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Science Case 
 

Two workshops were held to discuss the science case for a  

(vertical sample) reflectometer at the ESS:  
 

New Opportunities for Research on Hard and Soft Matter Nanonostructures 
using Neutron reflectometry (Berlin April 17-18 2012)  

 
Science case Workshop for the vertical sample reflectometer at the ESS  

(Garching 20th and 24th of June 2013)  
 

Participants : more  than 70 internationally well recognized 
scientists in the field of neutron reflectometry from universities 
and major neutron research centers all over the world 
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New Opportunities for Research on Hard and Soft Matter Nanonostructures 
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Vertical sample reflectometer covers 70-75% of science case 
Missing are e.g.: air / liquid-liquid interfaces, fast kinetics (<70ms = 1/14 Hz), etc. 



   SOFT MATTER  

•  Hybrid materials (interface between two different 
classes of materials) 

•  Biomineralization and biocompatibility of materials 
(implants) 

•  Biology of membranes and membrane-associated 
proteins  

•  Engineered membrane-mimetic interfaces  
•  High throughput measurements and small samples 

•  Dynamic properties (time resolution) 
•  Performance under realistic conditions (in-vitro) 

•  Chemical reactions  
•  Processes in the drug or peptide delivery  
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   HARD MATTER 

•  Properties at interfaces between oxide materials 
●    Superconductivity between insulating materials 

●    Induced magnetism between non-magnetic layers 
●    Ferromagnetism between anti-ferromagnetic layers 

•  Understanding and controlling interfacial  
structures and interactions in the 1-10nm regime 

•  Interdiffusion mechanism at interfaces 
•  Ordered Lateral structures (magnetic and non-

magnetic) on nm scale (GISANS) and µm scale (off-
specular scattering) 

•  Small samples down to 1 x 1mm2 

•  Dynamics and time resolved measurements 
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   HARD MATTER 

•  Properties at interfaces between oxide materials 
●   Superconductivity between insulating materials 

●    Induced magnetism between non-magnetic layers 
●    Ferromagnetism between anti-ferromagnetic layers 

•  Understanding and controlling interfacial  
structures and interactions in the 1-10nm regime 

•  Interdiffusion mechanism at interfaces 
•  Ordered Lateral structures (magnetic and non-

magnetic) on nm scale (GISANS) 
•  Small samples 

•  Dynamics and time resolved measurements 

The most urgent common request from both communities: 
 

increase the sensitivity to thin layers, interfacial regimes in the sub nm region 
 

high intensity (relaxed Q resolution) 
 

high dynamic Q range (low background) 
 

implemented GISANS option (lateral structures in the nm range) 
 



ESS reflectometers? 

ΔQ
Q

∝
τ
T
∝
τ
L

Δλ∝
1
L

Physical	
  limits	
  are	
  	
  defined	
  by	
  the	
  pulse	
  width	
  (τ)	
  and	
  the	
  instrument	
  length	
  (L):	
  their	
  choice	
  
defines	
  parameters	
  of	
  the	
  instrument	
  

The	
  maximum	
  use	
  of	
  neutrons	
  from	
  the	
  source:	
  τ	
  =	
  τESS.	
  	
  Indeed,	
  no	
  instrument	
  can	
  provide	
  
maximum	
  performance	
  over	
  the	
  whole	
  Q-­‐range	
  and	
  for	
  any	
  resoluBon.	
  	
  

Wavelength	
  band	
  
(Q-­‐range	
  for	
  one	
  seEng):	
  

Q-­‐resoluBon:	
  

2	
  

L=30m	
  Reflectometer	
  

L=60m	
  Reflectometer	
  

5Å 

1000Å 

10Å Fe-layer on a Ag substr. (4.5Å) 
reflectivity 

Omega [deg] 



ESS	
  reflectometer	
  vs.	
  D17	
  (TOF):	
  

D17 ESS ESS/D17 
Pulse 
duration 

7.5ms for 20% 
resolution  

3ms for 10% 
resolution 

Even at 10% 

Repetition 
rate 

16.6Hz 14Hz even 

Neutron 
Optics 

Short (3m) 
parabolic 

guide 

Long (26m) 
focusing 

elliptic guide 

Should be        
a gain >2 

Band  2.2-27 Å 2-10 Å More than ½ 

Peak flux 1 25 25 

Total gain > 25 

ΦILL ≈ ΦESS ΦD17 =
τ
T
ΦESS Refl ≈

1
25
⋅ΦESS Refl

ΦILL

ΦESSPu
lse

	
  E
SS
	
  

Pu
lse

	
  D
17
	
  

t	
  

Fl
ux
	
  

T	
  

τ	
   τ	
  

EffecBve	
  gain	
  is	
  even	
  more	
  considering	
  the	
  sample	
  sizes:	
  
	
  (1x1)cm2	
  	
  for	
  the	
  ESS	
  vs.	
  (1x5)cm2	
  for	
  D17	
  	
  

Back-­‐of-­‐envelope	
  calculaBons 

Ref.: R. Cubitt, G. Fragneto  (2002); P. Gutfreund, private communication; D17 web page  



Modes with best possible performance 
!No compromise! 

 
 
 

•  Un-/ Polarised specular reflectivity  (thin interfaces areas) 

Ø  high neutron flux at sample with low background 

Ø  high Q range high dynamical range (≥8 orders ) 

 
•  Un-/ Polarised off-specular scattering / GISANS mode (lateral structures) 

Ø  off-specular regime comes for free with above 

Ø  for the instrument optimised GISANS mode 
 

•  Smaller sample sizes  

Ø  from 10 mm x 10 mm  down to  5mm x 5mm 

 

Instrument design philosophy 



Modes with good performance 
 (Add-ons with compromises) 

 
 
 

•  Highly focused beam down to 1 x 1 mm2  
 
•  High wavelength resolution of 1% and 3% 
 
------------------------------------------------------------- 

•  High resolution GISANS 
 
 

Instrument design philosophy 



Layout of the instrument 
Chopper 1st 2nd 3rd 4th 
Position 13m 15m 19m 25m 
Radius 35cm 35cm 35cm 35cm 
Frequency 14Hz 14Hz 14Hz 14Hz 
Window 97° 118° 158° 217° 
Type Band FO FO FO 

Wavelength band of 8Å 
(out of the range of 2-20Å) 



Layout of the instrument 
reflection  polarizer 

S2 S1 
GISANS GISANS option Polarizer    



Layout of the instrument 
Three optimized setups for the detector 

Off-specular and specular 
 

•  Large 2D-detector 
•  Spatial resolution 

<2x2mm2  

Pure specular 
 

•  Single detector in front 
of 2D-detector 

•   tight collimator 

GISANS 
 

•  Variable distance 2-6m 
•  Tilted in height 



Instrument simulations 

at sample 
Position with  

 1x1 cm2 

Before sample position 

Integrated intensity at 10% 
3⋅109 n/cm2 per pulse 

(4.2⋅1010 n/cm2/s) 

Flux at the sample position for 1cm2 and 2 mrad (Gaussian equivalent FWHM) divergence 
Position in  yz
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High resolution modes

• For the beam we use (3 x 10 cm2) the minimum angular 
aperture of the chopper has to be 10º

• In order to obtain the desired pulse length we need to rotate 
the chopper n times the source frequency and cover as much 
as possible of the wavelength band

• For a medium resolution mode (Δλ/λ = 3%) the best option is a 
chopper with four symmetrically placed 10° apertures rotating 
4 times faster than the source frequency

• For a high resolution mode (Δλ/λ= 1%) the best option is a 
chopper with two symmetrically placed 10° apertures rotating 
10 times faster than the source frequency

• Intensity compared with the reference instrument

Chopper window 10°

1st Chopper with 169° opening

• There is no time-of-flight overlap
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low resolution medium resolution high resolution

High resolution modes

 Δλ/λ   at 25 

ms. (%)

Δλ/λ  at 74 

ms. (%)

Low-res 13.3 4.4

Mid-res 4.0 1.3

Hi-res 1.6 0.5

High resolution modes

Chopper window 10° 

For high resolution the WFM-method 
is also applicable 

M. Strobl et al., NIM A 705 (2013) 

4.2 E10 n/s/cm2 4.9 E9 n/s/cm2 2.5 E9 n/s/cm2 

10% 3% 1% 



Virtual experiments 
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Simulations:  Fe 100 on Si Substrate

low resolution 10%

0.0 0.5 1.0 1.5 2.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

 VE100rat

 

 

as
ym

m
et

ry
 r

at
io

Q
z
 [Å-1]

0.0 0.5 1.0 1.5 2.0
10- 12

10- 10

10-8

10-6

10-4

10-2

100

10-12

10-10

10-8

10-6

10-4

10-2

100

 vir t. up
 vir t. do wn
 Sim up
 Sim down

 

 

re
fle

ct
iv

ity

Qz [Å
-1]

Simulations:  Fe 95 - 5 on Si Substrate

low resolution 10%
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Simulations:  Fe 80 - 20 on Si Substrate

low resolution 10%
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•  perfect interfaces, no roughness 
•  4 angular settings 
•  2 polarization settings: ++ and – 
•  counting statistics > 50 counts/channel 

=>measurement time: ~15 minutes 
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Conclusions 

Add on’s 
NOT COMPROMISING main modes 

•  High wavelength resolution 1% and 3% 
•  Small samples with 1 x 1mm2 

Non optimised BUT much better then 
presently available 

Low risk 
Based on tested 

principles / components  

INTENSITY GAIN  
25+ 

over today bests   
About ¾ of science 

case  
will be served 

Low resolution reflectometer 
optimized for thin interfaces  

and small scale lateral 
structures 



 
Thank you for your attention! 

 

Thanks to the contributers: 
D. Rodrigues, Z. Medic, U. Rücker, Th. Brückel (FZ-Jüllich),  

J.-F. Moulin (HZG), S. Manoshin (JINR), F. Ott (LLB)  
  

Strong commitment of the LLB for participation  
in the realisation of the proposal  



Key facts 
Detector	
  re solution ~ 2x 2mm ²
S am ple 	
  detector	
  
dis t.

2000 	
  mm

Max . 	
  de tector	
  
ang le

90 °

Qz-­‐rang e 0 .002 	
  –	
  4 .4 	
  Å -­‐1

Qx-­‐rang e 6*10 -­‐5	
  –	
  0 .01 	
  Å -­‐1

α i -­‐10 ° 	
   -­‐	
  + 90°
Polarisation double 	
  re flection	
  polarise r	
   (c av ity?)
Polarisation 	
  
ana ly s is

Radia l	
  solid 	
  s tate 	
  polarise r	
  /	
   3He

Collim .	
   (s c at.	
  
p lane )

4000 	
  mm 	
  long ,	
  S lits :	
  0 	
  –	
  30 	
  mm

Focuss ing 	
   ve rtica lly 	
   focuss ing 	
  e lliptic 	
  g uide
G IS ANS 	
  option 4m 	
  long 	
  collim ation
Qy-­‐rang e 0 .002 	
  –	
  0 .8 	
  Å -­‐1

Optim ized	
  for thin	
  m ag netic 	
   laye rs

Wavelength band 8Å out of 2-20Å 
Detector resolution ~2 x 2 mm2 

Sample detector dist. 2m 
Max. detector angle > 90° 
Qz-range 0.002  -  4.4 Å-1 

Qx-range 6.10-5 – 0.01 Å-1  
αi  (incident angle) -10°  - + 90° 
Polarisation Double reflection polarizer 
Polarisation analysis 3He / Radial solid state polariser  

(depending on ESS policy) 
Collimation 4000 mm long  
Focusing Vertically focusing elliptic guide 
GISANS option 4000 mm long inside collimation 
Qy-range 0.002  -  0.8 Å-1 

 
Optimized for Interfaces, thin layers and lateral structures 
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Soft matter GISANS at MARIA 

Measurement of hexagonal phase ordering of a  
C10E4-based microemulsions near a hydrophilic,  
planar surface at high Q-values using GISANS 

F. Lipfert, H. Frielinghaus, M. Kerscher 



20 

With GISANS: 
 φ is resolved 
 Lateral correlations are probed along  
  Qx and Qy ! 

On a reflectometer: 
 Integration over Qy 

 Lateral correlations are probed along Qx 
 Layer structure along Qz  

Geometry for GISANS 

S2 S1 
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intensity after colimation 12mm and after sample 12mm spacewindows

low after sample 12mm 
medium after sample 12mm 

high after sample 12mm 

Medium resolution 12% of low resolution (best possible 33%) 
High resolution 6% of low resolution (best possible 10%) 

Low resolution 10%:     3.0 E9 n/s/cm2/pulse => 4.2 E10 n/s/cm2  
Medium resolution 3%:  3.5 E8 n/s/cm2/pulse => 4.9 E9  n/s/cm2  
High resolution 1%:     1.8 E8 n/s/cm2/pulse => 2.5 E9  n/s/cm2 

Flux at the sample position for 1cm2 and 2 mrad (Gaussian equivalent FWHM) divergence 

High resolution modes 

Low: 10% 

Medium: 3% 

High: 1% 



Polarising the beam 
 

curved guide 
double bounce super mirror 

No change of geometry for unpolarized and polarised beam 

0 2 4 6 8 10 12 14 16 18 20
0,85

0,90

0,95

1,00

 Polarising curved guide
 DB mirror FeCoV/Ti 0.85º
 DB mirror Fe/Si 0.85º
 DB mirror Fe/Si 1.00º
 DB mirror Fe/Si 1.10º
 DB mirror Fe/Si 1.30º
 DB mirror Fe/Si 1.50º

P
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n

λ (Å)



Analysing the beam 

SEOP 3He-analyzer (on 
beam pumping) 

•  (+) No loss of angular resolution in 2D 
 
•  (+) on beam pumping: No change of  
       analyzing power over time! No  
       corrections for data analysis  needed! 
 
•  (+) Adjustable/tunable analyzing power 
 
•  (+) High efficency flipper inclusive (AFP) 
 
•  (-) Not as straight forward as SM 
      (nowadays) 
 

For GISANS/SANS on large (500x500mm²) detectors 

Polarizing SM 
•  (+) Mantainance free after setup ! 
 
•  (-) Difficult to keep angular resolution in 
       2D (influencing the resolution) 
 
•  (-) Additional wide angle flipper  
      (RF-Flipper) needed 

 Large wavelength bands are not easy to analyse  



Virtual simulations 



Δλ/λ=const	
  	
  

t	
  

Detector	
  

τ	
  

L	
  

Chopper	
  2	
  
Chopper	
  1	
  

Pulsed	
  Source:	
  	
  	
  	
  the	
  wavelength	
  band	
  that	
  can	
  be	
  covered	
  by	
  the	
  opBcally	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
blind	
  double	
  chopper	
  is	
  limited	
  by	
  the	
  pulse	
  length.	
  	
  

t	
  

Detector	
  

τ	
  

L	
  

Chopper	
  2	
  
Chopper	
  1	
  

10Å	
  4Å	
  2Å	
   10Å	
  4	
  

opBcally	
  blind	
  double	
  chopper	
  (A.	
  
van	
  Well,	
  1992)	
  

Unfortunately,	
  this	
  technique	
  is	
  not	
  suitable	
  for	
  the	
  8Å	
  wavelength	
  band	
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With GISANS: 
 φ is resolved 
 Lateral correlations are probed along  
  Qx and Qy ! 

On a reflectometer: 
 Integration over Qy 

 Lateral correlations are probed along Qx 
 Layer structure along Qz  

Geometry for reflectometry 

S2 S1 



Wavelength resolution 
Specular reflectivity for Spin-up neutrons 

10Å Fe-layer on a 10Å Ag substrate for 4.5Å 

reflectivity 

Omega [deg] 

Dynamic range of 8 orders =>   Δλ/λ has to be relaxed! 

Q=1.8Å-1 Q=0.5Å-1 

D17:   Q=1.8 Å-1  
Super Adam:  Q=1.8 Å-1  
SNS magn. Refl.: Q~   2 Å-1  

REFSANS:  Q=0.3 Å-1  
Figaro:    Q=0.4 Å-1  
SNS liquid. Refl.: Q=0.4 Å-1  

For characterization of thin interfaces 
Q=0.5Å-1 

is NOT enough! 



28 

Softmatter 

As a demonstration of this, we performed polarization analysis
on a protein sample [24]. The SEOP cell used, named Bullwinkle
here and in prior publications, was on loan from NIST [25]. The
Bullwinkle cell was polarized offline in the JCNS SEOP laboratory
and transported to the SANS diffractometer KWS-2 where it was
placed in a 37 cm long end-compensated shielded solenoid. A
second similar shielded solenoid was used for additional magnetic
shielding from the incident beam Metzi-flipper.

Measurements of the initial 3He polarization indicated 72%
which is the saturated maximum value obtainable for this cell. The
3He cell had a polarization lifetime of 430 h, only slightly lower
than its 520 h lifetime obtainable in ideal laboratory conditions.
FEM calculations of system including the two solenoids, incident
beam flipper and neutron guide fields predicted field magnetic field
gradients in good agrement with the measured 3He lifetime. While
the counting statistics remain good over long periods of time, even
the slight variations in transmission and analyzing power over time
must be accurately accounted for to measure absolute cross-
sections. Consequently, steady polarization with a single cell would
not only simplify these measurements but also reduce the time
spent on beam calibration, as well as errors from time-dependent
polarization corrections.

For this test we typically measured each sample for 10–15 min
per spin state to obtain 41! 105 counts in the scattered beam.
Collimation of 4 m was used at a wavelength of 4.5 Å with 2 and
4 m detector distances. We note that the incident beam of KWS-2
for this test was polarized with a small transmission supper mirror
placed before the sample slits, i.e. after the collimation, which
allowed a 97% polarization of the incident beam but limited the
beam area to approximately 10! 1 mm2, whereas the normal
sample size is 20! 20 mm2. The planned future incident beam
polarizer for KWS1 (SANS) will allow polarization of the full 40!
40 mm2 beam before the collimation (20 m) thus allowing full
flexibility for collimation of the incident beam, and use of the full
beam size on the sample.

The sample was placed inside the 3He solenoid a few cm in front
of the cell in a non-magnetic holder to allow for a large angular
coverage of the scattered neutron beam. The maximum value of
Q ¼ ð4p=lÞsinð2yÞ for this setup was about 0.25 Å%1 where l is the
neutron wavelength and y is half the angle of the scattering. This
value of Q was limited by the 12 cm diameter opening in the
shielded solenoid. An example of the data obtained on a 5% protein
in a deuterated buffer is shown in Fig. 4. For comparison,
measurements on the same sample using standard techniques in
which the incoherent scattering is not separated are also shown.
One can see an increase in the achieved S/N on the order of 100.

To increase the available Q-range up to the maximum of KWS,
we are designing a shorter magnetic cavity about 17 cm long with a
larger opening for the scattered beam that will also support in situ
polarization of the gas while allowing use of standard SANS sample
environment.

5. Conclusion

The JCNS 3He spin filter program is making steady progress
towards the goal of developing customized solutions for each
particular application. The in situ polarizer for polarization analysis
on MARIA has been tested with good initial results. Further work is
being done to prepare it for routine operation. Similarly, the tests of
polarization analysis on SANS show promising features and work
is underway to build another in situ polarizer to access the
Q¼0.01%1–0.5 Å%1 range for non-magnetic samples, a Q-range
of great importance for work on biological samples. Finally we
expect the experience from these projects to be applied in the
future to other applications at the JCNS.
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Fig. 4. Sample of the data obtained. The grey/green markers are the data obtained
from standard measurements for the sample+solvent and a separate measurement
of the solvent, respectively. After data treatment one obtains the black/red markers
which are the standard SANS signal, and the signal with PA, respectively. The red/
black lines are fits to the data, where for the PA data the background parameter is
held to 0. The blue dotted line is the presumed background level from the fit of the
standard data. The data shown is from a sample prepared by C. Sill (FZ-Jülich) who
assisted the measurements. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

E. Babcock, A. Ioffe / Physica B 406 (2011) 2448–2452 2451



Focusing the beam 

Top view Side view 

Reference: straight guide            Optimised: elliptic focusing guide 

Gain factor ~4 

3cm 10cm 



Focusing the beam 
Adjusting the Focal Point and keep the focal length 

constant 



Higher focus = less place 

S2 

One has to find a 
compromise 

Ellipse  for 
 10 x 10 mm2 

Ellipse  for 
 3 x 3 mm2 

Can’t come close to 
 the sample ( SE)  

=>no micro focusing 



Wavelength resolution II 
Specular reflectivity for Spin-up neutrons 

10Å Fe-layer on a 10Å Ag substrate for 4.5Å 

reflectivity 

Omega [deg] 



High resolution modes

• For the beam we use (3 x 10 cm2) the minimum angular 
aperture of the chopper has to be 10º

• In order to obtain the desired pulse length we need to rotate 
the chopper n times the source frequency and cover as much 
as possible of the wavelength band

• For a medium resolution mode (Δλ/λ = 3%) the best option is a 
chopper with four symmetrically placed 10° apertures rotating 
4 times faster than the source frequency

• For a high resolution mode (Δλ/λ= 1%) the best option is a 
chopper with two symmetrically placed 10° apertures rotating 
10 times faster than the source frequency

• Intensity compared with the reference instrument

Chopper window 10°

1st Chopper with 169° opening
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low after sample 12mm 
medium after sample 12mm 

high after sample 12mm 

Medium resolution 12% of low resolution (best possible 33%) 
High resolution 6% of low resolution (best possible 10%) 

Low resolution:     3.0 E9 n/s/cm2/pulse = 4.2 E10 n/s/cm2  
Medium resolution: 3.5 E8 n/s/cm2/pulse = 4.9 E9  n/s/cm2  
High resolution:     1.8 E8 n/s/cm2/pulse = 2.5 E9  n/s/cm2 

Flux at the sample position for 1cm2 and 2 mrad (Gaussian equivalent FWHM) divergence 

High resolution modes 



• There is no time-of-flight overlap

20 30 40 50 60 70 80

2

3

4

5

6

7

8

9

TOF (ms.)

λ
(Å

)

20 30 40 50 60 70 80

TOF (ms.)

20 30 40 50 60 70 80

TOF (ms.)

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

low resolution medium resolution high resolution

High resolution modes

 Δλ/λ   at 25 

ms. (%)

Δλ/λ  at 74 

ms. (%)
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High resolution modes



Layout of the intrsument 
reflection  polarizer 

S2 S1 
GISANS 



Virtual Simulations 
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Simulations:  Fe 100 on Si Substrate

high resolution 1%
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Simulations:  Fe 95 - 5 on Si Substrate

high resolution 1%
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Simulations:  Fe 90 - 10 on Si Substrate

high resolution 1%

0.0 0.5 1.0 1.5 2.0

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

 rat90

 

 

as
ym

m
et

ry
 r

at
io

Q
z
 [Å-1]

0.0 0.5 1.0 1.5 2.0
10- 12

10- 10

10-8

10-6

10-4

10-2

100

10-12

10-10

10-8

10-6

10-4

10-2

100

 vir t. up
 vir t. do wn
 Sim up
 Sim down

 

 

re
fle

ct
iv

ity

Qz [Å
-1]

Simulations:  Fe 100 on Si Substrate

low resolution 10%
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Simulations:  Fe 95 - 5 on Si Substrate

low resolution 10%
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Simulations:  Fe 80 - 20 on Si Substrate

low resolution 10%
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Simulations:  Fe 80 - 20 on Si Substrate

low resolution 10%
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Simulations:  Fe 95 - 5 on Si Substrate

low resolution 10%
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Virtual Simulations 
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Simulations:  Fe 100 on Si Substrate

high resolution 1%
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Simulations:  Fe 95 - 5 on Si Substrate

high resolution 1%
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Simulations:  Fe 90 - 10 on Si Substrate

high resolution 1%
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Simulations:  Fe 100 on Si Substrate

low resolution 10%
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Simulations:  Fe 95 - 5 on Si Substrate

low resolution 10%
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Simulations:  Fe 80 - 20 on Si Substrate

low resolution 10%
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10Å Fe-layer on a Ag substrate for 4.5Å 

reflectivity 

Omega [deg] 


