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TWO POPULATIONS OF 
NEUTRONS
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TABLE II
FITTED PARAMETERS FOR THE ANALYTIC MODEL

. In the Appendix, we provide a table of numer-
ical values of neutron differential flux, , for
determined from the shape of the Yorktown Heights spectrum
scaled down to the location of New York City (NYC) at sea
level (as it is shown in Fig. 6), then further adjusted up to the fit
in Fig. 5, and up to the mid-point of solar modulation using (3).
We refer to this spectrum as the “reference” spectrum. Its flux is
0.901 times that of the measured spectrum at Yorktown Heights
and 1.07 times that of the scaled spectrum shown in Fig. 6.

The spectrum may change shape slightly in the GeV region at
higher cutoffs. The airplane measurements of Goldhagen et al.
[14], obtained at an altitude of 20 km, found that the fraction of
the total flux that was above 10 MeV was 8% higher at a cutoff
of 11.8 GV than at 0.8 GV. Calculations by Mares et al. [37]
show that the cutoff dependence of the spectrum shape is less
than half as much on the ground as it is at 20 km.

V. ANALYTIC MODEL

In addition to tabulated values of , a simple analytic
expression has been fit to the NYC reference neutron spectrum
in the energy range from 0.1 MeV to 10 GeV

(6)

The values of the parameters , , and in (6) were
constrained by requiring that the energy-integrated fluence,

, in the energy regions of the evaporation and
high-energy peaks from the model agree with the experimental
data to within a few percent. The numerical values of these
parameters are listed in Table II. Since the flux in the thermal
peak, and to a lesser extent the plateau region, depend on
the local environment, functions fitting these regions are not
presented here.

Fig. 7 shows a graph of the evaporation and high-energy re-
gions of the reference spectrum and the analytic model in the

representation. The data are shown as a histogram
and the analytic model is the solid smooth curve. The fit is vis-
ibly very good above 10 MeV and reasonably good in the evap-
oration region down to about 0.4 MeV.

VI. COMPARISON TO JEDEC STANDARD

Fig. 7 also shows the spectrum from Appendix E of JEDEC
Standard JESD89 [38]. The JEDEC model was a fit through
previously published data adjusted to the same conditions as
our reference spectrum. (This was the main reason we chose
those conditions.) It has been used for a number of years and
forms the basis of current SER calculations. The JEDEC model
underestimates the reference measured flux integrated from 50
MeV to 1 GeV and overestimates

Fig. 7. Upper-energy portion of the reference neutron spectrum at New York
City, sea level, and mid-level solar modulation (histogram), the analytic fit (solid
smooth curve), and the model from Appendix E of JEDEC Standard no. 89 [38]
(dashed curve).

Fig. 8. Differential flux, , of cosmic-ray induced
neutrons as a function of neutron energy. The data points are our reference
spectrum from the measurements, the solid curve is our analytic model, and
the dashed curve is the JEDEC model [38].

it from 5 to 50 MeV and again from 1 to 10 GeV by factors of
1.7 and 1.3, respectively.

Fig. 8 shows the same data as Fig. 7, but presented as the
more familiar differential flux (neutrons ).
As already shown in Fig. 7, our analytic model reproduces the
measured spectrum better than the JEDEC model.

VII. CONCLUSION

Five sets of neutron spectrometer data have been collected
and analyzed from a variety of sites across the United States
to determine the flux and energy distribution of cosmic-ray in-
duced neutrons on the ground. The measurement sites had a
wide range of altitudes and a small range of geomagnetic cutoff
rigidities (1.6 to 4.7 GV). An extended-energy Bonner sphere
spectrometer was used that collected data simultaneously across
an energy range from 1 meV to about 10 GeV. The measured
total neutron flux varied by a factor of 15 from the highest
to lowest altitude sites, but the shape of the spectrum above
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Limita@ons	
  of	
  tradi@onal	
  neutron	
  detectors
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  capture	
  on	
  3He	
  
– use	
  3He	
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  with	
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– 3He	
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  very	
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  limited	
  availability
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  capture	
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  much	
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  and	
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  capture
– commercially-­‐available	
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  are	
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  poten<ally	
  hazardous
– nonlinear	
  response
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 Choice of Scintillator

•	
   Plan	
  was	
  for	
  lithium	
  to	
  be	
  in	
  aqueous	
  solu@on
-­‐	
  so	
  scin@llator	
  must	
  accept	
  water-­‐based	
  solu@ons
-­‐	
  such	
  scin@llator	
  cocktails	
  exist	
  for	
  Health	
  Physics	
  uses

•	
  safety	
  (for	
  use	
  underground/Reactors)
-­‐	
  needs	
  high	
  flashpoint	
  
-­‐	
  non-­‐toxic

•	
  cheap	
  
Zinsser	
  Analy@c	
  developed	
  a	
  Scin@llator	
  that	
  accepts	
  aqueous	
  solu@ons	
  40%	
  vol.
(Quickszint	
  164)
-­‐	
   based	
  on	
  high	
  flash	
  point	
  materials	
  (	
  >	
  100	
  C	
  )	
  
-­‐	
   rela@vely	
  safe	
  –	
  contains	
  only	
  aroma@c	
  solvent	
  (diisopropyl	
  naphthalene)

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  white	
  oil,	
  non-­‐ionic	
  surfactants,	
  and	
  fluors	
  (PPO,	
  bis-­‐MSB)

•	
  rela@vely	
  cheap:	
  ~	
  $200/L
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 UV-Visible transmission
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Figure 2: Plot of the optical performance of the Li-loaded scintillator as a function of the volume fraction of aqueous
lithium chloride. The minimal loading for acceptable transmittance is 0.4% - 0.6% aqueous lithium chloride by volume
and is independent of molar concentration, while the maximal loading depends proportionally on the molar concentration
of aqueous lithium chloride. Error bars indicate the accuracy of the UV-Vis transmittance measurements and physical
measurements during chemistry procedures.
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Figure 3: Fluorescence spectra for pure scintillator cocktail
and 6Li-loaded scintillator using excitation energies of 300
nm and 350 nm. The addition of aqueous lithium chloride
decreases the light output of the scintillator cocktail by
about a factor of two.

Because the addition of aqueous lithium chloride into
the scintillator cocktail reduced its light output, fluores-
cence measurements were performed to ascertain the level
of decrease in scintillation light. Fluorescence spectra were
measured with a multifrequency phase fluorometer using
single wavelength excitations at 300 nm and at 350 nm,
which matched the fluorescence spectrum of the primary
fluor, PPO. As seen in Figure 3, the addition of aqueous
lithium chloride decreased the light output of the scintil-
lator cocktail by a factor of two.

The microemulsion droplet size of the 6Li-loaded scin-
tillator was measured using a dynamic light scattering in-
strument. The measured hydrodynamic droplet mean ra-
dius was 4.5 nm, which included the extent of the surfac-
tant molecules from the droplet into the scintillator bulk.
The calculated mean length of the hydrophobic tail of the

ethoxylated nonylphenol surfactant is approximately 0.6
nm, so the calculated diameter for a droplet of lithium
chloride solution in the scintillator cocktail is approxi-
mately 8 nm.

A test neutron detector was assembled by filling a 5 cm
diameter by 6 cm cylindrical borosilicate glass cell (ap-
proximately 100 ml) with the prepared 6Li-loaded scintil-
lator. The cell was externally coated with Bicron 622A
reflective paint and coupled to a 5-cm Burle 8850 photo-
multiplier tube (PMT) using optical grease. PMT signals
were recorded as waveforms by a GaGe 8-channel 125 MHz
digital oscilloscope card with 14-bit resolution. The data
acquisition electronics (see Figure 4) allowed events to be
recorded either in singles mode, where the digitizer trig-
gered on signals above a threshold, or in capture-gated
coincidence mode, where the digitizer would be triggered
on any event (a “start event”) above a threshold that was
followed within 40 µs by a second event (a “stop event”)
above the threshold. All of the digitized waveforms were
recorded to disk for later analysis.

5. Fast neutron response

The PMT and glass cell containing the 6Li-loaded scin-
tillator were inserted into a 0.64 cm thick lead cylinder to
reduce the gamma-ray background, which was surrounded
by 6 mm of borated-silicone3 to reduce the thermal neu-
tron background. The detector was irradiated by 2.5 MeV
and 14 MeV monoenergetic neutrons from neutron gen-
erators and neutrons from 252Cf sources, and data was

3Borated-silicone is a neutron shielding material based on a sili-
cone elastomer that has boron carbide powder homogeneously mixed
throughout its matirx. The boron content attenuates thermal neu-
tron flux due to its high thermal neutron absorption cross section.

4

Mass	
  frac@ons	
  up	
  to	
  0.5%
achievable

Normalized	
  to	
  unloaded	
  Quickszint
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 Scintillator Testing
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 Thermal Neutron Measurements outside the Thermal Column
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Figure 7: Thermal neutron fluence measured approximately 3 m from the 20 MW research reactor at the NIST Center
for Neutron Research. The test detector employed 6Li-loaded scintillator (left graphs) and BC-454 boron-loaded plastic
scintillator (right graphs). The top graphs shows the light output spectra of the different shielding configurations designed
to suppress gamma-ray backgrounds and isolate thermal neutrons. The bottom graphs show the background-subtracted
thermal neutron spectra, which was integrated to determine thermal neutron fluence. The measured thermal neutron
fluence was 2.8 cm−2 using the 6Li-loaded scintillator and 2.2 cm−2 using the BC-454 scintillator.

8

BC-­‐454	
  boron-­‐loaded	
  plas@c	
  scin@llator6Li-­‐loaded	
  scin@llator

Integrated	
  fluence	
  2.8	
  cm-­‐2
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 NIST Scintillator Development

Conclusions:

Li-­‐6	
  doped	
  mico-­‐emulsions	
  can	
  work	
  well	
  as	
  high-­‐efficiency	
  neutron	
  detectors

-­‐	
  Allow	
  for	
  fine	
  segmenta@on	
  (non-­‐linear	
  response	
  compensa@on)
-­‐	
  Reasonably	
  priced
-­‐	
  Safe	
  and	
  easy	
  to	
  work	
  with

Primary	
  outstanding	
  issues	
  
-­‐	
  accurate	
  measurement	
  of	
  a]enua@on	
  length	
  
-­‐	
  long	
  term	
  stability	
  


