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Reflection d-spacing and lattice parameters 
The d-spacing for a reflection, h=(h,k,l), is given by the standard expression 
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The refined coefficients for a powder diffraction pattern are the reciprocal metric tensor 
elements A-F, as allowed by symmetry. Editing of lattice parameters is done by 
EDTLAT and input, output and calculations in GENLES are done by CELLINP, 
CELLOUT, CELLESD and CELLCAL. 

Profile peak shape function 
The contribution a given reflection makes to the total profile intensity depends on the 
shape function for that reflection profile, its width coefficients and the displacement of 
the peak from the profile position. The locations of the peak are given in microseconds of 
TOF, centidegrees 2Θ or keV. Discussion of these values is given first followed by 
details of the peak shape functions presently installed in GSAS. 

Neutron time of flight 
For a neutron time-of-flight powder diffractometer the relationship between the d-spacing 
for a particular powder line and its TOF is 

Tph = DIFC dp + DIFA d2
p + ZERO. 

The three parameters DIFC, DIFA and ZERO are characteristic of a given counter bank 
on a TOF powder diffractometer. The values of these constants as used in GSAS yield 
TOF in µsec. DIFC may be calculated with good precision from the flight paths, 
diffraction angle, and counter tube height by use of the de Broglie equation. 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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The refined coefficients for a powder diffraction pattern are the reciprocal metric tensor 
elements A-F, as allowed by symmetry. Editing of lattice parameters is done by 
EDTLAT and input, output and calculations in GENLES are done by CELLINP, 
CELLOUT, CELLESD and CELLCAL. 
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the peak from the profile position. The locations of the peak are given in microseconds of 
TOF, centidegrees 2Θ or keV. Discussion of these values is given first followed by 
details of the peak shape functions presently installed in GSAS. 
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The three parameters DIFC, DIFA and ZERO are characteristic of a given counter bank 
on a TOF powder diffractometer. The values of these constants as used in GSAS yield 
TOF in µsec. DIFC may be calculated with good precision from the flight paths, 
diffraction angle, and counter tube height by use of the de Broglie equation. 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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Neutron time of flight 
For a neutron time-of-flight powder diffractometer the relationship between the d-spacing 
for a particular powder line and its TOF is 

Tph = DIFC dp + DIFA d2
p + ZERO. 

The three parameters DIFC, DIFA and ZERO are characteristic of a given counter bank 
on a TOF powder diffractometer. The values of these constants as used in GSAS yield 
TOF in µsec. DIFC may be calculated with good precision from the flight paths, 
diffraction angle, and counter tube height by use of the de Broglie equation. 









++Θ⋅= 16sin2816.252

2
32

21
LLLDIFC  

where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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elements A-F, as allowed by symmetry. Editing of lattice parameters is done by 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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The three parameters DIFC, DIFA and ZERO are characteristic of a given counter bank 
on a TOF powder diffractometer. The values of these constants as used in GSAS yield 
TOF in µsec. DIFC may be calculated with good precision from the flight paths, 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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Profile peak shape function 
The contribution a given reflection makes to the total profile intensity depends on the 
shape function for that reflection profile, its width coefficients and the displacement of 
the peak from the profile position. The locations of the peak are given in microseconds of 
TOF, centidegrees 2Θ or keV. Discussion of these values is given first followed by 
details of the peak shape functions presently installed in GSAS. 
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for a particular powder line and its TOF is 
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The three parameters DIFC, DIFA and ZERO are characteristic of a given counter bank 
on a TOF powder diffractometer. The values of these constants as used in GSAS yield 
TOF in µsec. DIFC may be calculated with good precision from the flight paths, 
diffraction angle, and counter tube height by use of the de Broglie equation. 
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where Θ is the Bragg angle, L1 is the primary flight path, L2 is sample to detector center 
distance and L3 is the height of the detector; all distances are in meters. The units of 
DIFC are then µsec/Å. These coefficients are also slightly affected by the choice of 
profile function (see below). Precise values for constants DIFC, DIFA and ZERO must 
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deviations (esd's) and the correlation matrix from a least squares fit. POWPREF uses 
this information to calculate the incident intensity and its esd for every point in a powder 
diffraction pattern. This esd is used to adjust the weight assigned to each profile point for 
the uncertainty in the calculated incident intensity.  

The 'ITYP 1' function is a sum of exponentials of TOF (T) in milliseconds or 2Θ in 
degrees. 

[ ] [ ] L+−+−+= 2
54321i TPPTPPPI expexp  

This function has a maximum of 11 coefficients.  

The 'ITYP 2' function replaces the second term in the above function with a Maxwellian 
expression; again TOF is in milliseconds. This function is not suitable for x-rays. 

[ ] [ ] L+−+−+= 2
54

2
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2
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T
P

PI expexp  

Again there is a maximum of 11 coefficients. The coefficient P3 in this function and the 
'ITYP 4' function shown below can be used to calculate an effective moderator 
temperature by 

Θ
=

−

2P
C10x3742t

3

24

sin
.  

where C is the diffractometer constant (DIFC). This temperature is usually 10-20K higher 
than the real temperature when the intensity data has not been corrected for absorption or 
detector efficiency.  

The 'ITYP 3' function is a 12 term Chebyschev polynomial of the first kind ("Handbook 
of Mathematical Functions," M. Abramowitz and I.A. Stegun, Eds., Ch. 22). 

∑
=

−=
N

1j
1jji TPI '  

where T'j-1 are the coefficients of the Chebyschev polynomial taken from Table 22.3, p 
795 of the Handbook. Each coefficient is of the form  

∑
−

=
=

1i

0m

m
mn XCT'  

and the values of Cm are listed in the Handbook. These coefficients are generated in 
subroutine IFUNADV. The TOF or 2Θ(T) is converted to X to make the Chebyschev 
polynomial orthogonal by  

X = (2/T) - 1 

Given that the usual range of TOF is 1 to 100 millisec and 2Θ is from 2° to 175° then X 
ranges from about -1 to +1 that is the orthogonal range for this function.  

The 'ITYP 4' incident intensity function has a Maxwellian term and part of the 
Chebyschev polynomial used for 'TYPE 3'. It is not used for x-rays. 

Function 1:

Function 3:               12 Chebyschev coefficients function

Function 2:
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deviations (esd's) and the correlation matrix from a least squares fit. POWPREF uses 
this information to calculate the incident intensity and its esd for every point in a powder 
diffraction pattern. This esd is used to adjust the weight assigned to each profile point for 
the uncertainty in the calculated incident intensity.  

The 'ITYP 1' function is a sum of exponentials of TOF (T) in milliseconds or 2Θ in 
degrees. 
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This function has a maximum of 11 coefficients.  

The 'ITYP 2' function replaces the second term in the above function with a Maxwellian 
expression; again TOF is in milliseconds. This function is not suitable for x-rays. 
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Again there is a maximum of 11 coefficients. The coefficient P3 in this function and the 
'ITYP 4' function shown below can be used to calculate an effective moderator 
temperature by 
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where C is the diffractometer constant (DIFC). This temperature is usually 10-20K higher 
than the real temperature when the intensity data has not been corrected for absorption or 
detector efficiency.  

The 'ITYP 3' function is a 12 term Chebyschev polynomial of the first kind ("Handbook 
of Mathematical Functions," M. Abramowitz and I.A. Stegun, Eds., Ch. 22). 
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and the values of Cm are listed in the Handbook. These coefficients are generated in 
subroutine IFUNADV. The TOF or 2Θ(T) is converted to X to make the Chebyschev 
polynomial orthogonal by  

X = (2/T) - 1 

Given that the usual range of TOF is 1 to 100 millisec and 2Θ is from 2° to 175° then X 
ranges from about -1 to +1 that is the orthogonal range for this function.  

The 'ITYP 4' incident intensity function has a Maxwellian term and part of the 
Chebyschev polynomial used for 'TYPE 3'. It is not used for x-rays. 
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Hippo layout: more banks is good!

assign weights to only one or two grid points in Euler space,
thus describing an ODF much more accurately.

2. Coordinate systems

In crystallographic texture analysis, the orientation of a crystal
is described relative to the sample frame of references by a set
of three Euler angles (Bunge & Roberts, 1969; Kocks et al.,
1998; Wenk & Van Houtte, 2004) which are three rotations
that bring the two coordinate systems to coincidence. Several
coordinate systems must be considered to correctly obtain the
set of Euler angles: consider a sample with its own coordinate
system (XsYsZs) mounted within an instrument, again with its
own coordinate system (XiYiZi). In general, for example, in
Bragg–Brentano type diffractometers where incident and
diffracted beams define the diffraction, typical axes for the
instrument coordinate system consider the beam direction, its
orthogonal direction in the diffraction plane and the normal to
the diffraction plane defining a Cartesian coordinate system.
In MAUD specifically, the Xi axis is defined along the beam
direction, pointing from the source towards the sample, the Zi

axis lies in the diffraction plane pointing at 2# = +90! and Yi is
defined such that (XiYiZi) is a right-handed orthogonal coor-
dinate system (in parentheses bold denotes an orthogonal set
of vectors). Fig. 1 below shows the instrument coordinate
system for HIPPO.

For instruments without a natural diffraction plane, i.e. in
instruments where multiple diffracted beams are detected
such as HIPPO or a 2D detector system at an X-ray beamline,
the diffraction plane can be arbitrarily chosen, and a conve-
nient choice is the plane such that the Bragg angle 2# and !
sample rotation axes are coaxial [the horizontal plane in
HIPPO or a plane correlated to the polarization plane (the

plane in which linearly polarized X-rays oscillate) in a
synchrotron beamline]. The former choice is a convention
connecting the detector geometry with the texture goni-
ometer. These considerations lead to the choices of instrument
coordinate systems as defined by Grässlin et al. (2013) for a
synchrotron diffraction instrument and Matthies et al. (2005)
for TOF neutron diffraction.

The Cartesian sample coordinate system (XsYsZs) is typi-
cally defined by processing (e.g. rolling direction, normal
direction and transverse direction for rolled metal samples) or
sample geometry (e.g. axial direction and two radial directions
for cylindrical samples) (Chateigner et al., 2019; Gilmore et al.,
2019). For texture analysis, a Cartesian crystal coordinate
system (XcYcZc) is chosen which may differ from the coor-
dinate system of the crystallographic unit cell in which the
atomic positions are defined. Definitions that MAUD follows
for the Cartesian crystal coordinate systems for different
crystal symmetries are given in Table S1 of the supporting
information, which has been adapted from Table 5.1 of
Matthies et al. (1987). In cubic, tetragonal and orthorhombic
crystal systems the unit-cell axes a, b and c correspond to
(XcYcZc). In the case of a hexagonal or trigonal (in the
hexagonal setting) crystal lattice system, the convention
prescribed in Table S1 is Xc || a, Yc = ZcXc, Zc || c (where a and
c are the corresponding unit-cell vectors in the hexagonal unit
cell, see Fig. 2). For other space groups we refer the reader to
Table S1 or Table 5.1 of Matthies et al. (1987).

Euler angle rotations are used to relate the sample to the
crystal coordinate system, thus allowing the user to describe
any crystal orientation in the sample coordinate system [see
Matthies et al. (1987) for the different definitions of Euler
angles such as Bunge or Roe/Matthies]. In MAUD, the Euler
angles are defined by the Roe/Matthies convention. To
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Figure 1
(a) Schematic of the HIPPO instrument at LANSCE. Note the location of the flange of the sample chamber (top) and the vent (right side in the 60!

detector ring) where the neutron detectors are missing. (b) Equal area projection of HIPPO detectors onto a generic (hkl independent) pole figure.
Differently from constant-wavelength texture measurements, the pole figure coverage in a neutron TOF experiment is the same for all (hkl). Note the
resulting large gap in the detector coverage from the HIPPO sample chamber flange and the missing detector panel (red circle) due to the vacuum vent
which would mirror panel No. 43 with respect to a vertical mirror plane. The correlation of the pole figure coverage plot at !s = 0!, !s = 0!, ’s = 0 with the
instrument detector layout is shown in more detail in Fig. 4.



correction, pole figures now follow the convention that Xs

points north and Ys points west. A comparison between the
pole figure coverage plots before and after this correction is
shown in Fig. 5.

4. Experimental verification for texture analysis

To verify that the results of the texture analysis are correct, a
sample with a known asymmetric orientation distribution
needs to be measured. A non-cubic single crystal, allowing the
user to relate the crystal orientation to the crystal faces, is a
suitable sample for such a test. Here, the ‘texture’ of a natural
!-quartz crystal is analyzed using MAUD version 2.996 to
demonstrate the verification process. The !-quartz crystal
structure is trigonal with the space group P3121 (space group
No. 152 in International Tables for Crystallography). The
quartz crystallographic data file (CIF) from Le Page &
Donnay (1976) was used in this study. Note that the difference
between left and right quartz cannot be resolved with
neutrons. The hexagonal lattice geometry is expressed in
diffraction peak positions whereas the trigonal symmetry is
observed in peak intensities. Fig. 6(a) shows the crystal
mounted on a HIPPO sample holder and Fig. 6(b) shows a
close-up of the crystal with {1010} planes and the c axis of the
crystal highlighted, allowing the user to identify the crystal
orientation relative to the sample holder. Fig. 6(b) shows that
the c axis of the crystal is tilted approximately 25! off the
sample holder axis (Z). The normal of the prism plane {1010}
is perpendicular to the c axis with poles of one of the three
plane pairs approximately perpendicular to the viewing
direction.

Data were collected for 2 min per rotation at rotation angles
of !i = 0, 67.5 and 90! with the HIPPO robotic sample changer
(Losko et al., 2014). The steps of the Rietveld refinement are
described in the supporting information in some detail. Here
we give a brief summary. For the MAUD refinement, 3 " 45 =
135 diffraction patterns were used following the following
strategy: (1) The background was refined using three poly-
nomial parameters for each detector at each orientation. The
HIPPO incident intensity parameter was set to a value of
0.0007 to adjust the intensities of the fit to the approximate
order of magnitude. Scale factors were also refined in this step.
(2) In the second step of the refinement, all background
parameters were fitted, an arbitrary texture was applied and
DIFC/shift parameters were fitted (defining the distance
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Figure 5
Comparison of pole figure coverage plots for HIPPO (a) before and (b) after the bug related to " was fixed in MAUD version 2.996.

Figure 6
(a) Quartz crystal mounted on a HIPPO sample holder with a prismatic
(1010) face normal pointing to the notch of the sample holder. The
sample holder is rotated by $30! around the sample holder axis such that
the notch becomes visible to the viewer. (b) Close-up of the quartz crystal
in this orientation, highlighting the (1010) faces and the c axis of the
crystal, which is misaligned by $25! with respect to the sample holder
axis. (c) MAUD pole figure coverage, instrument and sample holder
orientation corresponding to the orientation in the photograph (except
for the $30! rotation in the photograph). (d) (1010), (1011) and (0003)
pole figures extracted from the diffraction data using MAUD. (e)
Uncommon analysis using standard function main crystal orientations
observed in (d) used to investigate twinning in the (1011) pole figure. An
imperceptible improvement in the Rietveld refinement fit when including
a twin with 60! offset indicates that the twin may be an artifact of
insufficient pole coverage for single-crystal texture analysis.
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To verify that the results of the texture analysis are correct, a
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needs to be measured. A non-cubic single crystal, allowing the
user to relate the crystal orientation to the crystal faces, is a
suitable sample for such a test. Here, the ‘texture’ of a natural
!-quartz crystal is analyzed using MAUD version 2.996 to
demonstrate the verification process. The !-quartz crystal
structure is trigonal with the space group P3121 (space group
No. 152 in International Tables for Crystallography). The
quartz crystallographic data file (CIF) from Le Page &
Donnay (1976) was used in this study. Note that the difference
between left and right quartz cannot be resolved with
neutrons. The hexagonal lattice geometry is expressed in
diffraction peak positions whereas the trigonal symmetry is
observed in peak intensities. Fig. 6(a) shows the crystal
mounted on a HIPPO sample holder and Fig. 6(b) shows a
close-up of the crystal with {1010} planes and the c axis of the
crystal highlighted, allowing the user to identify the crystal
orientation relative to the sample holder. Fig. 6(b) shows that
the c axis of the crystal is tilted approximately 25! off the
sample holder axis (Z). The normal of the prism plane {1010}
is perpendicular to the c axis with poles of one of the three
plane pairs approximately perpendicular to the viewing
direction.

Data were collected for 2 min per rotation at rotation angles
of !i = 0, 67.5 and 90! with the HIPPO robotic sample changer
(Losko et al., 2014). The steps of the Rietveld refinement are
described in the supporting information in some detail. Here
we give a brief summary. For the MAUD refinement, 3 " 45 =
135 diffraction patterns were used following the following
strategy: (1) The background was refined using three poly-
nomial parameters for each detector at each orientation. The
HIPPO incident intensity parameter was set to a value of
0.0007 to adjust the intensities of the fit to the approximate
order of magnitude. Scale factors were also refined in this step.
(2) In the second step of the refinement, all background
parameters were fitted, an arbitrary texture was applied and
DIFC/shift parameters were fitted (defining the distance
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Figure 5
Comparison of pole figure coverage plots for HIPPO (a) before and (b) after the bug related to " was fixed in MAUD version 2.996.

Figure 6
(a) Quartz crystal mounted on a HIPPO sample holder with a prismatic
(1010) face normal pointing to the notch of the sample holder. The
sample holder is rotated by $30! around the sample holder axis such that
the notch becomes visible to the viewer. (b) Close-up of the quartz crystal
in this orientation, highlighting the (1010) faces and the c axis of the
crystal, which is misaligned by $25! with respect to the sample holder
axis. (c) MAUD pole figure coverage, instrument and sample holder
orientation corresponding to the orientation in the photograph (except
for the $30! rotation in the photograph). (d) (1010), (1011) and (0003)
pole figures extracted from the diffraction data using MAUD. (e)
Uncommon analysis using standard function main crystal orientations
observed in (d) used to investigate twinning in the (1011) pole figure. An
imperceptible improvement in the Rietveld refinement fit when including
a twin with 60! offset indicates that the twin may be an artifact of
insufficient pole coverage for single-crystal texture analysis.

You can measure a single crystal!
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needs to be measured. A non-cubic single crystal, allowing the
user to relate the crystal orientation to the crystal faces, is a
suitable sample for such a test. Here, the ‘texture’ of a natural
!-quartz crystal is analyzed using MAUD version 2.996 to
demonstrate the verification process. The !-quartz crystal
structure is trigonal with the space group P3121 (space group
No. 152 in International Tables for Crystallography). The
quartz crystallographic data file (CIF) from Le Page &
Donnay (1976) was used in this study. Note that the difference
between left and right quartz cannot be resolved with
neutrons. The hexagonal lattice geometry is expressed in
diffraction peak positions whereas the trigonal symmetry is
observed in peak intensities. Fig. 6(a) shows the crystal
mounted on a HIPPO sample holder and Fig. 6(b) shows a
close-up of the crystal with {1010} planes and the c axis of the
crystal highlighted, allowing the user to identify the crystal
orientation relative to the sample holder. Fig. 6(b) shows that
the c axis of the crystal is tilted approximately 25! off the
sample holder axis (Z). The normal of the prism plane {1010}
is perpendicular to the c axis with poles of one of the three
plane pairs approximately perpendicular to the viewing
direction.

Data were collected for 2 min per rotation at rotation angles
of !i = 0, 67.5 and 90! with the HIPPO robotic sample changer
(Losko et al., 2014). The steps of the Rietveld refinement are
described in the supporting information in some detail. Here
we give a brief summary. For the MAUD refinement, 3 " 45 =
135 diffraction patterns were used following the following
strategy: (1) The background was refined using three poly-
nomial parameters for each detector at each orientation. The
HIPPO incident intensity parameter was set to a value of
0.0007 to adjust the intensities of the fit to the approximate
order of magnitude. Scale factors were also refined in this step.
(2) In the second step of the refinement, all background
parameters were fitted, an arbitrary texture was applied and
DIFC/shift parameters were fitted (defining the distance
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(a) Quartz crystal mounted on a HIPPO sample holder with a prismatic
(1010) face normal pointing to the notch of the sample holder. The
sample holder is rotated by $30! around the sample holder axis such that
the notch becomes visible to the viewer. (b) Close-up of the quartz crystal
in this orientation, highlighting the (1010) faces and the c axis of the
crystal, which is misaligned by $25! with respect to the sample holder
axis. (c) MAUD pole figure coverage, instrument and sample holder
orientation corresponding to the orientation in the photograph (except
for the $30! rotation in the photograph). (d) (1010), (1011) and (0003)
pole figures extracted from the diffraction data using MAUD. (e)
Uncommon analysis using standard function main crystal orientations
observed in (d) used to investigate twinning in the (1011) pole figure. An
imperceptible improvement in the Rietveld refinement fit when including
a twin with 60! offset indicates that the twin may be an artifact of
insufficient pole coverage for single-crystal texture analysis.
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shown in Fig. 5.

4. Experimental verification for texture analysis

To verify that the results of the texture analysis are correct, a
sample with a known asymmetric orientation distribution
needs to be measured. A non-cubic single crystal, allowing the
user to relate the crystal orientation to the crystal faces, is a
suitable sample for such a test. Here, the ‘texture’ of a natural
!-quartz crystal is analyzed using MAUD version 2.996 to
demonstrate the verification process. The !-quartz crystal
structure is trigonal with the space group P3121 (space group
No. 152 in International Tables for Crystallography). The
quartz crystallographic data file (CIF) from Le Page &
Donnay (1976) was used in this study. Note that the difference
between left and right quartz cannot be resolved with
neutrons. The hexagonal lattice geometry is expressed in
diffraction peak positions whereas the trigonal symmetry is
observed in peak intensities. Fig. 6(a) shows the crystal
mounted on a HIPPO sample holder and Fig. 6(b) shows a
close-up of the crystal with {1010} planes and the c axis of the
crystal highlighted, allowing the user to identify the crystal
orientation relative to the sample holder. Fig. 6(b) shows that
the c axis of the crystal is tilted approximately 25! off the
sample holder axis (Z). The normal of the prism plane {1010}
is perpendicular to the c axis with poles of one of the three
plane pairs approximately perpendicular to the viewing
direction.

Data were collected for 2 min per rotation at rotation angles
of !i = 0, 67.5 and 90! with the HIPPO robotic sample changer
(Losko et al., 2014). The steps of the Rietveld refinement are
described in the supporting information in some detail. Here
we give a brief summary. For the MAUD refinement, 3 " 45 =
135 diffraction patterns were used following the following
strategy: (1) The background was refined using three poly-
nomial parameters for each detector at each orientation. The
HIPPO incident intensity parameter was set to a value of
0.0007 to adjust the intensities of the fit to the approximate
order of magnitude. Scale factors were also refined in this step.
(2) In the second step of the refinement, all background
parameters were fitted, an arbitrary texture was applied and
DIFC/shift parameters were fitted (defining the distance
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Figure 6
(a) Quartz crystal mounted on a HIPPO sample holder with a prismatic
(1010) face normal pointing to the notch of the sample holder. The
sample holder is rotated by $30! around the sample holder axis such that
the notch becomes visible to the viewer. (b) Close-up of the quartz crystal
in this orientation, highlighting the (1010) faces and the c axis of the
crystal, which is misaligned by $25! with respect to the sample holder
axis. (c) MAUD pole figure coverage, instrument and sample holder
orientation corresponding to the orientation in the photograph (except
for the $30! rotation in the photograph). (d) (1010), (1011) and (0003)
pole figures extracted from the diffraction data using MAUD. (e)
Uncommon analysis using standard function main crystal orientations
observed in (d) used to investigate twinning in the (1011) pole figure. An
imperceptible improvement in the Rietveld refinement fit when including
a twin with 60! offset indicates that the twin may be an artifact of
insufficient pole coverage for single-crystal texture analysis.

You can measure a single crystal!

3% twin in the 
Quartz S.C.
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structure is trigonal with the space group P3121 (space group
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Donnay (1976) was used in this study. Note that the difference
between left and right quartz cannot be resolved with
neutrons. The hexagonal lattice geometry is expressed in
diffraction peak positions whereas the trigonal symmetry is
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mounted on a HIPPO sample holder and Fig. 6(b) shows a
close-up of the crystal with {1010} planes and the c axis of the
crystal highlighted, allowing the user to identify the crystal
orientation relative to the sample holder. Fig. 6(b) shows that
the c axis of the crystal is tilted approximately 25! off the
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of !i = 0, 67.5 and 90! with the HIPPO robotic sample changer
(Losko et al., 2014). The steps of the Rietveld refinement are
described in the supporting information in some detail. Here
we give a brief summary. For the MAUD refinement, 3 " 45 =
135 diffraction patterns were used following the following
strategy: (1) The background was refined using three poly-
nomial parameters for each detector at each orientation. The
HIPPO incident intensity parameter was set to a value of
0.0007 to adjust the intensities of the fit to the approximate
order of magnitude. Scale factors were also refined in this step.
(2) In the second step of the refinement, all background
parameters were fitted, an arbitrary texture was applied and
DIFC/shift parameters were fitted (defining the distance
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sample holder is rotated by $30! around the sample holder axis such that
the notch becomes visible to the viewer. (b) Close-up of the quartz crystal
in this orientation, highlighting the (1010) faces and the c axis of the
crystal, which is misaligned by $25! with respect to the sample holder
axis. (c) MAUD pole figure coverage, instrument and sample holder
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for the $30! rotation in the photograph). (d) (1010), (1011) and (0003)
pole figures extracted from the diffraction data using MAUD. (e)
Uncommon analysis using standard function main crystal orientations
observed in (d) used to investigate twinning in the (1011) pole figure. An
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To verify that the results of the texture analysis are correct, a
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needs to be measured. A non-cubic single crystal, allowing the
user to relate the crystal orientation to the crystal faces, is a
suitable sample for such a test. Here, the ‘texture’ of a natural
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Donnay (1976) was used in this study. Note that the difference
between left and right quartz cannot be resolved with
neutrons. The hexagonal lattice geometry is expressed in
diffraction peak positions whereas the trigonal symmetry is
observed in peak intensities. Fig. 6(a) shows the crystal
mounted on a HIPPO sample holder and Fig. 6(b) shows a
close-up of the crystal with {1010} planes and the c axis of the
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orientation relative to the sample holder. Fig. 6(b) shows that
the c axis of the crystal is tilted approximately 25! off the
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is perpendicular to the c axis with poles of one of the three
plane pairs approximately perpendicular to the viewing
direction.

Data were collected for 2 min per rotation at rotation angles
of !i = 0, 67.5 and 90! with the HIPPO robotic sample changer
(Losko et al., 2014). The steps of the Rietveld refinement are
described in the supporting information in some detail. Here
we give a brief summary. For the MAUD refinement, 3 " 45 =
135 diffraction patterns were used following the following
strategy: (1) The background was refined using three poly-
nomial parameters for each detector at each orientation. The
HIPPO incident intensity parameter was set to a value of
0.0007 to adjust the intensities of the fit to the approximate
order of magnitude. Scale factors were also refined in this step.
(2) In the second step of the refinement, all background
parameters were fitted, an arbitrary texture was applied and
DIFC/shift parameters were fitted (defining the distance
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(a) Quartz crystal mounted on a HIPPO sample holder with a prismatic
(1010) face normal pointing to the notch of the sample holder. The
sample holder is rotated by $30! around the sample holder axis such that
the notch becomes visible to the viewer. (b) Close-up of the quartz crystal
in this orientation, highlighting the (1010) faces and the c axis of the
crystal, which is misaligned by $25! with respect to the sample holder
axis. (c) MAUD pole figure coverage, instrument and sample holder
orientation corresponding to the orientation in the photograph (except
for the $30! rotation in the photograph). (d) (1010), (1011) and (0003)
pole figures extracted from the diffraction data using MAUD. (e)
Uncommon analysis using standard function main crystal orientations
observed in (d) used to investigate twinning in the (1011) pole figure. An
imperceptible improvement in the Rietveld refinement fit when including
a twin with 60! offset indicates that the twin may be an artifact of
insufficient pole coverage for single-crystal texture analysis.
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LumaCam on Hippo



Diffraction data processing

• 256 x 256 pixels (camera, effective pixels depend on field of view)

• Sub-pixel resolution (that we can use)

• We need to exclude pixels on the border, camera uses larger FoV than actual 

scintillator area, and super-pixel size for binning (larger in vertical direction)

• We obtain N TOF patterns, N being the number of super-pixels

• Each super-pixel is at a different distance from sample, 2𝛩 and 𝜂 (angular 

position along the diffraction cone)

• Using a standard sample (well known cell parameter) we fit, with the Rietveld 

method, all patterns to calibrate the detector parameters (distance, position 
in 2𝛩, center, tilting and FoV) + TOF→d-spacing function

LumaCam data format by Tim
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Rietveld calibration with LumaCam data



Rietveld calibration with LumaCam data

• 2𝛉 min: 65.6˚ (pixel 1), 2𝛉 max: 119.96˚ (pixel 111)

• 𝛈 min: 49.7˚ (115), 𝛈 max: 96.76˚ (111)

• Distance from sample, min: 408.22 mm (57), max: 540.29 (5)
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Effect of binning



Sven: “A movie of uranium like no other, nobody has seen 
uranium before this way...
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