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Esko Oksanen, European Spallation Source

NMX – A quasi-Laue time-of-flight 
diffractometer with high q-resolution

Cold moderator

m=1 is sufficient on three sides, 	


m=2.2 for curving

Adjustable opening 
chopper allows flexible 
bandwidth selection.

Three 60 x 60 cm detectors 
with 0.2 mm spatial resolution 
Variable sample-detector 
distance (0.2-1.0 m)	


Variable 2θ angle (0-110°)

Collimation section giving 
flexibility in beam size and 
divergence

Six-axis robot allows 
selecting crystal orientation

•Match beam size to sample size (max 5 x 5 mm)


•Match beam divergence to sample mosaicity (max. 
±0.2°)


•Maximize (useful) flux at sample!

1.74 Å wavelength band 
(1.8-3.55 Å)

Moderator

0 m
2 m 154.1 m

Optics cave

157.6 m

Sample

Detectors!
on robots

157.6 m

32 m 80 mBandwidth !
choppers

Common shielding bunker
Experimental cave

6 m

Target monolith

Frame 
overlap 
mirror

Straight guide

Curved guide
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BTS Subsystem Requirements

1.
 Wavelength resolution

1.1.
 The BTS shall transport from the moderator a beam of 
neutrons to the sample at a distance that leads to a maximal 
wavelength uncertainty of 5% (∆λ/λ) for the detected neutrons 
using the full ESS pulse

1.2.
 Rationale: A moderate wavelength resolution allows the 
full pulse to be used while conserving the advantage of TOF for 
the S/B (see 13.6.4 (5))

1.3.
 Verification: Measurement of the pulse length at sample

2.
 Beam size

2.1.
 The BTS shall transport from the moderator to the sample 
a beam of neutrons with maximum size (full width half 
maximum) of 5 ± 0.1 mm and minimum size of 0.2 ± 0.02 mm.

2.2.
 Rationale: Matching the beam size to the sample size 
maximises the S/B (see 13.6.4 (3,5-6))

2.3.
 Verification: Measurement of the beam intensity profile at 
sample


Functional requirements
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Optics options - 
performance

Damian Martin Rodriguez

Option 1: Curved in all the guide length

Option 2: Double Bounce mirror

Option 3: Curved inside the bunker

Option 4: Curved inside bunker, optimised 
for maximum brilliance transfer at 2Å
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Optics overview
Damian Martin Rodriguez

Curved inside bunker, optimised for 
maximum brilliance transfer at 2Å

• Monolith insert horizontally straight, 
vertically tapers from 31 mm to 46 
mm, m =2 horizontal, m = 1 vertical


• 1.2 km curvature radius within bunker


• m = 2.2 on the curve, otherwise m = 1


• Line of sight lost at 31.5 m from the 
moderator


• Straight guide up to 154.1 m from the 
moderator, m = 1


• Frame overlap mirror for λ > 10 Å

Figure 2: Brilliance transfer as a function of the neutron wavelength at the sample
position and with a divergence of 0.2�, for Option 4 with a frame overlap mirror in
the position described in fig. 1.

Figure 3: Illustration of Overillumination.

11
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Optics concept choice 
- pros

Damian Martin Rodriguez

Option 4: Curved inside bunker, optimised 
for maximum brilliance transfer at 2Å

• Acceptable performance for ±0.2° divergence at < 
2 Å


• Good performance all round for ±0.1° divergence – 
this range is more typical for experiments


• Loss of line-of-sight almost within bunker - lower 
shielding cost & easier component maintenance


• Deflects the beam far enough from the sector 
centreline to allow two beams to be extracted from 
the same beamport
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Chosen concept - 
verification

Divergence vs. wavelength at the end of the guide Beam profile at sample

4.8 x 108 n/s

5 mm

5 
m

m

1.8 x 109 n/s/cm2
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Choppers

•Choppers are for wavelength 
selection

•Width and position of 
wavelength band have to be 
adjustable

•Transmission has priority

•Frame overlap should be 
suppressed

•Penumbra should be 
minimized

•Avoid choppers in bunker

Design drivers
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Choppers

•3 chopper axis (2 
assemblies)

•1 single chopper axis

•1 co-rotating double disc 
chopper

•2 pits
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Choppers

•3 chopper axis (2 
assemblies)

•1 single chopper axis

•1 co-rotating double disc 
chopper

•2 pits

0

0.
02
5

0.
05

0.
07
5

0.
1

0.
12
5

0.
15

0.
17
5

0.
2

0.
22
5

0.
25

0.
27
5

0.
3

25

50

75

100

125

150

32 m

80 m

Bandwidth selection



Esko Oksanen, European Spallation Source

Choppers

•3 chopper axis (2 
assemblies)

•1 single chopper axis

•1 co-rotating double disc 
chopper

•2 pits

0

0.
02
5

0.
05

0.
07
5

0.
1

0.
12
5

0.
15

0.
17
5

0.
2

0.
22
5

0.
25

0.
27
5

0.
3

25

50

75

100

125

150

10.62 Å 12.73 Å

Frame overlap suppression



Esko Oksanen, European Spallation Source

Choppers

•3 chopper axis (2 
assemblies)

•1 single chopper axis

•1 co-rotating double disc 
chopper

•2 pits

0

0.
02
5

0.
05

0.
07
5

0.
1

0.
12
5

0.
15

0.
17
5

0.
2

0.
22
5

0.
25

0.
27
5

0.
3

25

50

75

100

125

150

10.62 Å 12.73 Å

12.48 Å

Frame overlap suppression



Esko Oksanen, European Spallation Source

Choppers - Penumbra
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Choppers - Penumbra
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Detectors - technological risk 
and mitigation strategy

•R&D required to reach 0.2 mm spatial resolution 
with reasonable area and efficiency


•Gd coated micropattern (GEM) detectors promising - 
prototypes developed at CERN 


•GEM detectors widely used in particle physics


•Large areas readily available

(a) (b) (c)

Figure 3: (a) Microscopic picture of a GEM foil, (b) Electrical field lines in the holes of a GEM foil, (c)
Detector principle

Sauli. Since then they have successfully been used in various applications in di↵erent fields of physics
research, though predominantly in particle physics. MSGCs have high rate capabilities [9], but su↵er from
ageing problems [10] and are susceptible to damages caused by discharges [11]. These problems are greatly
diminished with GEM detectors, in particular with triple GEMs [12, 13]. GEM detectors are produced
on a quasi industrial scale at CERN, but are also commercially available from several companies [14].
GEM detectors are studied and continuously further developed by RD51, a strong R&D collaboration of
ca. 500 scientists and 100 institutes world wide. Therefore the ESS detector group engaged with CERN
as strong, stable, long term collaborative partner and joined the RD51 collaboration in 2013.

5.1 Plan A: GEM with solid converters

An electron microscope image of a GEM foil is shown in figure 3a. The foil consists of a 50 µm thick
Kapton foil with 70 µm holes and 140 µm pitch. It is copper-coated on both sides. Electrons that drift
into the holes of a GEM foil will be multiplied by the Avalanche e↵ect, due to the high electric field inside
the holes. The electrical field lines in the holes of a GEM foil are depicted in figure 3b. The complete
GEM detector contains a drift cathode, one to three GEM foils as amplification stages in a gas filled
volume (usually ArCO2 in a mixture with 70% Argon and 30% CO2) and a readout board. The basic
operation principle of a GEM detector is explained in figure 3c. Depending on the gas mixture and the
required detector gain, the electrical field between the top and the bottom of a GEM foils amounts to
40 to 100 kV per cm. The fields in drift space, transfer 1 region, transfer 2 region and collection region
are lower, in the order of 1 kV/cm [15]. A charged particle enters the drift volume of the detector and
creates there primary ionization clusters. Whereas the ions move up towards the cathode, the electrons
drift to the first GEM foil and undergo amplification inside the holes via the avalanche e↵ect. The same
process is repeated for the second and third foil. In the collection or induction region the movement of
the electrons induces a signal in the readout board that can be picked-up by the readout electronics.

To use a GEM detector for neutron detection, first a charged particle has to be created. Solid
converters like 10B4C or 155Gd and 157Gd that are added as a coating to the cathode of the detector fulfil
this purpose. In a 10B layer, the neutron is captured by the 10B nucleus, resulting in an ↵ particle and
a 7Li ion that are emitted back to back:

10B + n !7 Li⇤ + ↵+ �(0.48 MeV ), Q = 2.3 MeV (93%)
10B + n !7 Li + ↵, Q = 2.79 MeV (7%)

The capture of neutrons by 155Gd produces a spectrum of � particles (predominantly 89 keV - 944

4

(a) (b)

Figure 4: (a) Schematic drawing of GEM with solid converter, (b) Photo of open GEM detector with
cathode

(a) (b)

Figure 5: (a) E�ciency of Gd isotopes, (b) Deposited energy of conversion electrons depending on drift
gap

Position resolution The position resolution of a GEM detector depends on the type of primary particle
that has to be detected, and the type and layout of the readout. A standard triple GEM detector with
cartesian x/y strip readout has an active area of 10 cm by 10 cm. The strips have a 400 µm pitch with
80 µm strip size in x, and 340 µm strip size in y as shown in figure 9a. The di↵erent strip sizes are
chosen to have equal charge sharing between the x and the y strips. This is necessary since the y strips
are underneath the x strips and electrically separated from them by 50 µm of Kapton. With X-rays the
attainable position resolution is then around 40 µm rms [17, 18] using a center-of-gravity approach. If
one adds a solid neutron converter to the detector, the position resolution is predominantly determined
by the average range and the direction of the charged particle in the gas.

In the case of 10B4C, the ↵ particle has an energy of Ekin <1.47 MeV when it enters the ArCO2

(70%:30%). At this kinetic energy the average range amounts to 7 mm. The range of the conversion
electrons created by the Gadolinium neutron capture is even longer. The reconstruction of the centroid
of the track is possible to a � of around 100 µm. But when used to determine the incident position of
the neutron on the detector, the centroid results in an error of 50% of the projected track length. By
applying the particle physics µTPC concept [19] for the first time to neutron detectors, it is possible to
reliably identify the beginning of each track and thus to reconstruct the position of the incident neutron
in the required resolution for the NMX instrument.

The µTPC concept was tested with the 10B4C coated cathode with copper grid depicted in figure 7a.
The copper grid was added to stop the ↵ particles and Li ions from escaping from the converter. As
a result, sharp boundaries between the regions with and without hits are visible in the plot of the hit
distribution. To determine the position resolution, areas with such a sharp boundary were analyzed as

6



How detect neutrons with a 
GEM?

•Neutron converter on cathode


•10B has been demonstrated to 
deliver spatial resolution, but 
low efficiency


•Gd has much higher 
absorption cross section, but 
conversion electrons are 
more difficult to detect


•Enriched 155Gd would 
improve efficiency 
significantly

(a) (b)

Figure 4: (a) Schematic drawing of GEM with solid converter, (b) Photo of open GEM detector with
cathode

(a) (b)

Figure 5: (a) E�ciency of Gd isotopes, (b) Deposited energy of conversion electrons depending on drift
gap

Position resolution The position resolution of a GEM detector depends on the type of primary particle
that has to be detected, and the type and layout of the readout. A standard triple GEM detector with
cartesian x/y strip readout has an active area of 10 cm by 10 cm. The strips have a 400 µm pitch with
80 µm strip size in x, and 340 µm strip size in y as shown in figure 9a. The di↵erent strip sizes are
chosen to have equal charge sharing between the x and the y strips. This is necessary since the y strips
are underneath the x strips and electrically separated from them by 50 µm of Kapton. With X-rays the
attainable position resolution is then around 40 µm rms [17, 18] using a center-of-gravity approach. If
one adds a solid neutron converter to the detector, the position resolution is predominantly determined
by the average range and the direction of the charged particle in the gas.

In the case of 10B4C, the ↵ particle has an energy of Ekin <1.47 MeV when it enters the ArCO2

(70%:30%). At this kinetic energy the average range amounts to 7 mm. The range of the conversion
electrons created by the Gadolinium neutron capture is even longer. The reconstruction of the centroid
of the track is possible to a � of around 100 µm. But when used to determine the incident position of
the neutron on the detector, the centroid results in an error of 50% of the projected track length. By
applying the particle physics µTPC concept [19] for the first time to neutron detectors, it is possible to
reliably identify the beginning of each track and thus to reconstruct the position of the incident neutron
in the required resolution for the NMX instrument.

The µTPC concept was tested with the 10B4C coated cathode with copper grid depicted in figure 7a.
The copper grid was added to stop the ↵ particles and Li ions from escaping from the converter. As
a result, sharp boundaries between the regions with and without hits are visible in the plot of the hit
distribution. To determine the position resolution, areas with such a sharp boundary were analyzed as

6



Spatial resolution – µTPC

•Spatial resolution of < 100 µm was achieved 
with a 10B-GEM


•Based on the µTPC concept (algoritms from 
CERN)

(a)
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(b)

Figure 6: (a) Schematic drawing of setup for tracking, (b) Position resolution of < 200µm measured with
10B4C

shown in figure 7b.

(a) (b)

Figure 7: (a) Picture of 10B4C coated cathode with copper grid, (b) Plot of hit distribution with clearly
visible sharp edges between regions with and without hits

Figure 6a shows the track of an ↵ particle in the drift volume. Charges created close to the cathode
drift towards the first GEM amplification stage. At an electric field of 1 kV/cm, the drift speed of
electrons in ArCO2 (70%:30%) is in the order of 4 cm/µs, which is slow in comparison with the speed of
m/µs and faster at which the ↵ particle and the conversion electrons propagate. Therefore the charges
from the end of the track close to the GEM foil are amplified first and induce a signal in the readout,
whereas the electrons from the beginning of the track arrive last. The µTPC concept uses now the
time structure of the induced signals on the strips to determine the start and end of the tracks. The
analog readout chip APV25 [20], which has 27 time bins of 25 ns length, was used in combination with
the Scalable Readout System (SRS) [21] to acquire data with a Boron-GEM and a Gd-GEM. The time
di↵erence in the described setup should amount to 200 ns or 8 time bins, but is slightly reduced by
di↵usion. Figures 8a 8b show two typical tracks of an ↵ particle and a conversion electron. The y axis
displays the time bin of the APV25, and the x axis is the strip number of the readout strip (400 µm
pitch). Beginning and end of the track are clearly visible. A simple constant faction discriminator was
used to determine the time at which the signal in each strip reached 50 % of the final amplitude. The
strip with the highest threshold crossing time indicated then the start of the track. Figure 6b compares
the position resolution obtained with the µTPC concept (in red) to the center-of-gravity approach (in
blue) for ↵ particles. The position resolution extracted from the fit of the ERF functions is �=1 mm for
the center-of-mass-based reconstruction and �=200 µm for the µTPC concept. The µTPC concept thus

7



Backup options

•10B-GEM has been demonstrated, but efficiency 
is low


•Anger cameras not affordable


•3He filled MSGCs could be a last resort with 
reduced area and compromised resolution



Sample positioner

• Six axis industrial robotic arm


• Slim profile


• Tool change.


• Stereoscopic cameras


• Sphere of confusion  R< 0.03 mm


• Following error < 6 mdeg

Robotic goniometer 
allows choice of sample 
rotation axis direction

Robotic goniometer

http://www.natx-­‐ray.com/products/G-­‐Rob_1D.html

• Three clicks sample centering.


• Neutron beam imaging at sample.


• Multiple sample interfaces on tool 
changer.

Benefits



Sample positioner – backup

•Custom solution – could 
be built in-house


•Bulky with limited access 
to upper hemisphere


•Small cost difference to 
robotic option – more 
integration required

Conventional goniometer



Detector positioners 
– robotic option

•Solid angle coverage can be 
traded for unit cell size


•Allows an alternative sample 
position for bulky sample 
environments

Three 60 x 60 cm 
detectors with 0.2 mm 
spatial resolution 	


Sample-detector distance 
(0.2-1.0 m) and 2θ angle 
(0-110°) variable



Detector positioners – 
linear mechanics option

•Could be implemented in-house


•< 20% cost difference to robotic 
option


•Limited flexibility with bulky 
sample environments

Three 60 x 60 cm 
detectors with 0.2 mm 
spatial resolution 	


Sample-detector distance 
(0.2-1.0 m) and 2θ angle 
(0-110°) variable
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Questions?


