam, as is the case with a four-point bender.

From (4) one realizes that an x-dependent moment, I(x),

enables one to design the real variable curvature along the

crystal close to the ideal one. This can be performed by

varying either the thickness or, with better control, the

width of the crystal. Such a width variation required to

obtain a crystal with the elliptic curvature is given by

w�x� � 3�M1 �M0�
EYt3a2

1� 2�M1ÿM0�
M1�M0

x
Lm

1� 3a3x� 6a4x2
: �5�

Any pair of moments M0 and M1 can be used to calculate

the crystal pro®le. However, to move as little as possible

away from the unpro®led crystal (rectangular), we choose,

following Underwood (1977), the M0 and M1 values that

approximate better the rectangular crystal to the ellipse. By

introducing these moments in (5) we obtain the pro®le of

the crystal (see Fig. 2b) optimized for the diffracting energy

Eo of the central point P.

2.3. Evaluation of the crystal behaviour at new energies

This is the second step of the evaluation before executing

the pro®le cutting. For each crystal contour given by the

®rst iteration we calculate its performances at other ener-

gies Ec of the central point. Other energies imply other

Bragg angles and consequently other ellipses rotated and

translated with respect to the ®rst one.

Under new moments, the crystal with the width given by

(5) will take a shape given by (4). It is valuable to estimate

how large the deviation is from the ideal conditions in

order to obtain an energy range of acceptance. The solution

of the differential equation gives rise to a system of equa-

tions that may be solved numerically.

To compare the ideal ellipse at energy Ec with the shape

given by the curved crystal, a ®gure of merit, �, based on

the slope comparison of both shapes, is required (since

diffraction behaviour is our concern), where

Figure 2
(a) Description of the contoured crystal. L, t and w are the crystal
length, thickness and width, respectively. Lm is the distance
between the points where the moments are applied with the four-
point bender. The typical values of these parameters in our
experiment are L = 300 mm, t = 1 mm, w(x) ' 21.5 mm and Lm =
260 mm. (b) Pro®le of the crystal as described by equation (6) with
the optimization energy chosen at 7 keV and a q value of 0.8 m.
The width contour is not symmetric as expected in order to be able
to produce an elliptical bending.
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� �
X

i

dYexact

dX ji ÿ
dYapprox

dX ji
dYexact

dX ji

 !2

: �6�

Equation (6) must be evaluated taking into account that

(i) the crystal must be rotated by an angle �B ÿ �B
0, (ii) the

derivatives must be taken in the appropriate reference

system, and (iii) a careful choice of the points of compar-

ison is requested (for approximated ellipses the X-rays

coming from the source do not impinge on the crystal at the

same point as in the case of an exact ellipse).

We look for the best curvatures at the calculation energy

Ec to approach the ideal ellipse at this energy. To accom-

plish this in the simulation we minimize numerically the

®gure of merit.

The procedure that we have presented to calculate the

pro®le at Eo features two iterative steps: ®rstly, moment

determination, and secondly, pro®le optimization with a

®xed moment distribution. Finally the ®gure of merit is

derived by an additional adjustment of the moments

imposed at the pro®le calculated in the second step. A

second cycle of iteration could be envisaged. For three

reasons it seems to us unreasonable to proceed further in

that direction: (i) the computational accuracy is limited by

the ®nite size of the sampling of the crystal; (ii) the initial

calculation proceeds with approximations of the ideal

ellipse and formula; (iii) the ®gure of merit which has been

chosen is strongly correlated to the focus size, but other

parameters contribute to it, i.e. the depth of penetration of

X-rays in the crystal or the change of position of each

individual re¯ecting point of the surface with respect to the

ideal elliptical pro®le.

2.4. Choice of parameters

Here we consider the geometrical parameters for the

ID24 DXAS beamline at the European Synchrotron

Radiation Facility (ESRF, Grenoble, France). The source-

to-crystal distance is p = 29.7 m. The crystal-to-sample

distance, q, can be set between 0.7 and 1.5 m. We have the

freedom to change q within this range for different photon

energies between 4 and 13 keV. Nevertheless, the choice of

q results from a compromise between the creation of a

large enough energy bandpass and the need to avoid a too

large bending of the crystal.

As yielded by (3), the spectral range limitation is critical

at low energies. However, using an undulator as the X-ray

source means that there is already a limited bandpass at low

energy since the emission derives from the undulator ®rst

harmonic. At the ESRF, at low energies, a bandpass �E/E =

0.045 matches the undulator bandpass for a typical value of

q = 0.8 m. For that q value the energy Eo = 7 keV produces

a calculated crystal that optimizes the ®gure of merit, �, for

the 4±13 keV range. Fig. 3 shows � for crystals contoured

for different Eo values with the corresponding experi-

mental q values. Fig. 3 also shows evidence of the presence

of a second minima at an energy (E1) higher than the one

(Eo) used for the optimization. The gap between Eo and E1

increases rapidly with Eo. The iteration process which is

used for the pro®le evaluation is in fact an approximate

route to reach the optimized parameters. Therefore, it may

be possible that a pro®le derived from a second step of the

iteration could provide us with a slightly better energy

dependence of the ®gure of merit and possibly with a single

minima. To attain that kind of accuracy is probably not

possible given all the limits inherent to this calculation.

2.5. X-ray tracing

Before proceeding with the X-ray tracing we used the

multilamellar crystal code in the XOP package (Sanchez

del Rio et al., 1998) to check that, with the curvatures and

the energy range used, no signi®cant asymmetric broad-

ening of the rocking curve occurs with the curved crystal as

analysed by Hagelstein et al. (1995). The X-ray penetration

at the V, Fe, Cu and Ge K-edges in the relevant experi-

mental conditions are 2.9, 2.3, 3.5 and 4.3 mm, respectively

(determined by the extinction length le). Therefore, we can

make the simulation by considering the crystal as a mirror.

The calculated spot sizes will be then underestimated by a

quantity of the order of le cos�B sin�B ' 1 mm due to the

®nite extinction length.

The parameters of the X-ray source of the crystal are

obtained by X-ray tracing of the previous elements of the

beamline. The effective source observed by the poly-

chromator of the ID24 beamline is located at the focus

point of the second mirror of the Kirkpatrick±Baez optics

(see Fig. 1 of Hagelstein et al., 1997). This secondary source

can be conveniently described by a Gaussian distribution

both for the spatial and angular coordinates with para-

meters �x = 100 mm, �z = 509 mm, �x0 = 410 mrad and �z0 =

16 mrad, where x is the demagni®cation direction and z is

the vertical one. Table 1 summarizes the X-ray tracing

results for both the pro®led crystal optimized at 7 keV and

Figure 3
The plot is split into two panels for clarity and shows the energy-
dependent ®gure of merit for crystals pro®led for different
optimization energies (Eo). This plot shows how a 7 keV value for
the optimization energy gives rise to a crystal that minimizes the
®gure of merit in the energy range 5±12 keV. The ®gure of merit is
shown for pro®led crystals with Eo values of 5 keV (®lled up-
triangles), 7 keV (®lled squares), 9 keV (®lled circles), 11 keV
(®lled diamonds) and 13 keV (®lled down-triangles) and also for a
rectangular crystal (hollow squares).
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the rectangular crystal (non-pro®led crystal). The energies

chosen for the simulations are the same as those used in the

test experiments. The spot size is estimated as the spatial

gap containing 90% of the X-rays to ensure we take into

account properly the tails of the image spot. The correla-

tion between the spot size and the ®gure of merit is 0.86.

3. Experience and discussion

For tests performed at the ESRF energy-dispersive XAS

beamline (ID24), the crystal is mounted on a specially

designed four-point bender that provides independent and

opposite couples at two points near each end of the crystal.

The crystal is held by cylindrical rollers at only four points,

minimizing the strain and consequently the distortions of

the crystal lattice. The two couples are computer controlled

by step-by-step motors. A motorized twist correction has

also been implemented combining a differential screw and

a piezoelectric transducer. This actuator restores the

cylindrical shape of the re¯ecting surface. This correction

has proved to be essential for obtaining a well de®ned

focus. The heat load on the crystal is partially drained by

immersing the bottom third of the crystal in a eutectic Ga±

In bath which produces a temperature gradient only in the

direction perpendicular to the plane of energy dispersion.

The eutectic bath is kept at a constant temperature of

292 K. The beam size on the crystal (Sc) was set with the

help of two motorized and cooled copper slits placed just

before the polychromator. A complete description of the

mechanical part of the system is given elsewhere (San

Miguel, Hagelstein et al., 1998).

Two symmetrically cut Si(111) crystals were tested: a

pro®led crystal (Eo = 7 keV) and one identical but with a

rectangular contour.

Three different sets of data were collected to investigate

the following:

(a) The focus size at different energies. The focus size was

evaluated using a 7.5 mm-wide slit made of 20 mm-thick

molybdenum foils moved by 5 mm steps. We tuned the

applied moments to optimize the spot size and the unifor-

mity of the distribution of energies within the spot. Fig. 4

compares the spots obtained with the pro®led and the

rectangular crystals at three different energies, after

deconvoluting them by a 7.5 mm-wide slit function. It is

worth noting that the focus distance was kept constant at

820 mm for all the studied energies except for 5.465 keV,

for which we had to work under vacuum conditions. At this

energy the geometrical constrains imposed by the equip-

ment forced us to work at a distance of 1400 mm. Because

of these constraints, the bandpass is reduced for this energy.

(b) The ®eld depth of the focus. The focus depth (Fig. 5,

Table 2) was measured at the energy of the Fe K-edge

(7.1 keV) giving a value between 1 and 2 mm. The two-step

slope appearing both in the X-ray tracing and in the

experiment can be attributed to an aberration of the type

sketched in Fig. 5(b), and can be caused by an error in the

slope of the crystal at its middle point.

(c) The dependence of the spot size with the illuminated

length of the crystal. We optimized the spot size for three

different lengths of the footprint of the beam impinging on

the crystal (which is the projection of Sc onto the crystal)

but we did not observe any signi®cant change in the

spot size.

These results, together with the results of the X-ray

tracing in the same geometrical conditions, are summarized

in Table 2, which also includes the more relevant geome-

trical parameters.

Fig. 6(a) shows the experimental spot sizes for both

crystals compared with the computed ®gure of merit. Both

parameters show a similar energy dependence, proving the

validity of our choice of the ®gure of merit. In Fig. 6(b) the

calculated and measured spot sizes for both crystals are

shown. First of all we observe the essential improvement

yielded by the pro®led crystal with respect to the rectan-

Table 2
Summary of experimental conditions and results obtained.

The values of the spot size obtained by X-ray tracing and the calculated
value of the ®gure of merit are also given for comparison. We studied the
spot size for the pro®led and rectangular crystal, the focus depth and the
in¯uence of the illuminated length of the crystal. Sc is the source size; � is
the ®gure of merit.

Energy
(keV)

q
(mm)

Sc

(mm) �
Calculated
spot size

Measured
spot size

Pro®led crystal
5.465 1400 20 1.1 � 10ÿ5 27 30
7.112 820 20 1.6 � 10ÿ7 11 23
8.979 820 20 7.9 � 10ÿ7 9.5 40
11.103 820 20 7.5 � 10ÿ6 17 25
Rectangular crystal
7.112 820 20 1 � 10ÿ5 11.5 30
8.979 820 20 4.1 � 10ÿ5 35 60
11.103 820 20 1.2 � 10ÿ4 76 170
Variation of the illuminated length of the crystal
7.112 820 14 ± 9.5 25
7.112 820 10 ± 9.5 25
Depth of focus
7.112 817 20 ± 42 55
7.112 818 20 ± 22.5 40
7.112 819 20 ± 11 25
7.112 820 20 ± 11 25
7.112 821 20 ± 45 50
7.112 822 20 ± 46 55
7.112 823 20 ± 70 60

Table 1
Experimental conditions at the different measured energies.

The crystal-to-focus distance, q, was kept constant at 82 cm for all
experiments except at 5.46 keV where it was set to 140 cm. The illuminated
size of the crystal (Sc) was set to 20 mm. The table shows the calculated
sizes of the focus for an Si(111) pro®led crystal optimized at 7 keV and the
calculated size of the spot when using a non-pro®led crystal. The spot size
is the size needed to integrate 90% of the radiation.

E (keV) 5.465 7.112 8.979 11.103

�E (eV) 95 300 485 745
q0 (mm) 1400 820 820 820
Sc (mm) 20 20 20 20
Spot (mm) (pro®led crystal) 30 23 40 25
Spot (mm) (rectangular crystal) ± 30 60 170
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gular crystal. This is especially true at high energies.

Secondly it also illustrates the proper optimization energy

selection that makes it possible to keep a small spot size for

the whole energy range.

Despite the reduction of the focus size obtained with the

pro®led crystal, we observe that the measured spot sizes are

systematically larger than the calculated ones (by a factor

of �1.8). Different origins have to be envisaged:

(i) An underestimation of the source size. The source

characteristics provided by the X-ray tracing are generated

by idealized mirrors located upstream in the beamline. In

comparison, real slope errors increase the size of the

secondary source. The slope errors originate very likely

from the deformation of the surface of the ®rst mirror

owing to the large thermal load deposited by the undulator

X-ray source. This point is strengthened by the fact that the

Figure 4
Experimental images of the focus obtained at the beamline with a
contoured crystal (®lled squares) and with a rectangular crystal
(hollow squares). Images (a), (b) and (c) correspond to Bragg-
re¯ected beams centred at the Fe (7.112 keV), Cu (8.979 keV) and
Ge (11.103 keV) K-edge energies, respectively. These diagrams
point out the effectiveness of contour tailoring, especially at high
energy.

Figure 5
Study of the focus depth. (a) The hypothetical focus depth for an
optics system without aberrations. The inset represents the
horizontal projection of the focus as we cross it. (b) The measured
focus depth (®lled squares) is of the order of 1 mm if the
acceptable increase of the image FWHM is limited to 50%. The
calculated focus depth (hollow squares) is also shown. The inset
shows that the two slopes observed and calculated at each side of
the minimum can be explained by involving an aberration.

Table 3
Comparison between polychromator designs including the achievement at the ESRF.

S is the source size, q/p is the demagni®cation factor, FWHM is the full width at half-maximum of the spot and FS is the full size (90% intensity). It is
worthwhile to point out the improvement produced by the present work, which achieves a reduction of FS by an order of magnitude.

Source size
Reference Method used Demagni®cation factor Theoretical size Experimental size

Tolentino et al. (1988) Pro®led triangular crystal S = 6 mm FWHM = 276 mm FWHM = 300±500 mm
q/p = 0.046

Lee et al. (1994) Rectangular crystal S = 350 mm FWHM = 10.5 mm FWHM = 100±120 mm
q/p = 0.03

Allen et al. (1993) Pro®led rectangular crystal S = 5 mm FWHM = 150 mm FWHM = 175 mm, FS = 600 mm
q/p = 0.03

This work Optimized pro®led rectangular S = 235 mm FWHM = 6.5±11 mm FWHM = 10±17 mm, FS = 20±40 mm
crystal q/p = 0.028
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correlation between the spot size and the ®gure of merit

(that does not depend on the source size) is 0.87, whereas

the correlation between the measured size and the calcu-

lated size is only 0.7.

(ii) A residual twist in the crystal.

(iii) A variable thickness t of the crystal. If the thickness

of the polished crystal is not uniform, the local curvature

generated by the bender can ¯uctuate following the tÿ3

dependence of the moment of inertia. It is easy to under-

stand that a variation �t = (t/3)(�w/w) results in the same

�I variation as that produced by a variation �w of the

width of the contour. In the present case, the maximum

value of �w/w is equivalent to �t ' 20 mm. The measured

thickness error was 10 mm at some points.

(iv) The procedure followed to measure the spot size.

With 7.5 mm-wide slits moved in 5 mm steps we are just at

the limit for accurate evaluation of image sizes smaller than

30±35 mm (reducing the slit gap leads to too large a sensi-

tivity to artefact effects introduced by coherence). This is

clearly appreciated when one takes into account that, with

Sc values of 10 and 14 mm, the experimental size is 2.6 times

the theoretical one (larger than 1.8, the average factor).

Furthermore, in Fig. 6(b) it is clearly seen that the ratio

between the measured and calculated spot sizes becomes

smaller as the spot size increases.

(v) Finally, moving in the other direction, the sharp

energy spectrum from the undulator gives a pro®le of the

spot that also looks sharper and this effect is not taken into

account in the calculations.

All these sources of errors can also explain that, for the

optimizing energy (7 keV), no clear improvement of the

focusing has been observed.

It is appropriate to compare the performances of our

optics with that of previous works. In Table 3 we have

summarized the results obtained by other authors. Full

sizes mean that 90% of intensity is included. Speci®cally it

is interesting to look at the results obtained by Allen et al.

(1993), where using a rectangular pro®led crystal they are

able to focus a 5 mm-wide source (q/p = 0.03) down to

175 mm FWHM spots, which is 25 mm bigger than the

theoretical values. The full size is of the order of 600 mm. In

our situation, with rectangular crystals and the optimization

of relevant parameters we are able to focus a 235 mm

FWHM source (q/p = 0.028) to 10±17 mm FWHM spots,

with ideal values of 6.5±11 mm. The full sizes are of the

order of 20±40 mm. This achievement of one order of

magnitude of reduction in size and a spectacular reduction

of the tails of the image, which are the most signi®cant of

the aberration ®gures, is due to the quality of the third-

generation source, which, consequently, is very demanding

in terms of aberration rejection: the optical aberration to be

beaten scales with the ideal image size.

4. Conclusions

We have designed a bent polychromator for energy-

dispersive optics that takes advantage of the third-

generation synchrotron characteristics. We have investi-

gated the effect of the relevant parameters implemented in

an extensive simulation, and have tested experimentally the

behaviour of the produced contoured crystal mounted in a

four-point bender. Considerable improvements with

respect to the rectangular crystal were achieved. Spot sizes

as small as 20±40 mm at energies ranging from 5 to 12 keV

were measured.

We are grateful to the staff of the ESRF where this work

was performed, especially to G. Marot for the bender

mechanical design, M. Sanchez Del Rio for his help in the

X-ray tracing and M. Hagelstein for his useful comments.

One of us (JP) is supported by the Ministerio de EducacioÂ n

y Ciencia of Spain (grant No. PN95 24351836).

Figure 6
(a) Comparison of the experimentally obtained focus size for a contoured crystal (®lled squares) and for a rectangular crystal (®lled
circles) at different photon energies. For comparison, the calculated ®gure of merit (dotted line, see text for de®nition) is also shown for
the contoured (hollow squares) and rectangular crystal (hollow circles). The lines are just a guide for the eyes. (b) Comparison of the
calculated and measured focus sizes at different energies for a pro®led (squares) and for a rectangular (circles) crystal. The ®lled squares
and circles hold for the measured focus and the hollow squares and circles hold for the calculated focus. The lines are just a guide for the
eyes.
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