
research papers

196 http://dx.doi.org/10.1107/S1600577516016568 J. Synchrotron Rad. (2017). 24, 196–204

Received 5 July 2016

Accepted 17 October 2016

Edited by A. Momose, Tohoku University, Japan

Keywords: X-ray; beam metrology; Fresnel

diffraction; fourth-generation source; SACLA;

LiF; X-ray imaging detector; color centers.

Coherent X-ray beam metrology using 2D
high-resolution Fresnel-diffraction analysis

M. Ruiz-Lopez,a A. Faenov,b,c* T. Pikuz,c,d N. Ozaki,d,e A. Mitrofanov,c

B. Albertazzi,d N. Hartley,d T. Matsuoka,b R. Ochante,d Y. Tange,f T. Yabuuchi,g

T. Habara,d K. A. Tanaka,d,e Y. Inubushi,f M. Yabashi,f,g M. Nishikino,h T. Kawachi,h

S. Pikuz,c T. Ishikawa,f,g R. Kodamab,d,e and D. Bleinera*
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Direct metrology of coherent short-wavelength beamlines is important for

obtaining operational beam characteristics at the experimental site. However,

since beam-time limitation imposes fast metrology procedures, a multi-

parametric metrology from as low as a single shot is desirable. Here a two-

dimensional (2D) procedure based on high-resolution Fresnel diffraction

analysis is discussed and applied, which allowed an efficient and detailed

beamline characterization at the SACLA XFEL. So far, the potential of Fresnel

diffraction for beamline metrology has not been fully exploited because its high-

frequency fringes could be only partly resolved with ordinary pixel-limited

detectors. Using the high-spatial-frequency imaging capability of an irradiated

LiF crystal, 2D information of the coherence degree, beam divergence and

beam quality factor M 2 were retrieved from simple diffraction patterns. The

developed beam metrology was validated with a laboratory reference laser, and

then successfully applied at a beamline facility, in agreement with the source

specifications.

1. Introduction

In the last decade, many coherent beamlines, in soft and hard

X-ray domains, e.g. SACLA in Japan, LCLS in the USA,

FLASH in Germany, FERMI in Italy, etc., have given access

to new investigation opportunities in fields such as material

processing (Chapman et al., 2006; Milathianaki et al., 2013),

biological imaging (Seibert et al., 2011; Chapman et al., 2011),

laboratory astrophysics (Savin et al., 2012), high-energy-

density plasmas (Inogamov et al., 2011; Beye et al., 2013;

Rudek et al., 2012), etc. The success in all the above-mentioned

fields depended, strictly, on the characteristics of the beam

at the experimental site. At fourth-generation synchrotrons

[X-ray free-electron lasers (XFELs)], for instance, all nominal

beam parameters, such as the coherence length, collimation,

brightness and space or time stability (David et al., 2011;

Ishikawa et al., 2012; Tono et al., 2013a; Boutet & Williams,

2010), are so unique in comparison with any other source for

spectrometry and imaging (Bleiner & Ruiz-Lopez, 2014;

Bleiner et al., 2005). For comparison, the spatial coherence

length in table-top laser-plasma-driven X-ray lasers (Bleiner et

al., 2011, 2014) is as low as 10 mm (Ruiz-Lopez & Bleiner,

2014), whereas XFELs typically achieve spatial coherence
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lengths of hundreds of micrometers and up to millimeters

(Singer et al., 2008; Gutt et al., 2012). However, beamlines are

complex machines, where metrology on the pointing stability,

spatial coherence and divergence are important in order to

verify that the unique specifications are confirmed at the

experimental end-station.

Limited beam-time, however, demands fast beam metrology

methods. Several fast beamline-metrology methods have been

developed to monitor X-ray beams. For instance, the spatial

coherence length may be measured with a grating inter-

ferometer, using the Talbot effect or other interferometric

techniques such as the Moiré effect (Yang et al., 2000). These

techniques are single-shot, which allows investigation of the

wavefront in each individual pulse (Kayser et al., 2016). With

them, one obtains information about the wavefront radius

of the synchrotron radiation (Diaz et al., 2010). Others have

measured the spatial coherence using ptychographic imaging,

which allows simultaneous characterization of aberrations in

the X-ray focusing optics (Ditmire et al., 1996).

The most popular metrology, however, is the double-slit

technique (Ditmire et al., 1996; Liu et al., 2006; Ruiz-Lopez &

Bleiner, 2014). Indeed, this diagnostic has intrinsic advantages

such as: (i) the elimination of complex optical instrumentation

and related aberrations, and (ii) rapid in situ readout. The

technique consists of illuminating a field stop with two parallel

one-dimensional cuts using a short-wavelength beam and

observing the diffraction pattern. The double slit produces a

Fraunhofer diffraction pattern in the far-field (FF), where a

CCD camera can record the data. The main advantage of this

technique is that the visibility, or contrast, of the fringes in the

diffraction pattern has a straightforward correlation with the

spatial coherence of the source. Kohn et al. (2000) proposed an

advanced approach, which analyzes the Fresnel diffraction

pattern produced in the near-field (NF). This procedure

permits obtaining information about the spatial coherence

length as well as the source size simultaneously, and has been

validated at the Pohang Light Source II synchrotron (Park et

al., 2014). The results showed excellent agreement with other

state-of-the-art beam metrology techniques.

However, all the methods discussed so far have a common

drawback in that they are limited to one parameter per test.

Furthermore, it is necessary to rotate the measurement frame

in order to obtain information about horizontal and vertical

orientations of the full beam cross-section. In fact, it is well

known that the coherence, the beam quality, the beam colli-

mation, the pointing stability, etc. of an accelerator-based light

source may be different in the horizontal (in-plane accelera-

tion) and vertical directions (Kayser et al., 2016; Tono et al.,

2013a). Again, in order to obtain information about the

coherence degree, beam divergence, beam quality factor M2,

pointing stability, etc., several individual measurements have

to be made. A full-characterization metrology on a single-shot

basis, at the short-wavelength of operation of the advanced

beamlines, is thus highly desirable.

The aim of this work was to develop and validate a full-

characterization metrology for coherent beamlines. This

multi-parametric advanced analytical technique was possible

thanks to LiF detectors, providing in the NF detailed Fresnel

patterns. Results were validated with a reference table-top

laser in the visible spectral range, and it was successfully

applied to the SACLA XFEL beamline in the hard X-ray

regime. The discussed method is accurate, single-shot, realised

using ordinary and compact equipment and could be widely

used for characterization and optimization of different

coherent soft and hard X-ray sources.

It should be stressed that our high-resolution Fresnel

diffraction analysis (HR-FDA) using a rectangular field mask

(here called ‘probe-mask’ or simply ‘mask’) has a two-

dimensional (2D) metrology advantage that has so far not

been accomplished. This is because Fresnel diffraction leads to

a fine-structured pattern, which an ordinary low spatial-reso-

lution detector smears out, thereby losing much of the valu-

able detailed information about the incoming beam. The ideal

detector for that is based on LiF crystals or thin films. XUV-

irradiated LiF hosts stable color centers, which can be used for

imaging purposes (Baldacchini et al., 2005). The principle of

operation of a LiF crystal is simple. As a first step the crystal is

exposed to the X-ray radiation, which generates color centers.

LiF has an absorption band from 440 to 480 nm. It hosts a

photo-emission band (photo-fluorescense) in the visible

spectral range, which allows readout of the images using

commercial microscopes such as confocal fluorescence

microscopes.

The main advantages of LiF detectors for our application

are: (i) LiF can acquire high-spatial-frequency images, with

resolution smaller than 1 mm (Baldacchini et al., 2005), and

(ii) LiF crystals have been demonstrated to work successfully

as an X-ray detector (Heidari Bateni et al., 2013; Bonfigli et al.,

2013) for measurements of VUV FEL (Pikuz et al., 2012, 2013)

and XFEL beams structures (Pikuz et al., 2015). The combi-

nation of LiF technology with Fresnel diffraction beam

metrology is fundamental for capturing the tiniest fringes.

The structure of this paper is as follows. In x2, we discuss the

theoretical background of the HR-FDA. The experimental

procedure is explained in x3. The results of the experimental

validation realised with a visible table-top laser are given in

x4.1. A detailed report of the experimental results obtained

on the XFEL at SACLA is shown in x4.2. The results include

information on the divergence, pointing stability, coherence

length, virtual source size and position, and M 2 factor. A

comparison of the HR-FDA versus other metrologies is given

in x5.

2. Concept of the HR-FDA beamline metrology

X-ray diffraction, after illuminating the probe-mask, is

described by the Kirchhoff integral as follows:

Eðx; yÞ ¼
1

i�z

Z Z1

�1

expð2i�r=�ÞOðx; yÞ dx dy; ð1Þ

where Eðx; yÞ is the field amplitude in the image plane, Oðx; yÞ

defines the shape and dimensions of the probe-mask object
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(here a simple 2D rectangular window), z is the distance

between the object and the detector, � is the illumination

wavelength and r is the distance between a point P in the

object plane and the corresponding point P 0 in the image

plane. Fresnel and Fraunhofer diffraction integrals are

approximations of the Kirchhoff integral for the NF and

far-field (FF), respectively. The Fresnel approximation is

applicable if and only if the following relation is valid:

r � 1þ
1

2z
x0 � xð Þ

2
þ y0 � yð Þ

2
� �

; ð2Þ

where x0 and y0 are the coordinates on the detector plane.

Applying the Fresnel approximation to the Kirchhoff’s inte-

gral, one obtains:

ENFðx; yÞ ¼
expð2i�z=�Þ

i�z

Z Z1

�1

exp
n
ði�=�zÞ

� x0 � xð Þ
2
þ y0 � yð Þ

2
� �o

Oðx; yÞ dx dy: ð3Þ

From (3), since one measures ENFðx; yÞ, while O(x, y) is

known, information about the beam-propagation is retrieved.

However, on the detector, it is the intensity I, not the field E,

that is measured. For the specific case of the rectangular mask

aperture, such as the one used in HR-FDA metrology, the

intensity is defined as follows (Abedin et al., 2007):

INF ¼ I0=4ð Þ C �2ð Þ � C �1ð Þ
� �2

þ S �2ð Þ � S �1ð Þ
� �2

C �4ð Þ � C �3ð Þ
� �2

þ S �4vð Þ � S �3vð Þv
� �2

; ð4Þ

where I0 is the input intensity before the diffraction and Cð�Þ
and Sð�Þ are operating coefficients of the cos and sin

components, as follows:

Cð�Þ ¼
R�
0

cosð�a=2Þ da; Sð�Þ ¼
R�
0

sinð�a=2Þ da;

where a is the mask dimension. �1, �2, �3, �4, the limits of the

integration, depend on the mask dimensions (ax and ay) and

are defined as

�1 ¼
ffiffiffiffiffiffiffiffiffiffi
2=z�

p
ðxþ axÞ; �2 ¼

ffiffiffiffiffiffiffiffiffiffi
2=z�

p
ðx� axÞ;

�3 ¼
ffiffiffiffiffiffiffiffiffiffi
2=z�

p
ðxþ ayÞ; �4 ¼

ffiffiffiffiffiffiffiffiffiffi
2=z�

p
ðx� ayÞ:

On the other hand, the Fraunhofer approximation, in the FF,

requires a larger z distance and can be expressed as r � z. The

Fraunhofer approximation is thus only valid if

r � z � ð�=�Þ x2
0 þ y2

0

� �
max
; ð5Þ

where the subscript ‘max’ refers to the farthest coordinates

with respect to the center. Using the Fraunhofer approxima-

tion, one obtains:

EFFðx; yÞ ¼
expð2�izÞ

i�2z
expði�=�zÞ FT½Oðx; yÞ�; ð6Þ

which, for the specific case of the rectangular mask aperture,

turns into an intensity pattern modeled as follows:

IFF ¼ I0

sinð�axx=z�Þ

�axx=z�

� �2 sinð�ayy=z�Þ

�ayy=z�

� �2

: ð7Þ

Compared with the FF pattern, the NF pattern carries a

quadratic phase dependence. As observed in Fig. 1(a), Fresnel

diffraction produces a pattern that preserves information

about the incoming beam wavefront. Then, wavefront infor-

mation is linearized in the FF (Fraunhofer) diffraction

(Fig. 1b). The figure shows the intensity distribution in both

the horizontal and vertical direction. The high-frequency

component in the Fresnel diffraction pattern is only observed

with high spatial-resolution detectors such as the LiF crystal,

whose ‘pixels’ are color centers of atomic size (the effective

resolution is, however, limited by the readout technique).

Fig. 1 also compares the Fresnel and the Fraunhofer pattern

observed under a LiF crystal (resolution �0.3 mm, limited

by the readout microscope) and an ordinary CCD of
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Figure 1
Pattern characteristics as a function of the propagation distance between
the diffraction mask and the detector. (a) In Fresnel diffraction each
point carries information on the beam wavefront. (b) In Fraunhofer
diffraction the signature of the beam characteristics is lost. Both patterns
are observed under a LiF crystal and a CCD. The Fresnel pattern is
smeared out if the pattern is detected with the CCD. However, such an
effect is not observed in the Fraunhofer diffraction since the higher
frequencies are far off the center of the pattern.



13 mm pixel�1. The Fresnel pattern is

indeed smeared out if the pattern is

detected with the CCD. However, such

an effect is not relevant in Fraunhofer

diffraction.

To define the characteristic observa-

tion distance of the Fresnel diffraction

pattern, i.e. such that the probe-mask is

located in the NF, the Fresnel number

FN must be much greater than unity,

namely:

FNðx; yÞ ¼ a2
x;y=Ld � � 1; ð8Þ

where a is the size of the probe-mask

(with respect to the horizontal or

vertical dimension), Ld is the distance

between the probe-mask and the

detector, and � is the illumination

wavelength.

In the NF, the pattern shows internal and external fringes,

which carry complete information about the input wavefront.

A simple analysis of the fringes highlights the fact that the

Fresnel number is the number of peaks in the internal

modulation. Fig. 2 shows the structure of the diffraction

pattern produced by a 100-pixel mask illuminated with a

planar wavefront as a function of the Fresnel number.

Calculated profiles, for the probe-masks used in this work, are

shown at the bottom of Fig. 2.

The internal modulation, labeled (a) in Fig. 2, is the central

region with higher amplitude than the external domains,

outside the boundary peaks, labeled (b). Noticeably, for larger

Fresnel numbers, typically F > 10, spacing between the

internal fringes is small, and they become indistinguishable

with an ordinary detector with pixel-limited resolution. The

external modulation, labeled (c), as shown in Fig. 2, demon-

strates that the dynamic range of the detector must be large

enough for detecting the tiny high-frequency fringes in this

domain. From this point of view, the high-resolution detection

of the pattern has a key enabling character. The potential of

HR-FDA was not accomplished earlier because all ordinary

detectors, such as radiochromic plates, CCD, CMOS, etc.,

suffer from high-frequency suppression (low-pass filtering)

(O’Connor et al., 2008). It is crucial to implement a detector

with high spatial-frequency capability, like the LiF, to enable

the present advanced beamline metrology.

3. Experimental procedure

Fig. 3 shows a conceptual sketch of the experimental set-up,

along with the main parameters retrieved using HR-FDA

as a beamline metrology. Self-amplified stimulated emission

(SASE) occurs about the virtual source position Ls = 0 over

a Rayleigh length-scale LRayleigh. The beam freely propagates

along Ls, until it meets the probe-mask and diffracts. The

diffraction of the probe-mask was monitored at the distance
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Figure 2
Profile of diffraction patterns of different Fresnel numbers. The color bar
indicates the normalized amplitude. The number of peaks (red) at the
profile can predict the Fresnel number. The Fresnel numbers of the
probe-mask used in this work are marked as Mask 1 (Fh = 6.6, Fv = 2.3),
Mask 2 (Fh = 17.8, Fv = 3.5) and Mask 3 (Fh = Fv = 57.8) and their pattern
profiles are observed at the bottom.

Figure 3
Conceptual sketch of the set-up used for the beam metrology experiments. The X-ray beam
propagates from the virtual source position with a caustic profile. The jitter, due to the stochastic
generation mechanism of the light, produces pointing instability on the beam. The spatial
(transverse) coherence length across the beam is defined by Lcoh. When the beam encounters the
mask in the near-field, the Fresnel diffraction occurs. The Fresnel pattern is acquired using the LiF
crystal. The pattern is formed by internal (IF) and external (EF) fringe modulations. The beam
information is extracted in the near-field from the internal pattern profile. The external pattern is
used for a cross-validation. See text for detailed discussion.



Ld = 8.3 m from the mask, which was close enough to the

detector to produce a Fresnel diffraction pattern (see below).

The intensity patterns produced were obtained in situ with a

single-shot and acquired with a LiF crystal imaging detector.

Coherent X-ray beam metrology enabled by a Fresnel

probe-mask with high spatial-resolution imaging has been

carried out at the hard X-ray beamline BL3 of the SACLA

facility consisting of: (i) the undulator section, (ii) the elec-

tron-beam dump and (iii) the optical hutch and the experi-

mental hall EH5 (Ishikawa et al., 2012). Selection of the probe-

masks was made as summarized in Table 1. This selection

allows comparing the HR-FDA at crucial locations. A photon

energy Eph = 10.1 keV was adopted, well above the LiF cutoff

sensitivity of 14 eV. At this point, it is important to note that

some of the parameters obtained by HR-FDA are photon-

energy-dependent and their value may not be reproducible if a

different energy is chosen. The pulse energy at the exit of the

undulator was EXFEL = 400 mJ (2.5 � 1011 photons).

The experimental patterns were analyzed with computa-

tional algorithms, that would reproduce their shape for a given

set of initialization beamline parameters. A self-written

iterative code was used to convolute the theoretical patterns

and different Gaussian illumination functions, to find the least

residuals to the experimental results.

The beamline-of-sight along the optical axis Z fluctuates in

both horizontal and vertical directions. The code also allows

the centroid position of the statistically averaged fluctuations

to be retrieved. Pointing precision is defined in mrad as 1sx;y.

The visibility (�) of the fringes, or contrast, is an essential

metric to quantify the beam coherence. Visibility is defined as

follows:

� ¼
Imax � Imin

Imax þ Imin

				
				; ð9Þ

where Imax and Imin are, respectively, the maximum and the

minimum amplitudes of the fringes at a specific segment of the

diffraction pattern. The relationship between the visibility of

the fringes and spatial coherence is different in Fraunhofer

and Fresnel diffraction. In Fraunhofer diffraction the visibility

of the fringes observed in the diffraction pattern has a

straightforward correlation with the spatial coherence of the

source. In Fresnel diffraction, as shown in Fig. 4, the relation

between the visibility and the spatial coherence oscillates

between 0 and 1, for shorter mask lengths, i.e. <100 mm. The

visibility diminishes for larger mask dimensions, although it

remains slightly higher if the spatial coherence length of the

source is superior. For the present case of Fresnel diffraction

the coherence length was calculated using the following

equation (Kohn et al., 2000; Park et al., 2014):

lcohð�Þ ¼
ax;yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8 lnð�0=�Þ
p ; ð10Þ

where ax,y are the mask size dimensions, � and �0 are the

visibility of the central fringes for the experimental results and

for an ideal point source, defined as follows:

�0 ¼
4a0

�a
cos �

a2
x;y

a2
0

�
3

4


 �� �				
				; ð11Þ

where a0 is defined as follows:

a0 ¼
4�LdLs

Ld þ Ls


 �1=2

; ð12Þ

Ld is the distance between the mask and the detector and Ls is

the distance between the probe-mask and the source.

4. Results

4.1. Experimental validation with a table-top laser beam

To begin with, the method was validated in the laboratory

using a visible laser source as a standard reference. The beam

metrology method was applied to a diode laser (Thorlabs

CPS532) whose reference characteristics are available through

the manufacturer’s data-sheet summarized in Table 2. The
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Figure 4
Visibility versus mask length for different coherence lengths. The relation
between the visibility and the spatial coherence oscillates between 0 and
1, for shorter mask lengths. The visibility diminishes for larger mask
dimensions although it remains slightly higher if the spatial coherence
length of the source is superior.

Table 2
Retrieved beam parameters of the visible laser (� = 532 nm) measured
using the Fresnel diffraction metrology.

Comparison retrieved parameters and specifications. The accuracy of the
measurements is given by ". �div: divergence angle; Lcoh; coherence length;
M 2: beam quality factor.

Parameter
This
work

Manufacturer’s
specification Accuracy "

�div (mrad) 0.45 0.50 �10%
Lcoh (mm) 204 200 2%
M 2 1.7 1.9 �10%

Table 1
Selection of the probe-masks used experimentally and the corresponding
Fresnel numbers.

H: horizontal; FNh: horizontal Fresnel number; V: vertical; FNv: vertical
Fresnel number.

H FNh V FNv

Mask 1 164 mm 6.6 98 mm 2.3
Mask 2 270 mm 17.8 120 mm 3.5
Mask 3 486 mm 57.8 486 mm 57.8



diffracted patterns were acquired with a 6.5 mm � 6.5 mm

pixel-size CMOS. The original beam-width of the diode laser

(3 mm) had to be expanded to illuminate the full 2D mask,

increasing its divergence approximately 30-fold. Magnification

was corrected during post-processing. The results, summarized

in Table 2, demonstrate the accuracy (") of the metrology

procedure, given as:

" ¼
xmeas � xref

xref

� 100; ð13Þ

where xmeas and xref are the measured and reference values of

the diode laser, respectively.

Unfortunately the pixel size of the CMOS was not small

enough to resolve the external fringes, or the higher-frequency

internal fringes for the horizontal size of the mask, which

had a larger Fresnel number (Fh = 13.7). A high-resolution

detector such as a LiF crystal would allow more accurate

results to be obtained, albeit incompatible at long-wavelength

visible radiation wavelength (response cutoff is for �LiF <

33 nm).

4.2. Application of the HR-FDA method to the SACLA XFEL

Fig. 5 shows a diffraction pattern obtained at SACLA

XFEL. By processing the mapping in the horizontal and the

vertical axis, one obtains the pattern profiles. These profiles

were processed with the proprietary data treatment algorithm.

The red line in the pattern profile in Fig. 5 corresponds to the

‘raw’ pattern obtained during the experiments. The blue line

corresponds to the pattern calculated for a fully coherent flat-

top beamline with zero divergence. The black line is the

calculated Gaussian illumination with � = 256 mm of the

Fresnel diffraction pattern giving approximately 75% coher-

ence degree. From the obtained Fresnel patterns, a number of

parameters could be retrieved simultaneously.

4.2.1. Metrology of beam divergence (hdiv). The beam

divergence was retrieved by means of iterative calculation of

Fresnel fringes using a Gaussian illumination, and trying to

match the experimental patterns as close as possible. The best

fit (R 2 = 0.923) for the horizontal direction in Mask 1 was

considered a converged calculation. The obtained divergence

was identical along the horizontal and vertical planes (circular

beam cross-section), i.e. �h = �v = 256 mm. The obtained �h;v

correspond to a Gaussian illumination of 603 mm (FWHM).

Given the propagation distance Ls = 256 m one can easily

obtain the beam divergence angle. Fig. 6 summarizes the

obtained divergences for each experimental probe-mask. The

98 mm � 164 mm probe-mask was acquired twice. The average

divergence (�div) thus obtained is �div = 2.3 	 0.4 mrad

(precision is here given as 1 � �).

4.2.2. Metrology of beam pointing (rx,y). The beamline

centroid was retrieved by means of iterative lateral shifting of

the Fresnel patterns using a Gaussian illumination, and trying

to match the experimental patterns as close as possible. The

precision of the beam centroid position was determined to be

�x = 	0.3 mrad and �y = 	0.2 mrad for horizontal and vertical

directions, respectively. These values are in agreement with

data of Tono et al. (2013b), as summarized on Table 3. The
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Figure 5
2D experimental diffraction pattern and profiles along the horizontal and
vertical directions. Calculated profiles are also shown. The black line is
the calculated Gaussian beam � = 256 mm of the Fresnel diffraction
pattern with approximately 75% coherence. (a) Mask 1: 164 mm� 98 mm,
Fh = 6.6, Fv = 2.3. (b) Mask 2: 270 mm � 120 mm, Fh = 17.8, Fv = 3.5.

Figure 6
Beam FWHM of the experimental probe-masks. Best match obtained
between the divergence of the experimental patterns and the computa-
tional patterns. The average is �div = 2.3 mrad and the standard deviation
is 	0.4 mrad.



different values obtained for the horizontal and vertical

directions are thus significant.

4.2.3. Metrology of transverse coherence length (lcoh). The

experimental spatial coherence was retrieved using equation

(10), for a given probe-mask size, using the theoretical and

experimental visibility. The former is given in equation (11),

while the latter is measured. Fig. 7 gives the obtained values

as a function of probe-mask size. The transversal coherence

scales linearly with the continuous increase of the probe-mask

size. The experimental values are in agreement with the

theoretical Gaussian values. Table 3 shows that the obtained

value of lcoh = 129 mm is available for the first time for such

a large slit-width. As shown in Fig. 7, a flat-top beam passing

through the same probe-mask shows a coherence length only

approximately 1.33 times larger than the experimentally

obtained one, which confirms a very high degree of SACLA

XFEL beam spatial coherence.

4.2.4. Metrology of virtual source size (ws). The virtual

source radius, i.e. the retro-propagated beam waist of the

coherent beam caustic, was determined as follows:

ws ¼

ffiffiffi
2
p

2�

�Ls

lcoh

¼ 55 micrometers; ð14Þ

where Ls is the distance between the source and the metrology

mask and lcoh is the spatial coherence length. Equation (14)

was derived from the analytical expression reported by Kohn

et al. (2000) and Park et al. (2014). Fig. 8 shows an excellent

match between the computed Gaussian beam and the

experimental one for the virtual source size. Both curves fall

exponentially until a probe-mask of approximately 500 mm. At

this point, the value of the virtual source converges and

remains consistent around the same number.

4.2.5. Metrology of beam quality factor (M2). The beam

quality factor, M 2, is defined as the ratio of the beam para-

meter product of a given beam and an ideal Gaussian beam,

where the beam parameter product is the product of the beam

radius, measured at the beam waist radius (ws = 55 mm) and

the half beam divergence (�div=2 = 1.16 mrad). M 2 is used as

the parameter to quantify the beam quality.

For a single-mode TEM00 Gaussian laser beam, M 2 is equal

to unity. This parameter is defined as follows:

M 2
¼
�ws�div

2�
¼ 1:65: ð15Þ

Therefore, M 2 in SACLA XFEL is determined to be equal to

M 2 = 1.65, which is in very good agreement with the designed

value.

4.2.6. Metrology of sagittal jitter of the virtual source (rz).
Quantitative analysis of the data shows that the obtained

diffraction patterns and the experiments match more closely

when a magnification factor is applied. During the data

analysis, it was observed that each acquisition of the diffrac-

tion patterns is taken with a slightly different magnification.

This was due to the sagittal (longitudinal) translation of the

source’s lasing. For a given fixed imaging plane (the location of

the LiF) and a given fixed position of the diffraction plane (the

location of the mask) the pattern can fluctuate in a self-similar

scaling.

Applying a back-propagation procedure, it was possible to

retrieve the exact location of the spot source at �260 	 25 m

(after the mask), and assuming a caustic profile of the beam

(Fig. 3), the Rayleigh length is calculated for the beam radius

(ws = 55 mm) as follows:

LRayleigh ¼
�w2

s

M 2�
¼ 48 m: ð16Þ
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Figure 8
Retrieved virtual source diameter as a function of the mask length. The
red circles correspond to the experimental results. The black squares
correspond to the calculated Gaussian wavefront. The values settle where
the SACLA XFEL value is indicated.

Table 3
Comparison of results obtained using the present beam metrology and
results obtained by others using different metrologies.

�div: divergence; PSH: pointing stability horizontally; PSV: pointing stability
vertically; Lcoh: coherence length; M 2 beam quality.

Parameter This work Others Accuracy "

�div (mrad) 2.3 2.4 (Ishikawa et al., 2012) �4.3%
PSH (mm) 	0.3H 	0.4 H (Tono et al., 2013b) �33.3%
PSV (mm) 	0.2H 	0.2 V (Tono et al., 2013b) 0%
Lcoh (%) 75 79 (Lehmkühler et al., 2014) �5.3%
M 2 1.65 1.6 (Lehmkühler et al., 2014) 3.1%

Figure 7
Coherence length as a function of the mask size. Linear regression is
shown for the planar, Gaussian and experimental cases.



This indicates that the collimated Rayleigh length covers

approximately 95% of the sagittal jitter �z.

5. Conclusions

The presented short-wavelength coherent beam metrology

method HR-FDA, i.e. based on Fresnel diffraction and a LiF

detector, provided single-shot quantitative measurement of

the full XFEL parameters. Two important aspects of the LiF

detector used in this study were essential in the measurement:

resolution and high dynamic range. The computations showed

that the width of the last external fringes is approximately

0.3 mm. Ordinary X-ray cameras with 10–30 mm pixel-size

would not preserve them. Using LiF as a detector, the infor-

mation coming from the higher orders (central part of the field

mask), as well as first-orders (edges of the mask), was

retrieved. This allowed a full characterization of the SACLA

free-electron laser source by retrieving the information in the

Fresnel pattern.

The high dynamic range of LiF permitted measuring the

internal and external fringes of the Fresnel diffraction pattern.

While the internal ones were used to measure the visibility and

thus fully characterize the beam, the external ones were used

to make an exhaustive verification of the calculated pattern.

Due to the wide range of sensitivity of the LiF, such

detectors can be used for any coherent X-ray beam char-

acterization. However, it is important to note that the char-

acterization of the source depends on the operation condition,

i.e. the coherence length depends on the wavelength and the

spectral bandwidth of the laser beam.

Table 3 compares results obtained using this beam

metrology at SACLA XFEL with different metrologies used

by other authors. Previous works have shown that the source

was designed to have a divergence of 2.4 mrad (Ishikawa et al.,

2012; Tono et al., 2013a). HR-FDA results are in agreement

with that, having obtained �div = 2.3 	 0.4 mrad. The HR-FDA

results in the pointing precision were 0.3 mrad in the hori-

zontal axis and 0.2 mrad in the vertical axis. The measurements

confirmed previous data from the X-ray beamline BL3 (Tono

et al., 2013b), where the workers had obtained values for

the pointing precision of 0.4 mrad (horizontal) and 0.2 mrad

(vertical). This agrees with our HR-FDA measurements with a

deviation of approximately 30%.

The HR-FDA coherence length data indicate a high degree

of spatial coherence in agreement with previous prediction

(Singer et al., 2008; Vartanyants et al., 2011). The ratio between

the visibility of a point source and that of the SACLA XFEL is

obtained as high as 75%, where 100% would indicate a totally

planar wavefront. A similar value (79%) has been found

by Lehmkuhler et al. (2014) by analyzing small-angle X-ray

scattering speckle patterns from colloidal dispersions. Other

FELs have been reported to have a coherence degree of 75%

(Singer et al., 2012). The Rayleigh length has been calculated

as 48 m. The evaluation of the X-ray beam realised in SACLA

by Kayser et al. (2016) demonstrated a measured Rayleigh

length shorter than 80 m. The obtained value of the beam

quality parameter M 2 in SACLA was 1.65. A similar value

(1.6) was found by Lehmkühler et al. (2014).
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Jönsson, O., Odić, D., Iwan, B., Rocker, A., Westphal, D., Hantke,
M., DePonte, D. P., Barty, A., Schulz, J., Gumprecht, L., Coppola,
N., Aquila, A., Liang, M., White, T. A., Martin, A., Caleman, C.,
Stern, S., Abergel, C., Seltzer, V., Claverie, J., Bostedt, C., Bozek,
J. D., Boutet, S., Miahnahri, A. A., Messerschmidt, M., Krzywinski,
J., Williams, G., Hodgson, K. O., Bogan, M. J., Hampton, C. Y.,
Sierra, R. G., Starodub, D., Andersson, I., Bajt, S., Barthelmess, M.,
Spence, J. C. H., Fromme, P., Weierstall, U., Kirian, R., Hunter, M.,
Doak, R. B., Marchesini, S., Hau-Riege, S. P., Frank, M., Shoeman,
R. L., Lomb, L., Epp, S. W., Hartmann, R., Rolles, D., Rudenko, A.,
Schmidt, C., Foucar, L., Kimmel, N., Holl, P., Rudek, B., Erk, B.,
Hömke, A., Reich, C., Pietschner, D., Weidenspointner, G., Strüder,
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Schröter, C., Krasniqi, F., Bott, M., Schorb, S., Rupp, D., Adolph,
M., Gorkhover, T., Hirsemann, H., Potdevin, G., Graafsma, H.,
Nilsson, B., Chapman, H. N. & Hajdu, J. (2011). Nature (London),
470, 78–81.

Singer, A., Sorgenfrei, F., Mancuso, A., Gerasimova, N., Yefanov, O.,
Gulden, J., Gorniak, T., Senkbeil, T., Sakdinawat, A., Liu, Y.,
Attwood, D., Dziarzhytski, S., Mai, D. D., Treusch, R., Weckert, E.,
Salditt, T., Rosenhahn, A., Wurth, W. & Vartanyants, I. A. (2012).
Opt. Express, 20, 17480–17495.

Singer, A., Vartanyants, I., Kuhlmann, M., Duesterer, S., Treusch, R.
& Feldhaus, J. (2008). Phys. Rev. Lett. 101, 254801.

Tono, K., Inubushi, Y., Sato, T., Togashi, T., Ohashi, H., Kimura, H.,
Takahashi, S., Takeshita, K., Tomizawa, H., Goto, S. & Yabashi, M.
(2013a). J. Phys. Conf. Ser. 425, 072006.

Tono, K., Togashi, T., Inubushi, Y., Sato, T., Katayama, T., Ogawa, K.,
Ohashi, H., Kimura, H., Takahashi, S., Takeshita, K., Tomizawa, H.,
Goto, S., Ishikawa, T. & Yabashi, M. (2013b). New J. Phys. 15,
083035.

Vartanyants, I., Singer, A., Mancuso, A., Yefanov, O., Sakdinawat, A.,
Liu, Y., Bang, E., Williams, G. J., Cadenazzi, G., Abbey, B., Sinn, H.,
Attwood, D., Nugent, K. A., Weckert, E., Wang, T., Zhu, D., Wu, B.,
Graves, C., Scherz, A., Turner, J. J., Schlotter, W. F., Messerschmidt,
M., Lüning, J., Acremann, Y., Heimann, P., Mancini, D. C., Joshi, V.,
Krzywinski, J., Soufli, R., Fernandez-Perea, M., Hau-Riege, S.,
Peele, A. G., Feng, Y., Krupin, O., Moeller, S. & Wurth, W. (2011).
Phys. Rev. Lett. 107, 144801.

Yang, J., Fan, D., Wang, S. & Gu, Y. (2000). J. Opt. Soc. Am. A, 17,
790–793.

research papers

204 M. Ruiz-Lopez et al. � Coherent X-ray beam metrology J. Synchrotron Rad. (2017). 24, 196–204

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB35
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB35
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB36
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB36
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB36
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB37
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB37
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB37
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB37
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB39
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mo5148&bbid=BB39

