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Wavelength normalization is an essential part of processing of Laue X-ray diffraction data and is
critically important for deriving accurate structure-factor amplitudes. The results of wavelength
normalization for Laue data obtained in nanosecond time-resolved experiments at the ID09
beamline at the European Synchrotron Radiation Facility, Grenoble, France, are presented. Several
wiggler and undulator insertion devices with complex spectra were used. The results show that even
in the most challenging cases, such as wiggler/undulator tandems or single-line undulators, accurate
wavelength normalization does not require unusually redundant Laue data and can be accomplished
using typical Laue data sets. Single-line undulator spectra derived from Laue data compare well with
the measured incident X-ray spectra. Successful wavelength normalization of the undulator data was
also con®rmed by the observed signal in nanosecond time-resolved experiments. Single-line
undulators, which are attractive for time-resolved experiments due to their high peak intensity and
low polychromatic background, are compared with wigglers, based on data obtained on the same
crystal.
Keywords: Laue X-ray diffraction; wavelength normalization; insertion devices.

1. Introduction
1.1. Laue experiments and choice of insertion device

The Laue X-ray diffraction technique facilitates rapid
data collection by taking advantage of polychromatic X-ray
sources. The exposure times are reduced by three to four
orders of magnitude as compared with the conventional
monochromatic diffraction technique (Moffat, 1997).
Exposure times as short as 150 ps are suf®cient when using
high-brilliance X-ray sources such as insertion devices at
third-generation synchrotron sources (Szebenyi et al., 1992;
Bourgeois et al., 1996). The exciting prospect of investigating fast structural changes in biological macromolecules
materialized in the ®rst nanosecond time-resolved Laue
X-ray diffraction studies of photosensitive proteins (SÆrajer
et al., 1996; Perman et al., 1998).
In order to conduct successful Laue experiments it is
important to consider spectral properties of the X-ray
radiation delivered to the sample. The minimum and
maximum wavelengths at which signi®cant intensity is
present are denoted min and max, respectively. They
de®ne the spectral bandpass of the source, max ÿ min.
# 2000 International Union of Crystallography
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Advances in Laue data processing during the last decade
(Campbell & Hao, 1993; Ren & Moffat, 1995a,b; Bourenkov et al., 1996; Bourgeois et al., 1998; Clifton et al., 1997)
addressed and resolved the energy and spatial overlap
problems, traditionally considered problems serious
enough to limit the use of the technique. This signi®cantly
improved the quality and completeness of Laue data
collected using more standard broad-bandpass sources such
as bending magnets and wigglers, and led to a wider use of
the Laue technique (Ren & Moffat, 1995a,b; SÆrajer et al.,
1996; Perman et al., 1998; Yang et al., 1998; Ravelli et al.,
1999; Nieh et al., 1999; Ren et al., 1999). Sources with a
relatively narrow spectral bandpass, such as single-line
undulators, reduce harmonic and spatial overlaps as well as
the polychromatic background in typically crowded Laue
patterns (Moffat et al., 1984; Bartunik & Borchert, 1989;
Bartunik et al., 1992; Moffat, 1997; Ren et al., 1999). An
improved signal-to-noise ratio is expected to result from
their use.
The results we present here address the choice of the
X-ray source for Laue experiments. Can we derive satisfactory structure-factor amplitudes when the X-ray specJournal of Synchrotron Radiation
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trum is complex, with sharply varying features as in the case
of wigglers and undulators? Can we derive satisfactory
structure-factor amplitudes from the data collected using
single-line undulators where the intensity variations with
wavelength are extreme and the spectral bandpass is very
narrow? Are single-line undulators better for Laue
experiments than wigglers due to a reduced background
and, consequently, enhanced signal-to-noise ratio?
1.2. Wavelength normalization in Laue data processing

In a Laue diffraction experiment each measurement of
the intensity of a Laue spot must be corrected by a number
of factors to enable the structure-factor amplitude to be
obtained (Ren & Moffat, 1995a). One such factor contains
all wavelength-dependent effects and is known as the
wavelength-normalization curve or -curve. This factor
includes variation of the incident X-ray intensity with
wavelength, diffraction ef®ciency, the overall absorption
correction including the absorption by the crystal and the
mount, and the wavelength-dependent response of the
detector.
The most accurate and most reliable method for wavelength normalization uses Laue data. Intensities of
symmetry-related re¯ections stimulated by different
wavelengths are compared to derive the -curve (Campbell
et al., 1986; Helliwell et al., 1989; Ren & Moffat, 1995a,b).
Chebyshev polynomials are used to model the curve
accurately (Smith Temple, 1989; Ren & Moffat, 1995a; Arzt
et al., 1999).
Challenging tests for the wavelength normalization are
presented by spectra with very sharp intensity variation as a
function of wavelength. This is the case when the absorption edges from mirrors or detectors are present or when

Figure 1

Measured spectra of insertion devices W70 (20.1 mm), U46
(16.4 mm), U26 (17 mm) and U20 (16.3 mm) at the ID09 beamline
(ESRF, Grenoble, France). Spectra are measured by scanning the
monochromator and measuring intensity through a 0.2 mm 
0.2 mm pinhole at the sample position by a PIN diode. Spectra are
corrected for the wavelength response of the diode used for
intensity measurements.
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wigglers and undulators are used as X-ray sources. The
Chebyshev polynomial method handles the problem of
sharp spectral features by increasing the degree of the
polynomial. A compromise is necessary to accurately
account for sharp features but to avoid ®tting the noise with
higher-order polynomials. The method has been already
used to model X-ray spectra containing absorption edges.
The Pt edges (LI, LII and LIII) arising from the focusing
mirror at beamline X26C (NSLS, Brookhaven National
Laboratory) were successfully modeled by a 64-degree
Chebyshev polynomial (Ren & Moffat, 1995a; Yang et al.,
1998). The method was also applied to analyze the ®rst
Laue patterns recorded with a 120 ps exposure using an
undulator X-ray source (Szebenyi et al., 1992). The -curve
was derived from ®ve images using a 300-degree Chebyshev
polynomial. The curve parallels the ratio of Laue intensities
(corrected for all factors except wavelength dependence)
and the corresponding monochromatic intensities [see
Fig. 3 of Szebenyi et al. (1992)].
We report further evidence of the ability of the Chebyshev polynomial method to derive sharply varying -curves
from Laue data collected using wiggler and undulator
sources. We also assess, to a limited degree, the relative
merits of wiggler and undulator sources. Laue data from
both sources yielded structure-factor amplitudes of accuracy comparable with those from monochromatic data, and
capable of revealing small structural changes in nanosecond time-resolved experiments.

2. Experimental methods
The data were obtained during nanosecond time-resolved
experiments conducted at the ID09 beamline at the
European Synchrotron Radiation Source (ESRF) in
Grenoble, France. The beamline accommodates up to three
insertion devices that can be used independently or
combined (Wulff et al., 1997). The insertion devices include
two wigglers (or wundulators), U46 (46 mm period, 71
poles, Ef = 1.60 keV, K = 2.72) and W70 (70 mm period, 43
poles, Ecrit = 20 keV, K = 5.40), as well as two single-line
undulators, U26 (26 mm period, 129 poles, Ef = 11.02 keV,
K = 0.65) and U20 (20 mm period, 162 poles, Ef =
16.70 keV, K = 0.27). This beamline is designed for timeresolved experiments in macromolecular crystallography
and liquids, and high-pressure experiments (Wulff et al.,
1997). For time-resolved experiments the white beam is
focused by a Pt-coated toroidal mirror and delivered to the
experimental station with an energy range of 5±38 keV.
Directly measured X-ray spectra incident at the sample for
W70, U46, U26 and U20 are shown in Fig. 1.
The experimental protocol and the data-collection
method are described by Bourgeois et al. (1996). Data were
collected using carbonmonoxy myoglobin (MbCO) crystals,
space group P21, and photoactive yellow protein (PYP)
crystals, space group P63. The data were collected using
single- and super-bunch modes of the ESRF storage ring. In
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Table 1

Data-collection parameters and data-reduction statistics for W70
and U26.
Crystal type
Exposure time
Number of exposures per frame
Number of frames per data set
Angular increment

W70

U26

PYP
1 ms
4
32
2

PYP
1 ms
2
60
1

85617
8432
10.1
12.4
4.7

53943
3960
13.6
12.3
5.2

Singles
Observations²
Unique re¯ections
Overall redundancy
Rmerge(F 2) (%)³
Rmerge(|F |) (%)§
Intensity
28±68
68±161
161±382
382±909
909±2161
2161±5136
5136±12207
12207±29015
Ê)
Resolution range (A
100±3.60
3.60±2.86
2.86±2.50
2.50±2.27
2.27±2.10
2.10±1.98
1.98±1.88
1.88±1.80

Rmerge(|F |) (%)
26.6
17.9
11.6
7.8
4.4
2.7
2.0
1.6

16.2
11.4
7.9
5.6
4.0
3.2
2.9
3.1

Completeness (%)/Rmerge(|F |) (%)
70.0/2.8
89.9/4.6
92.4/8.0
93.7/10.3
93.3/11.8
91.2/12.7
85.0/13.7
80.8/13.5

87.8/4.4
97.6/6.1
87.4/8.6
49.7/9.9
1.8/12.1
±
±
±

Singles and multiples combined
Unique re¯ections}

9044

Resolution range

Completeness (%)

100±3.60
3.60±2.86
2.86±2.50
2.50±2.27
2.27±2.10
2.10±1.98
1.98±1.88
1.88±1.80

91.6
96.3
97.1
96.0
95.4
93.9
89.1
84.6

4081

96.0
98.5
87.5
49.8
1.8
±
±
±

² Observation with I/ I > 0.5, where I is the intensity of the observed re¯ection from
Ê
a pro®le ®t and  I is the residual from the ®t. All data were integrated to 1.8 A
resolution. ³ Rmerge(F 2) (%) = w|hF 2i ÿ F 2|/wF 2, where F 2 is the square of the
structure-factor amplitude of an observed re¯ection, calculated by scaling the
measured intensity by a generalized scale factor, hF 2i is the average of F 2 from
multiple observations and w = 1/ 2(F 2) is the weight (Ren & Moffat,
1995a). § Rmerge(|F |) (%) = w|h|F |i ÿ |F ||/w|F |, where |F | is the structurefactor amplitude and h|F |i is the average amplitude from multiple observations. } Unique re¯ections with F/ F > 2, where  F is the r.m.s. deviation determined
from merging of structure amplitudes.

the single-bunch mode the duration of the X-ray pulse is
150 ps. In order to improve the signal-to-noise ratio, each
image was derived from 10±30 exposures to single X-ray
pulses prior to detector readout. In the super-bunch mode
the X-ray pulse duration is 1 ms and exposures to 1±4
pulses per frame were typical. We used the following

Table 2

Data-collection parameters and data-reduction statistics for U20.
Crystal type
Exposure time
Number of exposures per frame
Number of frames per data set
Angular increment

MbCO
150 ps
10
90
2

Singles
Observations²
Unique re¯ections
Overall redundancy
Rmerge(F 2) (%)³
Rmerge(|F |) (%)§

18336
7923
2.3
8.3
3.5

Intensity
22±72
72±239
239±792
792±2623
2623±8682
8682±28737
28737±95119
95119±314838

Rmerge(|F |) (%)
13.1
9.7
6.3
3.9
2.4
2.0
2.3
2.6

Ê)
Resolution range (A
100±3.60
3.60±2.86
2.86±2.50
2.50±2.27
2.27±2.10
2.10±1.98
1.98±1.88
1.88±1.80

Completeness (%)/Rmerge(|F |) (%)
94.6/2.9
92.7/3.4
83.9/4.6
74.7/5.1
60.1/6.2
48.8/7.4
32.7/8.1
25.0/8.9

Singles and multiples combined
Unique re¯ections}

8021

Resolution range
100±3.60
3.60±2.86
2.86±2.50
2.50±2.27
2.27±2.10
2.10±1.98
1.98±1.88
1.88±1.80

Completeness (%)
96.3
94.4
85.9
75.0
60.1
48.8
32.7
25.0

² Observation with I/ I > 0.5, where I is the intensity of the observed re¯ection from
Ê
a pro®le ®t and  I is the residual from the ®t. All data were integrated to 1.8 A
resolution. ³ Rmerge(F 2) (%) = w|hF 2i ÿ F 2|/wF 2, where F 2 is the square of the
structure-factor amplitude of an observed re¯ection, calculated by scaling the
measured intensity by a generalized scale factor, hF 2i is the average of F 2 from
multiple observations and w = 1/ 2(F 2) is the weight (Ren & Moffat,
1995a). § Rmerge(|F |) (%) = w|h|F |i ÿ |F ||/w|F |, where |F | is the structurefactor amplitude and h|F |i is the average amplitude from multiple observations. } Unique re¯ections with F/ F > 2, where  F is the r.m.s. deviation determined
from merging of structure amplitudes.

insertion devices and their combinations: W70, W70 + U46
tandem, U26 and U20.
The number of frames needed for a complete Laue data
set is determined by the angular increment ' between the
consecutive spindle angles that is necessary to cover the
reciprocal space at a resolution d (Ren et al., 1999),
'  sinÿ1 max =2d  ÿ sinÿ1 min =2d :
It is evident from the expression above that a large angular
increment in crystal orientation reduces completeness
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much more at low resolution than at high resolution
(Moffat, 1997; Ren et al., 1999). With the W70 wiggler or
with the U46 + W70 tandem, a typical MbCO data set
consisted of about 40±45 frames, where crystals were
rotated through 180 with a 4±5 angular increment. For
PYP crystals, about 30 frames were typically collected
during 60 crystal rotation with a 2 angular increment. The
narrow-bandpass undulators U26 and U20 required smaller
angular increments. For example, an increment of 1 is
Ê resolution with U20.
needed to collect data complete at 4 A
This requires at least 180 frames for Mb crystals and 60
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frames for PYP crystals. In order to improve redundancy
and completeness of the data, we collected data with a 0.5
angular increment in some cases. The large number of
frames per data set increases fourfold the total elapsed time
for data-set collection. This makes a signi®cant difference,
between 1.5 and 6 h in the case of Mb data collection, for
example.
Data were processed using LaueView software (Ren &
Moffat, 1995a,b). We stress again that the -curve derived
from the data by LaueView includes all wavelengthdependent effects. The crystal absorption is not treated
separately and the -curve derived for different size crystals will differ due to the difference in absorption. Examples of typical data-collection information and datareduction statistics for W70, U26 and U20 data are given in
Tables 1 and 2.
The -curve was not always derived from one complete
data set. In some cases it was derived by scaling together
more than one data set collected under similar experimental conditions, using the same crystal. For example, an
MbCO photoproduct data set (Mb*), where the crystal was
illuminated by a short laser pulse prior to each X-ray pulse,
and the corresponding MbCO data set collected on the
same crystal, were typically scaled together. In the case of
undulator data sets that consist of more than 100 frames, we
used only part of the data set to derive the -curve. This is
partly due to the fact that the derivation does not require a
complete data set. In fact, a -curve can be determined
quite reliably from only a few frames (see x3). This holds
even for undulator spectra where high-degree Chebyshev
polynomials have to be used and a large number of
observations are needed to determine all the polynomial

Figure 2

(a) The W70 + U46 wavelength-normalization curve modeled by
an increasing number of Chebyshev terms: 8, 16, 32 and 64, to
account for the U46 features in the W70 + U46 spectrum. Two
myoglobin data sets are scaled together to derive the curve (145 ns
photoproduct Mb* and MbCO, 49 frames each, 4 angular
increment). (b) Plot of the error function F 2 ÿ hF 2 i=hF 2 i versus
wavelength (Ren & Moffat, 1995a). An increased number of
Chebyshev terms improves modeling of U46 features in the W70 +
U46 spectrum and results in reducing the residual error function
ripples.

Figure 3

Reproducibility of the wavelength normalization for the W70 +
U46 tandem. MbCO data from three different crystals are used.
The -curves are modeled with 128 Chebyshev terms. Undulator
ripples are reproduced in position and amplitude. Two curves,
which agree well with each other (black and green), are from data
collected on crystals of the same size (0.45 mm  0.45 mm 
0.1 mm), while the third one (red) is derived from data collected
using a larger crystal (0.60 mm  0.30 mm  0.15 mm).
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coef®cients. A minor technicality also prevented us from
using complete undulator data sets: the present LaueView
processing software is limited to scaling of 100 individual
frames.
3. Results and discussion
3.1. Wavelength normalization for W70 + U46 data

In order to boost the X-ray ¯ux for nanosecond timeresolved experiments, we often used two insertion devices,
W70 and U46, in series. The wavelength-normalization
curve for this tandem, derived from MbCO data, is shown
in Fig. 2(a). The W70 + U46 curve is modeled by Chebyshev
polynomials of a progressively increased degree, from eight
to 64 polynomial terms. The increased number of polynomial terms clearly reveals small ripples in the spectrum.
Are they real? This can be judged from the so-called `error'
plots (Ren & Moffat, 1995a) shown in Fig. 2(b). When the
`error' F 2 ÿ hF 2 i=hF 2 i (Ren & Moffat, 1995a) is plotted
against wavelength, it reveals that an increase of Chebyshev terms from eight to 64 leads to an increasingly
smoother and more horizontal plot. Any residual
systematic deviation from the horizontal line centered at
zero indicates that wavelength normalization is not
completed. As the number of Chebyshev terms is increased
further, artifactual small-amplitude ripples will appear in
the truly smooth parts of the spectrum while continuing to
improve the ®t to features sharply varying with wavelength.
In that case a further increase in number of terms may not
further improve the overall wavelength-normalization
curve. To model the U46 ripples present in the W70 + U46

tandem spectrum, 64 Chebyshev terms appear to be suf®cient.
Reproducibility of the wavelength normalization can be
tested by comparing the -curves from data collected on
several crystals under the same experimental conditions.
The results are illustrated in Fig. 3. The U46 ripples in the
W70 + U46 spectrum are reproduced in position and
amplitude in all three spectra shown. The two spectra that
agree very well (black and green lines) resulted from data
collected on crystals of similar size. The third spectrum (red
line) is derived from data collected using a somewhat larger
crystal. This spectrum deviates from the other two spectra
at longer wavelengths. The deviation is attributed to
difference in absorption by the crystal and its mount. The
spectrum is in a good agreement with the other two spectra
when the absorption-correction factor exp(A ÿ C3 +
D4), appropriate for a spherical crystal (Ren & Moffat,
1995a), is applied.
3.2. Wavelength normalization for U26 data

The wavelength-normalization curve derived for the
single-line undulator U26 (17 mm gap) is shown in
Fig. 4(a). Data-collection parameters and data-reduction
statistics are given in Table 1. The U26 -curve is modeled
with 64, 128 and 256 Chebyshev terms. Increasing the
number of terms from 128 to 256 did not improve the
modeling. The error plot in Fig. 4(b) shows no indication of
large systematic features at the edges, con®rming that
modeling with 128 terms is satisfactory. The
F 2 ÿ hF 2 i=hF 2 i residual is ¯at. It is compressed in the
regions of high relative incident intensities while a large
random scatter is present as expected in the regions of low
intensities. Such observations are rejected prior to merging
of the data.
To examine the redundancy of the Laue data needed to
derive the U26 -curve, we used one frame and ®ve
consecutive frames (1 apart) to derive the curve. The oneframe spectrum modeled with 32 Chebyshev terms is shown

Figure 4

(a) The U26 wavelength-normalization curve derived from PYP
data (60 frames, 1 angular increment; one half of the complete
data set collected). Differences in the -curve as modeled with 64,
128 and 256 Chebyshev terms are shown. (b) The error function
F 2 ÿ hF 2 i=hF 2 i plot for the -curve modeled with 256 Chebyshev terms. Large scatter is present in the areas of low intensity
but no signi®cant systematic features are present near the edges.

Figure 5

U26 -curve derived from one PYP frame with 32 and 64
Chebyshev terms.
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in Fig. 5. It already models the fundamental and secondharmonic peaks with roughly the correct shape and intensity ratio of the two peaks although only 282 observations
could be used for wavelength normalization in this case.
However, such a low number of observations does not
permit a further increase in the number of Chebyshev
terms to improve modeling of the sharp edges since this
introduced artifactual ripples in the spectrum. When ®ve
frames are combined (4941 observations), modeling of the
-curve with 128 terms is possible and is already very
satisfactory: the -curve agrees well with that derived from

Figure 6
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the complete data set (Fig. 4) with only minor smallamplitude arti®cial ripples. It is therefore not necessary to
use an entire data set to derive the wavelength-normalization curve, even in the case of undulator spectra where a
high number of Chebyshev terms has to be used to model
the sharp rising edges in the spectra. This, of course, is the
case only if the absorption by the sample (included in the curve as derived by LaueView) is small and does not vary
substantially with crystal orientation. Otherwise, the
wavelength normalization derived from part of the data
may vary from that derived from the entire data.

Laue diffraction images for the same PYP crystal collected using U26 and W70 insertion devices. Crystal orientation is not identical but it
is very similar. The W70 image is displayed on an intensity scale that is ten times the scale of the U26 image for an easier visual
comparison. The surface plots represent the same region of the image (the region is enclosed by the box) in two cases, illustrating the
background noise in relation to the diffraction spot intensities. The background level within the dashed box is 40 counts pixelÿ1 for U26
and 580 counts pixelÿ1 for W70. The peak-to-background ratio for the strongest re¯ection in this box is 34 for U26 and 10 for W70.
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The second harmonic of the U26 undulator contributes a
very substantial amount of data: about 50% of all measured
observations and about 150 unique single re¯ections,
mainly at low resolution. Since the data stimulated by the
fundamental peak are quite complete by themselves, the
main contribution of the second harmonic is to double the
overall redundancy of the data. In the case of single-line
undulators, no large contribution of harmonic overlaps is
expected due to the narrow bandpass. The presence of the
second harmonic in this case, however, signi®cantly
improves the data completeness at low resolution by
harmonic overlap deconvolution: from 80.1% to 94.0% in
Ê.
the resolution range 100 ± 4.4 A
The same PYP crystal used for the U26 data was also
used to collect a W70 data set. Data-collection parameters
and data-reduction statistics for these data sets are given in
Table 1. Two images for an almost identical crystal orientation, one collected with U26 and the other with W70, are
shown in Fig. 6. The background recorded at the edge of
the detector is 16 times lower for U26: 5 counts pixelÿ1
for U26 and 80 counts pixelÿ1 for W70. The total exposure time per frame was two times longer for W70 so that
the true background ratio is about eight. Both W70 and
U26 data were collected with the same crystal-to-detector
distance (125 mm). This unfortunately limited the resoluÊ in the case of the quasition of the collected data to 2.2 A
Ê and a
monochromatic U26, with the fundamental at 1.1 A
detector size of 140 mm. The second harmonic, with its
higher energy but weaker intensity, did not stimulate
Ê resolution. In contrast, the W70
re¯ections beyond 2.8 A
Ê.
data are quite complete to 1.8 A
Similar data-rejection criteria were applied during
scaling and before merging of data for both data sets. The
value of Rmerge for both sets is similar: 5.2% for U26 and
4.7% for W70 (Table 1). The overall redundancy is high for
both: 13.6 for U26 and 10.1 for W70. This overall comparison is not completely appropriate since the W70 data
Ê but the U26 data extend to
extend to a resolution of 1.8 A
Ê
only 2.2 A resolution. If data for W70 are restricted to
Ê , the value of Rmerge is 4.3%. Rmerge shows some
2.2 A
improvement at low integrated intensities and at higher
resolution for the U26 data compared with W70. One
would expect this trend, as a bene®t of the very low
background and resulting improvement of the signal-tonoise ratio for each Laue spot. At low resolution and higher
integrated intensities, however, Rmerge is somewhat larger
for the U26 data than for the W70 data. In fact, for U26 the
value of Rmerge unexpectedly increases with intensity at the
highest intensities. The trend is also evident from the
F 2 ÿ hF 2 i=hF 2 i versus resolution plot shown in Fig. 7
Ê is much
where a scatter in F 2 ÿ hF 2 i=hF 2 i below 3 A
more prominent for U26. This low-resolution behavior is
partly due to a large number of re¯ections in this resolution
range that are stimulated by low-intensity wings of the
second harmonic (and some by the fundamental).
However, this behavior may also arise from dif®culties in
recording fully integrated intensities at low resolution when

insertion devices with a narrow bandpass, such as U26, are
used (Ren et al., 1999). It is estimated (Ren et al., 2000) that
Ê are fully recorded with the
only 30% of re¯ections at 3 A
U26 fundamental for crystals with mosaicity of 0.5 (beam

Figure 7

Plot of F 2 ÿ hF 2 i=hF 2 i versus resolution for U26 and W70. The
scatter in F 2 ÿ hF 2 i=hF 2 i at low resolution is much higher in
the case of U26. All the re¯ections are treated as fully recorded in
both cases.

Figure 8

Ê
Mb* (3.5 ns) ÿ MbCO difference electron density map at 2.3 A
resolution from U26 data. The map is contoured at 3. Positive
density is shown in blue and negative density is shown in red.
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divergence is not taken into account). The correlation plot
of F/ F for the two data sets (not shown) indicates no
improvement in the F/ F ratio for the U26 data.
Another demonstration of the quality of data collected
with U26 is the time-resolved Laue data collected on
MbCO crystals. We collected two data sets in the singlebunch mode: one corresponding to MbCO and another
corresponding to its photoproduct, Mb*, at 3.5 ns. Photolysis is achieved by illuminating the MbCO crystals by 10 ns
laser pulses at 630 nm prior to each X-ray exposure (SÆrajer
et al., 1996). The wavelength of the U26 fundamental peak
and the crystal-to-detector distance again limited the
Ê . The resulting
resolution of the data collected to 2.3 A
Ê resolution is
difference electron density map at 2.3 A
shown in Fig. 8. The loss of the CO ligand due to photolysis
is clearly observed (the red feature at the bound-CO
location with the peak value of ÿ4.7, where  is the r.m.s.
value of the difference electron density in the asymmetric
unit). This interpretable difference map from the nanosecond time-resolved Laue experiment testi®es to the
quality of the single-bunch Laue data collected using the
U26 undulator and to the success of the data processing
using the LaueView software package.
3.3. Wavelength normalization for U20 data

The ®nal insertion device we tested for Laue data
collection was the single-line undulator U20 (16.8 mm gap).
The wavelength-normalization curve that corresponds to
this device (Fig. 9a) was derived from an MbCO data set
(Table 2) and is modeled with 128 Chebyshev terms. The
corresponding error plot (Fig. 9b) shows a large scatter in
the areas of low relative intensity but no signi®cant
systematic features warrant a further increase in the
number of Chebyshev terms. Owing to the narrow bandpass of the X-ray source, most observations are singles. The
harmonic deconvolution therefore only marginally
improves the completeness of the data at low resolution in
Ê resolution
this case, from 93.4% to 94.7% in the 30±4.4 A
range. Similar to the U26 data set, the value of Rmerge
increases rather than decreasing at higher integrated
intensities.
The directly measured incident X-ray spectrum for U20
is also shown in Fig. 9(a) for comparison. The spectra are in
a good agreement. The differences are attributed to
absorption by the crystal and its mount and to other small
differences between the exact experimental conditions for
the two measurements.

4. Conclusions
Spectral characteristics of synchrotron insertion devices,
such as bandpass and spectrum shape, are important for the
choice of source for Laue experiments. The choice has been
limited in practice by the capabilities of the software for
Laue data processing. Owing to the harmonic and spatial
overlap problems in data processing, narrower bandpass
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sources were originally considered preferable (Moffat et al.,
1984; Bartunik & Borchert, 1989; Bartunik et al., 1992).
Handling the sharp spectral features in narrow-bandpass
spectra was, however, a problem. Very narrow bandpass
sources, such as undulators, are attractive since they typically offer higher peak incident intensities and lower
polychromatic background in Laue images than broadbandpass wigglers.
Building on the initial successes of the Chebyshev
polynomial method in wavelength normalization with an
undulator source (Smith Temple, 1989; Szebenyi et al.,
1992), we present here further evidence that this method is
powerful and successful in modeling complex wiggler and
single-line undulator spectra.
Our limited direct comparison of Laue data collected on
the same crystal by both wiggler W70 and undulator U26
did not reveal a clear advantage of one insertion device
over the other. The data are very comparable in quality up
Ê resolution, the limit to which data could have been
to 2.2 A
compared. To answer the broader question of whether
wigglers or single-line undulators are better suited for Laue
data collection, a more comprehensive comparison is
needed. A better comparison would be between the U20
undulator and the W70 wiggler, for example. The second
harmonic of the U20 undulator is rejected by the mirror
and the polychromatic background is therefore even
further suppressed owing to its narrower bandpass. Also,
data has to be collected to higher resolution than in our
example since the major bene®ts of improved signal-tonoise ratio are expected for very weak observations at high

Figure 9

(a) U20 wavelength-normalization curve derived from MbCO
data (90 frames, 2 angular increment; half of the complete data
set used). The -curve is modeled with 128 Chebyshev terms. The
measured U20 spectrum is shown for comparison (dashed line).
(b) The error function F 2 ÿ hF 2 i=hF 2 i plot for the -curve
modeled with 128 Chebyshev terms. No signi®cant systematic
features near the edge are present.
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resolution. The low-resolution re¯ections also need to be
carefully compared to assess the problem of partials when
narrow-bandpass insertion devices are used for Laue
measurements. An apparent and important disadvantage of
the undulators as compared with wigglers is the large
number of frames needed for a complete Laue data set.
This becomes important when radiation damage is of
concern. It may require several crystals to complete a data
set and this will introduce additional errors due to scaling
and merging of Laue data from different crystals. In timeresolved Laue experiments where laser pulses are used to
initiate structural changes, the crystal is also damaged by a
large number of laser pulses. In the case of irreversible
systems, each X-ray exposure may require a new crystal.
Clearly, in both cases a small number of frames is desirable.
Another concern associated with undulator sources is the
dif®culty in recording full integrated intensities at low
resolution when the bandpass of the source is very narrow
(Ren et al., 1999). Finally, the increased total elapsed time
for the experiment is a serious concern for experiments
conducted under severe time constraints at synchrotron
facilities.
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