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“Citius, Altius, Fortius” 

• Faster measurements 

• Higher Q 

• Lower reflectivity 

• Wide dynamic Q ranges 

• Smaller samples 

• More complicated sample environments 



Overarching Reflectometry Requirements 

Only 7 neutrons 

reflected out of 108 

• Detector copes with high count 

rate 

• Detector copes with high local 

count rate 

• Detector efficient for relevant 

wavelengths 

 

• Calibrated wavelength/angles 

 

 

 

• Good source brilliance 

• v. low background 



Instrument types – angular vs energy dispersive 



Conventional monochromatic at reactor 

Pros 
• Relatively simple to 

construct / calibrate / 

operate 

• Well known resolution 

function, dQ/Q ~ 2% 

• Efficient use of single 

wavelength 

• Can vertically focus 

monochromator 

• Doesn’t require end guide 

position 

Cons 
• Not suited to studying 

realtime processes (angular 

dispersive) 

• Can’t vary resolution 

• Constant changing of slits for 

footprint (calibration + 

attenuators) 

• Very small angles for low Q 

(hard to under-illuminate 

reproducibly) 

• Free liquid surfaces are 

harder 

 

 

https://ncnr.nist.gov/instruments/pbr/ Footprint slit ~ 0.1 mm 



Mezei Spin Flippers 

 Used to flip the spin state of monochromatic neutrons 

 Current coils ┴ to the beam induce a field in a solid foil that 

causes the spins to precess. 

Sensitive to stray fields;  

Current settings vary for every different wavelength 



• Time of flight requires neutron pulses 
• Spallation – intrinsic pulse 

• Reactor – created by choppers 

• Wavelength typically measured by 

time-of-flight: 

 

 

 

• Dynamic Q range:   

 
D17 (ILL): [2, 27] = 13.5 

Platypus (ANSTO): [2.5, 19] = 7.6 

INTER (ISIS): [1.5, 16] = 10.7 

 

 

Energy Dispersive Reflectometry 
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Time-of-flight at a reactor 

discs 1 & 2: Dl/l ~1.1% 

discs 1 & 3: Dl/l ~3.3% 

discs 1 & 4: Dl/l ~7.7% 



 



Incident Neutron Spectrum 

Data rebinned to dl/l resolution 
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Spectrum 
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First Data:  Silicon Wafer 
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Instrumental Resolution 

Smeared model reflectivity model reflectivity Instrument resolution function 

van Well, A. A. & Fredrikze, H., Physica B-Cond. Mat., 2005, 357, 204 

• Thin films (< 200 Å) require low 

resolution 

dQ/Q ~ 8% 

• Thick films (> 1000 Å) and multilayer 

stacks require high resolution 

dQ/Q ~ 2% 

• Split angular + wavelength equally 

• Much harder to tune angular dispersive 

resolution 



Angular resolution considerations 

http://refcalc.appspot.com/slits 

de Haan et al. Nucl. Instr. Meth. A., 362, 434 

• First collimation slit controls resolution 

• Second collimation slit controls footprint 

Goniometer requirements 

• ~0.01 mm height precision 

• 0.001 degrees in tilt 

http://refcalc.appspot.com/slits


Collimation slit requirements 

• Micron reproducibility 

• Micron accuracy 

• Optical encoding (w. tape) 

• Absolute encoding 

• Ball screws 

• Low magnetic signature 

• Hot pressed/sintered B4C 

• Chamfered edge (low albedo) 

 

 



Wavelength resolution - TOF 

 

 

 

 

 

 

individual instrument. This however is at the expense of intensity. In many ways a long pulse source 

behaves like a quasi-continuous source.  

 

 

Figure 2. A monochromatic slice taken from the neutron pulse 

(blue) resulting from a quasi-delta-function (105ns) proton pulse 

(red) with the fast rise time and slow decay time clear in the 

neutron pulse. A useful rule of thumb for such sources is that the 

FWHM of the neutron pulse is approximately 7λ(Å)μs in the 

epithermal region and 22λ(Å)μs in the thermalised region. 

 

In the case of a continuous source there is full flexibility to trade intensity for resolution and to be 

able to build a diverse set of instrumentation. Equally well continuous sources can be pulsed, with the 

advantage that the pulse length can be varied and the pulse repetition rate can be chosen as required, 

rather than being dictated by the parameters of the source itself. The design parameters of a pulsed 

source have a far greater consequence for the performance of the instrument suite than do the design 

parameters of a continuous source where spectral range and intensity are the only relevant factors. 

 

If we consider the more or less accepted practical limits in pulsed source power today we see that 

short pulse sources such as SNS or J-PARC do not have ambitions beyond 1.4MW and the only long 

pulse source, ESS, is targeting 5MW. It is therefore appropriate to ask what would be the maximum 

power achievable were the pulse length to be varied away from the two extremes. Current expertise 

[5] suggests that, provided a solid target were used, then the full 5MW power of the ESS could be 

employed. The Goldilocks solution – just right - would therefore be to have the proton and neutron 

time constants as nearly equal as possible over the desired range of neutron wavelengths. In such a 

case both the peak and time-average slow neutron brightness can be simultaneously maximised for a 

given accelerator power. Gain factors of between one and two orders of magnitude in terms of 

intensity for a given resolution would accrue at the neutron instruments and would represent a very 

significant increase in sensitivity for neutron scattering investigations - a technique which benefits 

from a range of unique advantages for studies of condensed-matter science, but nevertheless facing 

fierce competition from the inexorable rise in intensity of photon sources. It is often stated that neutron 

and synchrotron sources are complementary but such complementarity begins to wane if the 

comparative source intensities diverge too much. Whilst pulse matching cannot be achieved at all 

wavelengths one could envisage a number of complementary regional sources which are optimised for 

different spectral ranges and hence for different ranges of scientific investigations rather in the way 

that different designs of telescope are diverse, being focused upon sky surveys or pin-point 

VI European Conference on Neutron Scattering (ECNS2015) IOP Publishing

Journal of Physics: Conference Series 746 (2016) 012030 doi:10.1088/1742-6596/746/1/012030
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Andersen, K; Carlile, C., Journal of Physics: Conference Series 746 (2016) 012030  



Detector considerations 
• Detector copes with high count rates (longevity + deadtime): 

– Globally 

– Locally 

– Instantaneous 

• Efficiency 

– 3He Gas pressure 

– Scintillators 

– Future: 10B / advanced scintillators 

• 1D vs 2D 

– Offspecular + GISANS (higher background?) 

– Background subtraction 

• Resolution: 

– better than 2 mm resolution 

• Advanced data acquisition techniques 

– Event mode for neutrons / sample environment 

– Stroboscopic 

 

 

80% neutrons in 25% of time   
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Dealing with the kinetics is easier afterwards 

Normal acquisition 

event mode 



Event mode – kinetic enabler 



Generating Polarized Neutrons 

Low Q: 

both spins reflected 



Generating Polarized Neutrons 

High Q: 

both spins transmitted 



Generating Polarized Neutrons 

Medium Q: 

 spin up reflected 

(blocked) 

 

spin down transmitted 

to sample 

blocked 



RF Spin Flippers 

 Used to flip the spin state of variable wavelength neutrons 

 Induces Larmor precession similar to that used for NMR 

Diverging iron plates create a field gradient 

Rotating field produced by a RF signal in coils around the beam axis  

magnetic 

field 

strength 



Chopped TOF at Continuous Sources 

Pros 

• Good for kinetic processes (large 

dynamic Q range) 

– Stroboscopic 

– Single shot 

• Only 2-3 angles required 

• Easy to under-illuminate (larger 

angles) 

• Easier liquid interfaces 

• Constant dQ/Q 

• Vary resolution 

• Area detector 

– simultaneous background 

measurement 

– Offspecular 

– GISANS 

– Hi-res = act as a slit 

 

Cons 

• Transmission typically <10% 

• A little bit harder to operate 

• Gravity effects (vertical scattering 

plane) 

• End guide position 

• Polarisation more difficult 

• de Haan, V., et al., Nucl. Inst. Meth. A. 362 (1995) 434-453  

• van Well, A., et al., Physica B 357 (2005) 204–207 

• James, M., et al., Nucl. Inst. Meth. A. 632 (2011) 112-123 

• Campbell, R., et al., Eur. Phys. J. Plus 126 (2011) 107  from: van Well 



NR using divergent beams/non-flat samples 

Cubitt, R., et al. J. Appl. Cryst. 48 (2015), 2006-2011 



RAINBOWS – refractive analysis of reflected beam 

• TOF at continuous sources have low transmission, ~ 0.02 

• Monochromatic have high transmission, but only use single 

wavelength (not suited to kinetic processes) 

Cubitt, R., et al., J. Appl.Cryst. 51 (2018) 257-263 

• MgF2 refracts reflected beam 

• Refraction angle is wavelength dependent 

• High resolution detector is required 

• Potential for large gains 

 

 



Spallation reflectometry - INTER 

Webster, J., et al. Physica B 385–386 (2006) 1164–1166  



Spallation reflectometry 

• CRISP/SURF/OFFSPEC/INTER/POLREF (ISIS) 

• Liquid/Magnetism Reflectometers (SNS) 

• SOFIA/SHARAKU (JPARC) 

• Reflectometer (CSNS) 

• SPEAR (LANSCE) 

Pros 

• Good for kinetic processes (large 

dynamic Q range) 

– Stroboscopic 

– Single shot 

• Only 2-3 angles required (depends on 

bandwidth) 

• Easy to under-illuminate (larger angles) 

• Easy to measure free liquid interfaces 



CANDOR 

 

All CANDOR descriptions sourced from NIST website: 

https://ncnr.nist.gov/equipment/msnew/ncnr/candor.html 

• Multiplex angles AND wavelengths 

• Wavelengths [4, 6] Å 



Detection arm 

 

https://ncnr.nist.gov/equipment/msnew/ncnr/candor.html 



 

https://ncnr.nist.gov/equipment/msnew/ncnr/candor.html 



Q range covered by CANDOR 

 

  

Sample neutron reflectivity curve with the ranges that each of the six distinct beams will

cover in Q (horizontal scale in inverse Angstroms) for a wavelength band from 4 to 6

Angstroms.  The vertical placement of the Q ranges is for clarity only.  Each group of

ranges corresponds to a different orientation of the sample relative to the incident beams.



Incident beam optics 

 



 

https://europeanspallationsource.se/instruments/freia#instrument-description 

FREIA 
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envisaged.  The detector will need to move both along the beam (3m) and vertically (1m), 

and have an evacuated flight path. This can be a cylindrical tank or a flight tube – the best 

engineering solution for this will be decided during the design phase. 

Figure 4. Schematic instrument layout – a) from the side and b) from the top indicating the 

position and relative size of the main instrument components.  The chopper radii have been 

drawn in as simulated in panel b) (750mm, 1000mm for FOC3). 

2. Time-distance diagram 

At 25m, the usable wavelength band in the first frame is 2.5-11.3Å, as shown in Figure 5.  

The shortest wavelength was chosen considering the worst acceptable resolution (18.3% for 

2.5Å). If measuring across the prompt pulse is feasible, the wavelength band can be 

extended to 22.6Å by skipping every second pulse. 

Figure 5. Time-distance diagram for a 25m instrument operating at 14Hz. The limiting usable 

wavelength was considered to be 2.5Å with 18.3% resolution. The chopper openings shown 

were chosen so that the full pulse can be transmitted, which also includes shorter or longer 

wavelengths within the source resolution (shown as dashed lines). 
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Intrinsic operation 
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envisaged.  The detector will need to move both along the beam (3m) and vertically (1m), 

and have an evacuated flight path. This can be a cylindrical tank or a flight tube – the best 

engineering solution for this will be decided during the design phase. 

Figure 4. Schematic instrument layout – a) from the side and b) from the top indicating the 

position and relative size of the main instrument components.  The chopper radii have been 

drawn in as simulated in panel b) (750mm, 1000mm for FOC3). 

2. Time-distance diagram 

At 25m, the usable wavelength band in the first frame is 2.5-11.3Å, as shown in Figure 5.  

The shortest wavelength was chosen considering the worst acceptable resolution (18.3% for 

2.5Å). If measuring across the prompt pulse is feasible, the wavelength band can be 

extended to 22.6Å by skipping every second pulse. 

Figure 5. Time-distance diagram for a 25m instrument operating at 14Hz. The limiting usable 

wavelength was considered to be 2.5Å with 18.3% resolution. The chopper openings shown 

were chosen so that the full pulse can be transmitted, which also includes shorter or longer 

wavelengths within the source resolution (shown as dashed lines). 

 

0.00#

5.00#

10.00#

15.00#

20.00#

25.00#

0.00# 50.00# 100.00# 150.00# 200.00#

D
is
ta
n
ce

/*
m
*

, me/*ms*

2.5011.3*Å*
2.5Å#±18.3%# 11.3Å±4%#



No need to move the sample! 
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used instead of the third chopper, but the chopper was considered to be a simpler solution 

than inserting such a vertical mirror inside the elliptical guide. 

To increase the wavelength resolution, it is necessary to use WFM to preserve the usable 

bandwidth, as otherwise the bandwidth of the instrument is limited to 1.5Å (due to the 

earliest possible chopper position being at 6.5m from the source). WFM relies on an optically 

blind chopper pair to create a sequence of short sub-pulses that are separated in time-of-

flight but overlapping in wavelength, which allows a continuous wavelength spectrum to be 

used in data-reduction. The number of frames required to fill the frame is related to the ratio 

of the natural instrument length and the actual length of the instrument, with the number of 

frames increasing for short instruments. The natural length is defined as Lnat = 

posPS+posPS*τ/T, where posPS is the distance of the WFM choppers form the source, τ is 

the pulse length and T is the source period. The WFM chopper system was optimised 
according to the method published by M. Strobl et al.1 

For FREIA, a constant dλ/λ = 2% can be achieved using 7-fold WFM as shown in Figure 12. 

In each frame, the shortest wavelengths originate from the end of the source pulse, and the 

longest from the beginning, with the selected pulse width being proportional to the 

wavelength, giving rise to constant dλ/λ. Each frame works in a manner analogous to a co-

rotating double chopper pair operating with zero opening, with the resolution determined by 

the inter-chopper distance z0, which in this case is 0.364m. To avoid cross-talk between the 

sub-frames, and contamination from the source pulse tail (which extends to 5ms), 3 frame 

overlap choppers are required to keep the frames apart in time-of-flight until they reach the 

detector. Both the time between frames and the length of each frame become progressively 

shorter with increasing wavelength.  

Figure 12. 7-fold wavelength frame multiplication for a 25m instrument at dλ/λ = 2% using 

wavelengths from 2.5-11.3Å.  

                                            

1 M.Strobl, M. Bulat, K.Habicht, Nuclear Instruments and Methods in Physics Research A 705 (2013) 

74–84, doi: 10.1016/j.nima.2012.11.190. 
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