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Fast Neutron Backgrounds 
for Underground Science
• Fast neutrons play a particularly problematic 

role in low background experiments

• Deeply penetrating

• Create long lived isotopes (Co60, Xe137,...)

• FNs are indistinguishable from WIMP dark 
matter interactions

• Important to know the surface fast neutron 
spectrum for shielding and transport of materials
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Neutron Production 
Simulation vs Data

Finally, it is apparent that the experimental points
lie far above the MC data. If the disagreement for
the light materials is already unreasonable, the
case of lead cannot be easily explained. In fact,
even if a much lower neutron threshold of 1MeV
is considered, both MC models would still predict
a lower cross-section than those reported in
Ref. [18].

The production of lower energy neutrons by
deep inelastic scattering (DIS) of 470GeV muons
in lead was studied by the E665 Collaboration,
who found average neutron multiplicities per DIS
event of ’ 5 for neutron energies under 10 MeV
[19]. A value of 3.7 is obtained for the GEANT4
simulation of the m–N process at this muon energy,
in reasonable agreement with the experimental
result. The simulated neutron spectrum (per unit
energy) exhibits a double-exponential behaviour
below 10MeV—also in agreement with the experi-
mental findings. The two decay constants, due to
neutron evaporation from the thermalised nucleus
and from pre-equilibrium emission, are charac-

terised by nuclear temperatures of 0.93 and
3.7MeV, compared to 0:7! 0:05 and 5! 1MeV
obtained in E665. In conclusion, the spallation of
neutrons under 10MeV as predicted by GEANT4
for lead does not conflict with these experimental
data.
The role of the minimum energy transfer in the

muon photonuclear models in neutron production
was pointed out in Paper 2. This threshold comes
about because the virtuality of the photon can no
longer be neglected when it becomes comparable
to its energy. Recently, the total m–N cross-section
was reported to increase by 2–3 times if the
minimum energy transfer is decreased from 140 to
10MeV, based on the parameterisation used in
FLUKA [20]. We have confirmed that this
difference is only 10–15% greater for the
200MeV threshold in GEANT4. The aforemen-
tioned study also found that the parameterisation
used to describe the g–N cross-section in FLUKA
[16] (similar to that from Ref. [17] used in
GEANT4) overestimates more rigorous theoreti-
cal calculations when extrapolated to low energy
gammas. Consequently, the increase in the muon
cross-section with decreasing threshold is not
expected to be as large as mentioned above. In
any case, as pointed out in Paper 2, we expect
many more neutrons to be produced by brems-
strahlung (real) photons with low energies in
electromagnetic cascades than by virtual ones in
muon interactions with small energy transfers.

3. Underground neutron fluxes: a case study

The UK Dark Matter Collaboration (UKDMC)
has been assessing the feasibility of a xenon-based
tonne-scale dark matter experiment to be installed
at the Boulby Underground Laboratory. In this
context, initial calculations using FLUKA, re-
ported in Paper 3, have so far been performed of
the muon-induced background in a 250 kg xenon
target. Building on that work we present here a
case-study comparison between FLUKA and
GEANT4. The calculated neutron fluxes and
spectra at the rock/cavern boundary and after
various shields are also relevant to other under-
ground experiments in different laboratories.
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Fig. 7. Differential cross-section of neutron production by
190GeV muons for a 10 MeV threshold in neutron energy. The
data points represent the results of the NA55 experiment. The
thin-line histogram shows the GEANT4 simulation considering
muon–nucleus interaction only; the thick histogram includes all
physics processes. The dashed line represents the FLUKA
results for the latter case.

H.M. Araújo et al. / Nuclear Instruments and Methods in Physics Research A 545 (2005) 398–411 405
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Surface Fast Neutron 
Spectrum3428 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 51, NO. 6, DECEMBER 2004

Fig. 1. Three neutron detectors along with their charge-sensitive preamplifiers
in a lightweight aluminum suitcase.

for which the detector assembly has good detection efficiency.
If all the detector assemblies are exposed to the same radiation
field and the efficiency as a function of energy (response func-
tion) of each of the detector assemblies is known, the neutron
energy spectrum can be determined from the detector count
rates. The 14 detectors of our spectrometer were identical
5.08-cm-diameter spherical -filled proportional counters,
with one bare (designated detector 1), one surrounded with a
layer of cadmium (detector 2), and the rest surrounded with
high-density polyethylene spheres with diameters ranging from
6.7 to 38 cm (detectors 3 to 14). Moderator diameters and
masses for all the detectors are given in [16]. To detect neutrons
with energies above 30 MeV, detector 13 has a 25-kg lead shell
embedded within its 30-cm diameter moderator, and 14 has an
18-kg steel shell in its 38-cm moderator. High-energy neutrons
striking the lead or iron nuclei cause hadronic showers with
easily detected secondary neutrons, creating a rising response
with increasing energy. In addition to detector 2, detectors 4,
6, and 13 were also surrounded by cadmium to reduce their
response to thermal neutrons.

Fig. 1 shows a photograph of a group of three detectors as
they were deployed in an aluminum suitcase, surrounded by
polyurethane foam cushioning. The black boxes are charge-sen-
sitive preamplifiers which were directly attached to each of the
proportional counters.

Two other suitcases, containing three detectors each, were
part of the spectrometer. The five largest detectors were indi-
vidually housed in aluminum cylindrical containers—the same
containers used for measurements on the airplane. The three
suitcases and the five largest detectors were placed on top of
lightweight aluminum tables, about 1 m above the ground.
When used outdoors, the suitcases and electrical connections
were covered with plastic bags to prevent damage from rain,
and the tables were tied down to prevent movement due to
high winds which occurred at several test sites. At one site
(Mt. Washington) the tables were not used and the detector
containers were placed on the paved ground. Fig. 2 shows the
spectrometer on the roof of the IBM T. J. Watson Research
Center in Yorktown Heights, NY.

Fig. 2. Fourteen-element Bonner sphere spectrometer located on the roof of
the IBM T. J. Watson Research Center. The suitcases and connector ends of the
large detectors were covered in plastic bags to prevent water damage.

The data-acquisition electronics and methods were similar to
those described in [14]–[16]. After passing through a preampli-
fier and a purpose-built amplifier, signals from each proportional
counter were routed through one of a pair of 8-channel multi-
plexers to an analog-to-digital converter, and the pulse height
stored in a multichannel analyzer in a portable personal com-
puter (PC). Pulse height data were stored on the PC hard drive at
intervals commensurate with the counting rate, from once every
hour to once every four hours for measurements at high eleva-
tion or near sea level, respectively. The large pulses produced
by the proton-triton pair from the neutron capture
reaction were cleanly separated from the smaller pulses pro-
duced by minimum-ionizing particles and electronic noise. To
obtain spectra with high statistical precision, experiments were
run until most of the detectors registered well over 10 000 neu-
tron events each, which took over a week at sea level.

Measurements were made outdoors at Fremont Pass, CO;
Mount Washington, NH; Yorktown Heights, NY; and Houston,
TX. Indoor sites included Leadville, CO, and computer labs
at IBM sites in Yorktown Heights, NY, and Burlington, VT.
These measurements were made between September 2002 and
June 2003. The results from the outdoor sites and the Leadville
measurement are presented here. The Leadville measurement
could be included with the outdoor measurements because the
roof of the one-story building used there was relatively thin
(8.75 ), made primarily of wood, and did not signifi-
cantly change the shape of the measured neutron spectrum. At-
mospheric pressure was recorded at each test site so that the
neutron measurements could be corrected for the effect of pres-
sure (atmospheric depth).

III. DATA ANALYSIS

The response of each detector to neutrons in the energy range
to 100 GeV was calculated using the Monte Carlo

radiation transport code MCNPX [21], [22] (versions 2.5.d and
2.5.e). The methods used for calculating these response func-
tions are similar to those used previously [14]–[16]. The ef-
fects of the various materials near each detector that were part
of the spectrometer were included in the response calculations:
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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

Array of 14 Bonner spheres, count rates 
are unfolded to make a spectrum

Gordon, et al., IEEE Trans 51, (2004)
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The FaNS Detectors
• Arrays of plastic scintillator segments and helium-3 proportional 

counters

• Segmentation improved energy reconstruction

• Use Capture-gated Spectroscopy for particle identification and energy 
information

• Calibrated at NIST with Cf-252, DD, and DT neutrons

• Measure the surface and underground neutron spectra

• FaNS-1: operated at Kimballton Underground Research Facility

• FaNS-2: to be operated at shallow location at NIST

Friday, June 7, 13



FaNS-1
BC400 Plastic

Scintillator

He3 Proportional
Counters
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FaNS-1
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Neutron 
Scatters

Neutron 
Capture
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Main features of CGS:
1. Particle identification
2. Full energy deposition
3. Simply background 
subtraction

Capture Gated Spectroscopy
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Timing Spectrum
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Random Coincidences

Real 
Coincidences

Timing Spectrum
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Risetime of Helium Signals
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Langford et al. http://arxiv.org/abs/1212.4724

µ

1. Use preamp signals 
   directly
2. Digitize signals
3. Risetime =50% - 10% 

Allows for 
suppression of 
alpha, gamma, and 
microdischarge 
noise signals 

Friday, June 7, 13

http://arxiv.org/abs/1212.4724
http://arxiv.org/abs/1212.4724


Calibrations as NIST
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• Used two mono-energetic neutron generators 
to measure FaNS-1 energy reconstruction 

• Both show good agreement with MCNP
• Shows that we have full energy deposition
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FaNS-1 at the Surface
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• Recorded 1.3x105 events (0.8 Hz)
• After cuts, ~6000 neutron events 

(0.04Hz)
• Recorded neutron energies up to 
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FaNS-1 at the Surface
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FaNS-1 at KURF

• Multiple upgrades to electrons to 
reduce backgrounds and noise

• Measured efficiency with Cf-252 source 
(1.3+-0.1)%

• Final dataset included 100 days of 
operation
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FaNS-1 at KURF - 1450mwe
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• 62 day dataset
• 1.67x105 events
• 250 counts pass all cuts
• 92 remain after BG sub.
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FaNS-1 at KURF - 1450mwe

8
910-7

2

3

4

5
6
7
8
910-6

2

3

4

5
6
7
8
910-5

Co
un

ts
/M

eV
/s

8642
Neutron Energy (MeV)

 BG Subtracted

PRELIM
INARY

Friday, June 7, 13



(alpha,n) vs Fission Spectrum

15

events/keV-kg-year, is precisely what we have found in
our simulation.
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FIG. 25: The Depth-Sensitivity-Relation (DSR) derived for
a Majorana-like experiment showing, specifically, the results
from this work assuming the detector is operated at a depth
equivalent to the Gran Sasso Laboratory. The raw event rate
in the energy region of interest of 0.026 events/keV-kg-year
can be reduced by a factor of 7.4 by exploiting the detector
granularity, pulse-shape discrimination (PSD), and detector
segmentation. The upper curve displays the background sim-
ulated in the case that no active neutron veto is present and
the lower curve indicates the reduction that would ensue if an
active neutron veto were present that is 99% efficient.

The results of our simulations can be used to derive
the DSR for Majorana as shown in Fig. 25. The neu-
tron induced background can be reduced by about a fac-
tor of 7.4 in Majorana owing to the use of crystal-to-
crystal coincidences and the use of pulse-shape discrim-
ination and segmentation. Nonetheless, to achieve the
target sensitivity of next generation double-beta decay
experiments, 0.00025 events/keV-kg-year corresponding
to the background level required to reach sensitivity to
the atmospheric mass scale of 45 meV Majorana neutrino
mass, the muon-induced background must be reduced by
roughly another factor of 100. This can be achieved only
by operating such a detector at depths in excess of 5
km.w.e., otherwise an active neutron veto would need to
be implemented with an efficiency in excess of 99%.

D. (α,n) Background

Once the depth requirement is satisfied, a proper shield
against (α,n) neutrons from the environment becomes
necessary. We use the standard rock and the measured
neutron flux (3.78×10−6cm−2s−1 [68, 69] ) at Gran Sasso
assuming that all underground labs have the same order
of neutron flux to establish the shielding requirement for
(α, n) neutrons. This flux corresponds to an average of
about 2.63 ppm 238U and 0.74 ppm 232Th activity in
Gran Sasso rock and 1.05 ppm 238U and 0.67 ppm 232Th
activity in Gran Sasso concrete [70]. The neutron energy

spectrum depending on the rock composition is shown in
Fig. 26. As can be seen, the total neutron flux is about
three orders of magnitude higher than that of neutrons
from the rock due to muon-induced processes, but the
energy spectrum is much softer.
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FIG. 26: The neutron energy spectrum arising from (α,n)
reactions due to radioactivity in the rock. We predict a harder
energy spectrum in Gran Sasso rock relative to standard rock
owing to the presence of carbon and magnesium.

To demonstrate the neutron flux and energy spectrum
at different boundaries we show the rock/cavern neutron
flux and energy spectrum with a shielding for Majorana
described earlier in Fig. 27 for the depth of Gran Sasso
as an example.
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FIG. 27: The energy spectrum for fast neutrons produced
by (α, n) reactions in the rock compared to those induced by
muon interactions in the rock with and without shielding. The
lower energy neutrons (< 10 MeV) are quickly absorbed using
polyethylene shielding, however, the high energy portion of
the muon-induced neutron flux persists. The addition of lead
shielding adjacent to a detector can also create an additional
source of muon-induced neutrons.

Note that the (α, n) neutrons from the rock are quickly
attenuated to the level of the muon-induced neutrons be-
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Data Acquisition System

7 CAEN 
V1720 

Digitizers
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FaNS-2 Operation at 
NIST

• NIST provides an array of neutron sources for calibrations

• Californium-252 (known activity at 1%) 

• DD and DT mono-energetic generators

• AmBe

• FaNS-2 is operating in a low scatter room measuring 
source and ambient neutrons

• Low number of backscattering neutrons

• Effectively no shielding of ambient neutrons from cosmic rays

• FaNS-2 will move to a 20mwe lab at NIST soon

Friday, June 7, 13



Real + Random

Random
Only

Timing Spectrum
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Neutron Source Calibration

Have measured the absolute efficiency with 
calibrated Cf source, ~9% above 1MeV

DD DT
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Conclusions
• We have shown that FaNS-1 has sensitivity up to 

300 MeV

• FaNS-1 has been calibrated with Cf, DD, and DT 
neutron sources

• MCNP simulations have been done that match the 
response of the detector

• A measurement of the neutron spectrum at KURF 
has been made

• FaNS-2 is now operating, and moving underground soon
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9cm X 9cm X 56cm 
Plastic Scintillator Bars
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Data Acquisition Requirements

• Synchronous sampling and triggering of 56 channels

• Operate in three trigger modes:

• Gamma calibration:  Any PMT triggers all PMTs

• Muon calibration: Trigger on high multiplicity PMT events

• Neutron data: Any helium signal triggers all channels

• ~1ms long traces with ZLE to reduce data size

• Large dynamic range (30 keV:200 MeV per channel)

• Need to automatically switch between different modes
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PMT Signal Conditioning

•Custom circuit board
•8ch, NIM form factor
•Factor of 10 increase in 

dynamic range
•Increase of signal width from 

10ns to 50ns
➡Reduces digitization 

error
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- Homebuilt code with C++
- GUI uses QT for cross platform
- Controls an arbitrary number of 
    cards, set at compile time
- Each card can operate separately 
    or any combination can be 
    coordinated
- Settings can be loaded from a file
- Controlled by an external Python 
    function over TCP/IP

Online MCA
Live Traces
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Python Control Program

• Platform independent development

• Simple to program, easy to debug!

• Commands sent over TCP/IP to 
DAQ program

• Script controls card settings, start, 
stop, saving data, writing MCAs, etc. 

• Can be controlled locally or remotely

• Easy interoperation with HV control, 
logging, email notifications, 
environmental monitoring, and data 
transfer
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DAQ at Work!

Friday, June 7, 13



NIST nTOF Apparatus

-300

-250

-200

-150

-100

-50

0

Am
pl

itu
de

 (
ch

)

4003002001000
Samples

 Plastic Scintillator
 NaI Crystal

NaI

Cf

γ
n

1m
Plastic

Scintillator

PMT

PMT

Friday, June 7, 13



Time of Flight

1

10

100

1000

Co
un

ts

140120100806040200-20
Time of Flight (ns)

neutrons

gammas

Friday, June 7, 13



Time of Flight Energy

1

2

3

4
5
6

10

2

3

4
5
6

100

2

3

4

Co
un

ts

1086420
Time of Flight Energy (MeV)

Friday, June 7, 13



Time of Flight
14

0
12

0
10

0
80

60
40

20
0

-2
0

Ti
m

e 
of

 F
lig

ht
 (

ns
)

543210
Deposited Energy (MeVee)

neutrons

gammas

Friday, June 7, 13



MeV vs MeVee
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MeV vs MeVee
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FaNS-2 Outlook
• Efficiency calibration up to 10 MeV with Cf neutron 

sources

• Measure response to 14 MeV neutrons with DT 
generator

• Continue collecting ambient neutron data at the 
surface, measure from 500 keV to >1 GeV

• Install in a shallow underground facility at NIST to 
measure the muon induced neutron spectrum

• Simulate the spectrum with Geant4/Fluka/MCNP to 
compare with data
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