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Structural biology with neutrons

☺Hydrogens are 
visible
☺No radiation 
damage
☹Large crystals 
needed
☹Data collection 
takes weeks
☹Few 
instruments 
available

Oksanen, E et al. J. R. Soc. Interface 
2009, 6 Suppl 5, S599-610.

Crystallography

Enzyme mechanisms

Protein-ligand interactions

Proton transport across 
membranes

Fisher SZ et al. JACS 2012;134:14726-14729

Acetazolamide in HCAII

Where are hydrogens 
important?
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Scientific drivers - Locating hydrogens 
in bio-macromolecules

“Hydrogens represent nearly 
half of the atoms in 
biomolecules. Hydrogen 
bonding and proton transfer 
play a critical role in biological 
structure and in catalytic 
mechanisms.” V. 
Ramakrishnan, University of 
Cambridge

“There is no alternative to 
neutron crystallography in 
order to uniquely identify the 
location of protons, which is of 
particular importance when 
dealing with proton 
translocating proteins” H. 
Michel, MPI of Biophysics

“-One of our first questions using 
the ESS MX beamline will be to 
understand the protonation states 
of the reactive site aspartate 
acids, which will help us 
understand the mechanism and 
so lead to novel drug molecules. 
This, given the size of the protein, 
is impossible with any current 
technology.” A. Goldman, 
University of Leeds

Key advantages of ESS 
Macromolecular Diffractometer

Smaller crystals needed (200 µm vs. 1 mm)

Data collection faster (days vs. weeks)

Larger unit cells possible (300 Å vs. 150 Å)
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Requirements

48 z NASA Systems Engineering Handbook

4.0 System Design

project to avoid incompatibilities and ensure that at least 
minimum requirements are met. Common standards 
can also lower implementation cost as well as costs for 
inspection, common supplies, etc. Typically, standards 
(and specifications) are used throughout the product life 
cycle to establish design requirements and margins, ma-
terials and process specifications, test methods, and in-
terface specifications. Standards are used as requirements 
(and guidelines) for design, fabrication, verification, val-
idation, acceptance, operations, and maintenance.

Selection of Standards
NASA policy for technical standards is provided in NPD 
8070.6, Technical Standards, which addresses selection, 
tailoring, application, and control of standards. In gen-

eral, the order of authority among standards for NASA 
programs and projects is as follows:

Standards mandated by law (e.g., environmental stan- z
dards),
National or international voluntary consensus stan- z
dards recognized by industry,
Other Government standards, z

NASA policy directives, and  z

NASA technical standards. z

NASA may also designate mandatory or “core” stan-
dards that must be applied to all programs where tech-
nically applicable. Waivers to designated core standards 
must be justified and approved at the Agency level unless 
otherwise delegated.

Table 4.2-2 Requirements Metadata

Item Function

Requirement ID Provides a unique numbering system for sorting and tracking.

Rationale Provides additional information to help clarify the intent of the requirements at the time they were 
written. (See “Rationale” box below on what should be captured.)

Traced from Captures the bidirectional traceability between parent requirements and lower level (derived) 
requirements and the relationships between requirements.

Owner Person or group responsible for writing, managing, and/or approving changes to this requirement.

Verification method Captures the method of verification (test, inspection, analysis, demonstration) and should be 
determined as the requirements are developed.

Verification lead Person or group assigned responsibility for verifying the requirement. 

Verification level Specifies the level in the hierarchy at which the requirements will be verified (e.g., system, subsys-
tem, element).

Rationale

The rationale should be kept up to date and include the following information:

Reason for the Requirement: z  Often the reason for the requirement is not obvious, and it may be lost if not recorded 
as the requirement is being documented. The reason may point to a constraint or concept of operations. If there is a 
clear parent requirement or trade study that explains the reason, then reference it. 

Document Assumptions: z  If a requirement was written assuming the completion of a technology development pro-
gram or a successful technology mission, document the assumption. 

Document Relationships: z  The relationships with the product’s expected operations (e.g., expectations about how 
stakeholders will use a product). This may be done with a link to the ConOps.

Document Design Constraints: z  Imposed by the results from decisions made as the design evolves. If the require-
ment states a method of implementation, the rationale should state why the decision was made to limit the solution 
to this one method of implementation.

1. System requirements 

High level scientific requirements for the instrument 
(13.6.4) 

1. The instrument shall allow data collection from crystals with unit 
cell repeats > 300 Å. 

2. The instrument shall allow data to be collected to a dmin of 1.5 Å. 
3. The instrument shall match the size of the neutron beam to the 

size of the sample. 
4. The instrument shall match the divergence of the neutron beam 

to the mosaicity of the sample. 
5. The instrument should maximise the signal-to-background (S/B) 

ratio of the Bragg reflections. 
6. The instrument should allow data collection from crystals of < 

0.01 mm3 volume 

General notes 

Instrument parameters that are defined as user selectable should be 
selectable with < 15 min delay (ref ConOps). 

1.1 Functional Requirements for NMX subsystems 

1.1.1 Beam transport system (BTS) (13.6.4.1) 
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% (∆/) 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 

NMX
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High-level Scientific 
Requirements

• 1. The instrument shall allow data collection 
from crystals with unit cell repeats > 300 Å.

• 2. The instrument shall allow data to be 
collected to a dmin of 1.5 Å.

• 3. The instrument shall match the size of the 
neutron beam to the size of the sample.

• 4. The instrument shall match the divergence of 
the neutron beam to the mosaicity of the sample.

• 5. The instrument should maximise the signal-
to-background (S/B) ratio of the Bragg reflections.

• 6. The instrument should allow data collection 
from crystals of < 0.01 mm3 volume
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ESS Long-Pulse

5

Time-of-flight uncertainty→ 
wavelength uncertainty
Longer pulse → larger 
wavelength uncertainty
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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)

Needs R&DExisting technology

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

~150 m 
flight path

~ 3 cm 
guide
±0.1 K 

temperature 
stability
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NMX Overview

19#Not#in#scale!#

Target#vessel#

Neutron#moderator#
Beam#extrac8on#

Light#shu;er#

Neutron#guide#
Secondary#shu;er#1#

Wavelength#selec8on#chopper#(single#disk)#

Wavelength#selec8on#chopper#(double#disk)#

Endsta8on#

Secondary#shu;er#2# Exp.#cave#
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ESS Layout

Accelerator

Hall1 

Target building 

Hall2 

Neutron guide hall

Hall3 



Esko Oksanen, European Spallation Source

NMX layout

16

Neutron Guide Hall

 Hall 2

 Hall 3

p
+
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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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Choppers

•Choppers are for wavelength 
selection
•Single disc chopper at 32 m, co-
rotating double disc chopper at 80 m
•Transmission has priority
•Frame overlap suppressed for λ < 
12.4 Å 
•Penumbra should be minimized
•No choppers in common bunker

Always 14Hz

Control bandwidth 
by change of 

phase and variable 
openings

Markus Olsson
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Endstation design

33"

Slit"1" Slit"2"
Sample"shu0er"

Robo5c"goniometer"

Pinhole"collimator"

Beam;stop"

Vacuum"tube"with"fixed"
collima5on"apertures"



Detector geometry

•Solid angle coverage can be 
traded for unit cell size

•Large unit cells will take longer 
to collect 

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 by 
robotic positioning

Robotic goniometer 
allows choice of sample 
rotation axis direction



Detector geometry



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
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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
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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.
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(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
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Spatial resolution – µTPC

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

•Based on the µTPC concept (algoritms from CERN)

(a)

x (0.4 mm)
60 65 70 75 80 85 90

co
un

ts
/b

in

0

100

200

300

400

500 start-of-track
fit start-of-track
center-of-mass
fit center-of-mass

(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
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Spreading background 
over time-of-flight
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Bovine heart 
cytochrome c oxidase
P212121

a = 182.59 Å 
b = 205.40 Å 
c = 178.25 A
Detector distance 1 m

Campbell et al. J. Appl. Cryst. (1998). 31, 496-502 
Artz et al. J. Appl. Cryst. (1999). 32, 554-562 

Helliwell, J.R. et al. J. Appl. Cryst. (1989) 22, 483−497

Generated using the 
Daresbury Laue Suite
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Overlap separation 
with TOF
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Flux at sample – time averaged

•By Monte Carlo simulation 1.8 x 109 n/s/cm2 

at ±0.2° divergence

•By Monte Carlo simulation 9.4 x 108 n/s/cm2 

at ±0.1° divergence

•In proposal analytically 3 x 108 n/s/cm2 at 
±0.1° divergence (simulations agree)

•LADI-III 5 x 107 n/s/cm2, divergence unclear

•PCS 9.7 x 106 n/s/cm2 at ±0.1° divergence

Factor 3

Factor 18

Factor 100

Should be realistic to collect 
0.1 mm3 crystal in < 1 day
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Magnetic structures at ESS NMX
•Magnetic ordering in a proposed charge-ordered 
ferroelectric (LuFe2O4)

•Magnetic superstructure peaks easily integrateable

•q-resolution allows peak splitting to be observed

Manuel Angst (FZJ)
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Simulated magnetic reflections
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Questions?


