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We describe progress in the development of an energy-dependent neutron detector intended primarily for use in a polychromatic beam 
reflectometer CANDOR (for Chromatic Analyser Neutron Reflectometer Or Diffractometer) being constructed at the NIST Center for Neutron 
Research.  The general design is applicable to other instruments as well, for example, a materials diffactometer (Simmons et al. J. Appl. Cryst. 
46, 2013).  This detector incorporates pyrolytic graphite analyser crystals (54 separate elements in series) in conjunction with 6LiF/ZnS(Ag) 
scintillation detectors and silicon photomultiplier (SiPM) devices to form a module which simultaneously detects neutrons within a 4 to 6 
Angstrom bandwidth with a fractional wavelength resolution of approximately one percent.  Photons are produced by the interaction of the 
alpha and triton particles, originating from neutron capture in the Li, with the ZnS(Ag). Some fraction of these photons is subsequently 
channeled up through embedded wavelength-shifting fibers to the SiPM devices which produce, in turn, electrical pulses.  Currently,
neutron capture events are distinguished from gammas and background by pulse-width rather than pulse-height analysis (the gamma 
sensitivity is about seven orders of magnitude lower than that for neutrons).   The sensitivity for neutron detection is dependent on light output 
intensity and neutron capture probability. The neutron detection efficiency of the scintillation detectors is currently limited to approximately 50 
per cent (for a 1 mm thick slab that has an absorption of about 90 percent for 5 Angstrom neutron wavelengths) because the grain sizes of the 
6LiF and ZnS(Ag) particles (in a polymer binder) are significantly larger than optimal (which is believed to be in the 2 to 4 micron range).  It is 
expected that with the use of smaller grain sizes the efficiency will be significantly improved. How 30 such energy-dependent detector modules 
are to be configured into an array within the reflectometer is described, particularly in regard to achieving a focusing condition in the wavevector 
transfer Q for specular reflectivity measurements.  For non-specular reflectivity measurements, an order of magnitude gain over a conventional 
monochromatic beam instrument at a continuous source is in principle possible, whereas for specular reflectivity measurements -- in which a
broader angular divergence of the incident polychromatic beam can be used in addition -- a gain of several orders of magnitude may be 
realized under certain conditions.

We would also like to acknowledge the significant contributions from Brian Maranville and Dongwon Lee (NIST staff) in earlier stages of the 
project as well as discussions with members of the detector group at ISIS.



For a reflectometer/diffractometer at a pulsed neutron source, a 
substantial part of the entire wavelength distribution contained in a 
single pulse can be used to measure the reflectivity at multiple 
corresponding Q values by taking advantage of the intrinsic time 
structure, i.e., by labelling Q as a function of time of flight (Q is
inversely proportional to the wavelength).

To be as efficient at a continuous source, another method for
identifying different wavelengths present in a polychromatic beam is 
needed.  
 



  



  



  



  
(Thanks to Rob Dimeo for this slide.)



  





  

(Thanks to Ron Cappelletti for this slide.)



  



  



PG (002) crystal with half degree mosaic (from calculations 
of Dan Neumann).



  

PG(002) samples from Panasonic and other manufacturers.  At 5 Angstrom neutron

wavelength, the Panasonic samples have mosaic FWHMs of about one half a degree

and peak reflectivities of 0.90 and 0.82 for thicknesses of 1 and 0.5 mm, respectively.



  

Ratio of diffuse to Bragg scattering for pyrolytic graphite crystal

(Measurement performed on the NG-1 polarized beam reflectometer's PG

monocromator located on the current NG-1 guide [Be filter in place upstream)].)

The NG-1 focusing monochromator consists of 7 horizontal magnesium “fingers” on

each of which are mounted a pair of triple-stacked  ZYA grade PG material 50 x 11 x 

2 mm thick with mosaic FWHM of about half a degree (the three PG pieces in each 

stack were slightly inclined relative to one another to give an effective mosaic of 

approximately 1.31 degrees FWHM).

On the primary Bragg reflection for 4.75 Angstrom neutron wavelength, the 

measured reflected intensity is approximately 8635. counts/unit time interval 

compared to a diffuse count of 46. in the same time interval with the monochromator 

rotated off the Bragg peak by about 1.5 degrees.  Neglecting scattering from the magnesium 

fingers and surrounding air, the ratio of diffuse to Bragg reflected intensity is, conservatively, 

about 0.0053 or roughly a half a percent.  (The beam illuminating the PG monochromator 

was polychromatic with a Maxwellian distribution determined by the cold source and with a 

short wavelength cut-off imposed by the upstream Be filter.)

The beam reflected by the sample in which the PG analysers are bathed in the wavelength-dependent 

detector module for CANDOR is more restricted in comparison (some wavelengths weighted less in 

general) and the thickness of each PG analyser less (for roughly the same peak reflectivity) -- so the 

measurement described above represents something of an upper limit. 



  



  

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.



  



  



  



  



  



  



  



  



  



  



  

Scintillation Detector Technical Details Presented in Posters
at the ACNS in Knoxville, June 2014



  

Detection Mechanism

6LiF:ZnS(Ag)



  

<> A silicon photomultiplier is a 2D array of avalanche photodiodes or
      “pixels”.
<> One pixel discharges per photon event with a gain of ~10^6
<> This creates an interpretable signal from just a handful of photons
<> However, thermal excitation can form electron-hole pairs too … just
      like photons.
<> Thermal noise is a major problem that makes identifying neutron
       more events difficult

SiPM photodetector



Optimization of Detector Composition and
                            Geometry

Stopping Power vs. Light Output --
        6LiF to ZnS(Ag) ratio
         <> more Lithium will capture more neutrons
                         but
         <> more Zinc-Sulfide will yield more light

Light Transport
         <> add reflectors to the scintillator surface
         <> optimal dye concentration in WLS fibers
         <> effects of grain size and homogeneity
         <> ratio of WLS fiber volume to that of 6LiF and ZnS(Ag)



  

A working prototype consists of :



Sensitivity
– Weight ratio 

● Neutron capture (Li)
● Light output (ZnS) 
● Light attenuation (Transparency) (ZnS) and (Binder)
● homogenous mixture (Binder)

– Fibers Volume
– Reflector
– Grain Size
– Light Sensor properties

LiF:ZnS:Binder Compound 

Optimization

LiF

ZnS

Binder

WLSF

Trade-off 



Simulation - Light collection by WLS fiber

Side View

LiF:ZnS(Ag)

Air

WLS Core



Grain Size

LiF

ZnS



Compound Optimization - Grains
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Statistical Analysis of Pulses 

Gamma
Neutron Gamma Thermal Noise

<> Neutrons have a longer scintillation decay time

<> Neutrons are also usually larger in amplitude than

      gamma events or thermal events.

<> But, there is a large variation in all types of pulses.
       Thermal events can pile up too.

<> Pulse Shape Analysis
      examines both the pulse
      amplitude and decay time.



Signal



 The frequency of thermal noise events increase exponentially with 
temperature. 

 Cooling the diode will give the best SNR result.
 But, a cooling system requirement limits the applications of this 

detector, and makes the system more complicated.

SiPM Noise vs. Temperature

• Temperature sensors will be 
used on board with the SiPM to 
monitor temperature.

• Algorithm parameters can 
change dynamically to match 
the temperature conditions.

• Alerts can be sent when the 
cooling system is 
underperforming.

  



  

CANDOR Performance and Characteristics

> Typical constant Q resolution, dQ/Q, ~ 0.025

> Fractional wavelength resolution ~ 0.015

> Angular resolution ranging from 1 to 10 minutes (of arc)

> Significantly higher usable intensity incident on sample (possibly an
   order of magnitude or more increase) without degraded 
   signal-to-noise 



  

Summary – What may be done better with the CANDOR instrument?

> Reach higher wavevector transfer Q and correspondingly improved spatial            
   resolution: as much as 1.5 A-1 ( ~ half nanometer resolution) at reflectivities as      
  low as 10-9 for single bilayer systems  and 3.0 A-1 ( ~ 2 Angstrom resolution) for    
  a sufficiently ordered multilayer -- assuming background is sufficiently minimized    
  in either case.

> Perform specular reflectivity and diffraction measurements on a given sample        
   much more efficiently, perhaps as much as 100 times faster.

> Realize significantly higher throughput and smaller sample volumes (areas).

> Enable more real time reflectivity measurements and, possibly, direct inversion.



  

Appendices



Mosaic Crystal (or Multilayer) Analyser Array

> 4 to 6 A wavelength range:
       - Pyrolytic Graphite (PG) (002) with 0.5 degree mosaic (FWHM)
          and peak reflectivity ~ 0.9
       - 6 discrete, specularly reflected beams from sample
       - 54 crystals and corresponding detectors (1 cm diameter 3He tubes)
          for each of the 6 channels; 324 separate analyser crystals altogether

> 6 to 10 A wavelength range:
       - Ni/Ti multilayer (ML) with ~ 60. A bilayer spacing and ~ 0.8 peak
          reflectivity 
       - fluorinated mica with d-spacing of 9.963 A
       - NiTi2 thin film crystals – stable metallic compound with strong (111)
          reflection and interplanar spacing of 5.7735 Angstrom (almost twice
          that of PG (002) -- thanks to Judy Stalick for this suggestion!)



PG Analyser Array

> if successive PG analysr crystals are each incremented in angle by 1 degree (2 x mosaic       
   FWHM), then negligible wavelength overlap occurs but as many as about half the usable        
   neutrons would be lost

> at a wavelength (WL) of 4.75 A, for example, dWL/WL would be ~ 0.0175

> if the wavelength selection range of successive crystals is made to overlap, then the
   relative probabilities of reflecting neutrons of different wavelengths within this range must        
  be determined (using monochromatic calibration beams and by varying collimation, e.g.,
   defined by a pair of aperture widths, between crystal and corresponding detector, since           
  scattering angle differs with wavelength)

> at 4 A, Bragg angle is ~ 36 degrees, at 6 A ~ 63 degrees

> between 4 and 6 A and for a sample reflection angle between 0 and 1 degree,
   the range of Q covered is approximately 0.055 A-1
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A comprehensive study was
undertaken to determine whether
or not a beam modulation method
would be a suitable alternative for
a polychromatic reflectometer.  It
was concluded that insofar as
measurements of the specular
reflectivity are concerned,
modulation techniques can yield,
at best, a given statistical accuracy
with an efficiency no better than
that achieved with a single mono-
chromatic beam having comparable
instrumental resolution.  However,
a polychromatic incident beam with
wavelength analysis of the reflected
beam performed directly by
physical devices, e.g., crystal
analyzers, is significantly more 
efficient.  



  



  



6LiF:ZnS(Ag) - Detection Process

 Diffracted neutrons are captured by 6Li in the 
scintillator (6Li (n,α) 3H).

 When the neutron is absorbed a 2.06 MeV 
alpha particle and a 2.74 MeV triton are ejected 
in opposite directions.

 The alpha particles and tritons can travel only 
for a few microns in the scintillation compound 
(α ~ 0.007mm, T ~ 0.04mm).

 While traveling, the alpha particles and tritons 
lose energy and ionize the scintillation 
compound. 

Neutron
Capture

Alpha & TritonNeutron

Ionizing

Light photons



  

Test Setup -- 4.75 A Neutrons



Gamma 
Events

Neutron 
Events

Neutron events 
recognized by 
the algorithm

Neutron 
events that 

can be 
recognized by 
pulse height



Gamma Rejection

Jeff Sykora http://neutrons.ornl.gov/conf/insis2012/presentations/Scintillators_Sykora.pdf

Prompt

Delay



Configuration Rate [cps] Result

Helium Tube Detector 1140

CANDOR prototype detector 
(Helium detector 128 cps)

1012 Stopping power: 90% 

CANDOR real time 
discriminator

523 Detection efficiency: 46%

Configuration Incident 
photons

Measured  
Photons

Gamma 
Rejection

Cobalt-60 3.9x10^8 87 counts 1 per 0.44x10^7

Cesium-137 1.5x10^8 5 counts 1 per 6.6x10^7

Back ground Less than 1count per 10 min. measured for about 1 hour 

Neutron Sensitivity

Gamma Sensitivity
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