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Abstract— Next generation neutron science facilities, such as the
Spallation Neutron Source, require improved thermal neutron de-
tectors, with high counting rate capability, high spatial resolution,
low cost per unit area, and adaptability to unique geometries.
We propose a neutron detector technology, based on arrays of
boron-lined plastic straws, that satisfies the above requirements.
The elemental component of this detector is a B4C-lined mylar
straw, 4 mm in diameter and 1 m long, and operated as a
proportional counter with an Ar/ethane gas mixture. Thermal
neutrons captured in 10B are converted into secondary particles,
which ionize the gas contained within the straw. Using a deep stack
of such straws, with 20-25 layers, neutron detection efficiencies up
to 80% can be achieved in the 1-10 Å neutron wavelength range.
In such a highly segmented array, exceedingly high count rates
can be achieved, on the order of 200×106 cps/m2. Gamma ray
discrimination was on the order of 106 for an energy threshold of
50 keV; position resolution of a 1-m long detector was measured
to be 5.5 mm FWHM, and a highly linear readout was achieved
using resistive charge division.

Index Terms— Boron-lined proportional counters, thermal neu-
tron detection, straw detectors, neutron scattering.

I. INTRODUCTION

THE Spallation Neutron Source (SNS), due for completion
at Oak Ridge in 2006, will push available thermal neutron

ßux at least an order of magnitude above that achievable at any
other neutron science facility. This high beam intensity, together
with time of ßight energy discrimination provided by pulsed
operation, will facilitate unprecedented capabilities, which will
be exploited in more than 18 experiment stations [1]. Neutron
detector requirements at the SNS include high counting rate
and position resolution, large area geometries and low overall
cost.

We propose a detector technology, based on close-packed
arrays of boron-coated plastic straws (BCS), that aims to
address these requirements. The elemental component of this
detector is a 1 m-long plastic straw, 4 mm in diameter, coated
on the inside with a thin layer of 10B-enriched boron carbide
(10B4C). Thermal neutrons captured in 10B are converted into
secondary particles, through the 10B(n,α) reaction:

10B + n →
{

7Li + 4α 2.79 MeV (ground state)
7Li∗ + 4α 2.31 MeV (excited state)

(1)
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The energy released by the reaction is 2.31 MeV in 94% of
all reactions (2.79 MeV in the remaining 6%), and equals
the energy imparted to the two reaction products (the energy
of the captured neutron is negligible by comparison). The
reaction products, namely an alpha particle (α) and a lithium
nucleus (7Li) are emitted isotropically from the point of neutron
capture in exactly opposite directions and, in the case of the
dominant excited state, with kinetic energies of 1.47 MeV
and 0.84 MeV, respectively (dictated by the conservation of
energy and momentum). Since the boron carbide layer is only
a few micrometers thick, one of the two charged particles will
escape and ionize the gas contained within the straw. Using a
reasonably deep stack of straws, as shown in Fig. 1, neutron
detection efÞciencies up to 80% can be achieved on the 1-
10 ûA neutron wavelength range. In addition, straw decoding
schemes can be utilized to achieve counting rates on the order
of 200×106 cps/m2.

Boron-lined proportional detectors have been employed for
many years, but achieve at most a few percent efÞciency, due to
the fact that, if the foil thickness exceeds the range of reaction
products, no escape occurs [2], [3]. Thus only conversions in
the very thin layer near the surface are detected. This layer
captures only a small percentage of the incident neutrons. The
BCS removes the low efÞciency barrier, by providing many
layers of very thin converters, each providing efÞcient reaction
product escape.
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Fig. 1. Boron-coated straws for thermal neutron detection.

II. MATERIALS AND METHODS

A prototype BCS detector was fabricated and evaluated for
performance. In order to limit costs, the boron-carbide coating
was not 10B-enriched.
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A. B4C-coated straws

Boron in the form of boron carbide (B4C) was sputter
deposited on Mylar� and aluminum foils. Deposition was
accomplished by wrapping strips of the foil (9.5 mm wide,
25 µm thick) around a cylindrical drum, which was rotated
adjacent to a sputtering head. A uniform B4C coating was
achieved on continuous strips of material with a length up to
50 m. The straws were subsequently manufactured using a high
speed winding technique, in which the narrow ribbons of plastic
or aluminum Þlm are helically wound around a cylindrical
mandril of precise dimension, in the manner illustrated in
Fig. 2. Quickset adhesive, applied to the Þlm on the ßy,
instantly bonded the multiple layers together. Assembly of the
manufactured straw into a proportional counter was completed
in-house. End-Þttinds, machined in Ultem� (General Electric
Company), were epoxied onto the straw. Based upon a concept
utilized in the ATLAS straw system at CERN, a helix was
fabricated and afÞxed inside the end Þttings, that allowed
precise centering of the anode wire. The anode wire (resistivity
wire, 20 µm Stablohm 800, California Fine Wire Co.) was
threaded through the central opening of the helix. The detector
was operated as a proportional counter with Argon (Ar) gas.
Argon was selected due to its relative transparency to gamma
rays, as compared to high atomic number gases, such as xenon.
In addition, the high density of Ar resulted in a shorter range
for the neutron reaction products, and a consequently larger
energy deposition in a small diameter straw.

Fig. 2. A B4C-coated (black inner surface) aluminum strip wrapped on a
glass tube is shown in the top part of the picture, illustrating the method of
straw construction. Small hand-constructed tubes made by winding two layers
of 25 µm-thick Al foil over a cylindrical form and heat bonding with thermal
setting adhesive. Construction is completed by bonding an additional uncoated
aluminum strip over that shown, resulting in a sturdy self-supporting tubular
structure.

B. Detection efficiency

The efÞciency of the BCS to detect thermal neutrons is
dictated both by the probability of neutron interactions in the
B4C lining, and the ability of the 10B(n,α) reaction products
to escape the lining and enter the Þlling gas, where they can
be counted. Whereas the probability of neutron interactions in
boron increases for a thicker lining, the reaction products have

a limited range and will reach the gas only if the B4C layer
is thin. An array of B4C-lined straw tubes offers improved
detection efÞciency, by providing more target material for
incident neutrons, while at the same time maintaining a thin
lining.

The detection efÞciency for neutrons in an array of BCS
detectors is given by:

ε = fe · (1 − e−Nσt), (2)

where σ is the neutron cross-section for the 10B(n,α) reaction
and N the effective nuclear density of 10B in an array of depth
t. The neutron cross-section is a function of the wavelength
λ of the neutron, given by σ = 2133λ (for λ in ûA and σ
in barns). The nuclear density N is computed as N = NB ·
(πd)/(0.866D) where D is the straw tube diameter, d is the
B4C Þlm thickness in each straw, and NB the nuclear density
of 10B in B4C (1.10×1023 atoms/cm3 for 10B-enriched boron
carbide).

The fraction of reaction products that ionize the counter gas,
fe, is also a function of the B4C layer thickness d. We have
employed the Monte Carlo method [4], as implemented in the
SRIM2000 software package (based on the work of [5], [6]
and distributed by IBM, Corp.), in simulations that establish
the fraction of reaction products (α and 7Li) that escape from
the B4C Þlm and ionize the detector gas. Given a 4 mm ID tube,
lined with a B4C Þlm of thickness d, and Þlled with argon gas at
one atmosphere, we simulated the 10B(n,α) reaction uniformly
along d, such that 0.84 MeV 7Li ions and 1.47 MeV α particles
were emitted isotropically and in opposite directions to one
another. For simplicity, we only considered the dominant branch
of the reaction, which leads to conservative estimates of escape
efÞciency (the other branch generates more energetic products,
which have better chances for escape).

Simulated paths of the 10B(n,α) reaction products are de-
picted in Fig. 3. The mean range of these particles in B4C
is 3.20 µm for α and 1.56 µm for 7Li. Particles that have to
traverse a distance larger than this range will likely never leave
the Þlm. For instance, in a 1 µm thick B4C Þlm, and for 5000
(α, 7Li) pairs generated inside the Þlm, 2115 αÕs and 1692 7LiÕs
will escape into the counter gas and produce detectable ioniza-
tion, resulting in an escape efÞciency of 76.1%. The escape
efÞciency computed for various thicknesses was multiplied by
the fraction of neutrons captured, to estimate the total efÞciency
of the detector (see Eq. 2).

C. Gamma ray discrimination

Gamma radiation present in the neutron ßux may interact
with the walls of the detector and produce secondary electrons.
These can escape into the counter gas and deposit energy that
can masquerade as a neutron event. The number of gamma
ray interactions in the wall was minimized by selecting a light
material such as mylar. Neutron detectors must discriminate
against the detection of gamma rays in order to maintain a
high neutron detection efÞciency. One way to accomplish this
is by recording the energy deposited by neutron and gamma
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Fig. 3. (a) and (b): Simulated tracks of 1.47-MeV alphas (a) and 0.84-MeV 7Li
ions (b), in a 1µm-thick layer of 10B-enriched B4C. The particles are generated
uniformly along the width of the layer, at y = 0 and emitted isotropically in
3 dimensions. Of all the alpha tracks shown, 41% escape the B4C layer and
enter the gas. Of the oppositely directed lithiums, that correspond to the 59%
of the alphas lost in the wall, 59% escape into the gas (35% of all lithiums).
The combined escape efÞciency is 76%. (c) and (d): Simulated tracks of αÕs
(c) and 7LiÕs (d) in a 4 mm-ID tube, Þlled with argon gas at one atmosphere.
These particles have escaped the B4C Þlm depicted in (a) and (b).

interactions. Gammas will typically deposit energies less than
100 keV, while energies resulting from neutron absorption will
reach the MeV scale (see Eq. 1). An energy threshold can thus
be used to discriminate against gamma detection.

The response of a 77 mm long mylar BCS to 511 keV gamma
rays emitted by a 6.1 MBq 22Na line source was measured
for a source-to-detector distance of 2 cm. The straw wall was
50 µm thick, lined by a 2 µm thick B4C Þlm, and contained
a gas mixture of 98% Ar and 2% C2H6 (by volume) at one
atmosphere. In adddition, the detector response to gammas of
different energies was predicted in Monte Carlo simulations,
implemented in MCNP4C (developed at Los Alamos National
Laboratory and distributed by the Radiation Safety Information
Computational Center).

D. Position resolution

A 1.4 µg Californium-252 (252Cf) sealed neutron source
(Model Z100, Frontier Technology Corp., Xenia, OH) was
used to evaluate the position resolution of a 1-m long mylar
BCS. The source emits neutrons over a range of energies up
to 10 MeV at a rate of 3.22×106 n/s. In order to convert the
epithermal and fast neutrons into thermal neutrons (0.025 eV),
the source was positioned inside a polyethylene moderator,
as shown in Fig. 4. Thermal neutrons emerging from the
moderator were collimated with two 1.5 mm thick cadmium
sheets, positioned next to one another and 3 mm apart. Position
was encoded with a charge (current) division method [7]. When
a signal is generated in the detector, the current induced in

the anode splits in inverse proportion to the distance from the
end of the straw, producing a signal from each end (sa and
sb). The longitudinal coordinate was obtained by taking the
ratio sa/(sa + sb). Anode signals emerging from each end of
the detector were fed to current ampliÞers (the cathode signal
was connected to a charge sensitive ampliÞer for triggering).
Readout was accomplished using a high-speed VME data
acquisition system.

Fig. 4. Experimental setup for position resolution measurements.

III. RESULTS

A. Detection efficiency

A typical neutron pulse height spectrum obtained with the
a 77 mm long BCS detector (4 mm in diameter) is shown in
Fig. 5. The energy spectrum extends from the maximum energy
of the 1.47 MeV alphas, down to zero. This continuum is due
to energy lost in the straw wall, before the reaction products
reach the counting gas. The tail appearing at energies higher
than 0.8 MeV is due to the fact that many alpha particles hit the
opposite wall before depositing all of their energy in the gas.
The low energy peaking is the result of Compton interactions
from prompt gammas emitted by the 252Cf source. Those events
can be discriminated against by setting an energy threshold, as
discussed later.
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Fig. 5. Neutron pulse height spectrum in the BCS straw detector, containing
the gas mixture indicated. The low amplitude peaking is produced by gamma
rays produced in 252Cf decay. Gas gain is approx. 100.
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The predicted efÞciency for room temperature thermal neu-
trons (0.0253 eV) is plotted in Fig. 6 as a function of the B4C
Þlm thickness, for array depths of 5 cm and 10 cm, and for a
single straw tube 4 mm in diameter. Maximum efÞciencies are
observed at decreasing Þlm thicknesses as the array deepens.
A maximum efÞciency of 65% is achieved for the 5 cm-deep
array, at a Þlm thickness of 1.0 µm; the 10 cm array can
offer close to 78% efÞciency, but only if the Þlm is 0.7 µm
thick. By comparison, a single, planar layer of B4C, that lines
a charged particle detector, has a maximum thermal neutron
(1.8 ûA) detection efÞciency of only 4.7%, at a Þlm thickness
of 3.2 µm, as shown in Fig. 6. This Þlm thickness equals the
average range of α particles in B4C, as discussed later.
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Fig. 6. Predicted thermal neutron detection efÞciency of a single 10B-enriched
B4C-lined straw tube (4 mm in diameter), and of arrays of such detectors, at
various Þlm thicknesses. Data points shown (triangles, circles, asterisks and
squares) were computed in SRIM2000; lines represent results from a simpliÞed
Monte-Carlo simulation (see text for details). Results for a planar Þlm of 10B-
enriched B4C are included for comparison.

B. Gamma ray discrimination

Figure 7(a) shows the measured pulse height spectra of
the gamma ray response to 511 keV photons incident on the
detector. Few counts fall above 50 keV, as the range of the
electrons in argon gas is big. For the same reason, the gamma
ray response is independent of the incident photon energy,
and thus the pulse height spectra for other photon energies
would look very similar to that shown in Fig. 7 for 511 keV.
Figure 7(b) shows the predicted gamma detection efÞciency as
a function of incident photon energy and tube wall thickness
(efÞciency is deÞned as the ratio of particles that deposit some
energy in the gas over the number of incident photons). The
range of photon energies simulated are representative of those
encountered in many neutron ßuxes, including that generated by
the 252Cf neutron source used in our measurements. EfÞciency
values range from 0.025% at 125 keV to a maximum of 0.11%
at 511 keV, for a wall thickness of 50 µm. They drop slowly
at higher photon energies.
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Fig. 7. (a) Measured pulse height spectra from 511 keV incident photons
(50 µm thick plastic wall). (b) Predicted gamma ray efÞciency of a 77 mm
long BCS detector, Þlled with a gas mixture of 98% Ar and 2% C2H6 at one
atmosphere. (c) Gamma and neutron detection efÞciencies (operated at 845 V
and with 98% Ar + 2% ethane gas) as a function of energy threshold. Note
that the ordinate on the left (gamma curve) is logarithmic, while the ordinate
on the right (neutron curve) is linear.

Gamma rays can be discriminated from the α and 7Li events
(see Fig. 5) with a simple amplitude threshold, without sacri-
Þcing much efÞciency for neutron detection. Figure 5(c) shows
both the neutron detection efÞciency, and the corresponding
gamma sensitivity, as a function of the energy threshold. At a
threshold of 50 keV, gamma efÞciency has dropped 5 orders
of magnitude, to 5×10−8. Neutron efÞciency drops by only
9%. The neutron-to-gamma efÞciency ratio at this threshold is
2×106.

C. Position resolution

Measurements taken by sequentially positioning the neutron
source at Þxed intervals along the one meter long BCS are
plotted in Fig. 8(a). Spatial resolution was found to be con-
sistent throughout the length of the detector, and the mean of
the full-width-at-half-maximumÕs (FWHM) of all peaks was
5.5 ± 0.47 mm (mean ± std). Agreement between measured
position and actual position is plotted in Fig. 8(b), which shows
a very tight linear relationship.
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Fig. 8. (a) Spatial resolution of the 4 mm BCS detector using slit-collimated
neutron source measured at 10 cm intervals along the length of the 1 meter
straw. The slowly varying epithermal background produced by the 252Cf source
has been subtracted. (b) Correlation plot showing close agreement between
position measured by charge division readout and actual position.

IV. DISCUSSION

Convert and Forsyth (1983) report a maximum efÞciency of
3-4%, for the detection of 1 ûA neutrons in a planar boron-lined
gas detector, with a pure 10B Þlm. Since the neutron interaction
cross-section is less at 1 ûA than at 1.8 ûA (2133 barns compared
to 3840 barns) this is in good agreement with our value of 4.7%
at 1.8 ûA. Other reports also claim that the maximum efÞciency
of boron-lined detectors is obtained at a Þlm thickness equal
to the average range of αÕs in 10B [2], [3]. As mentioned
above, the improvement in efÞciency offered by the proposed
detector is due to the fact that, although the neutron interaction
probability is beneÞted by the multiple layers of tubes, the
B4C lining remains thin enough to allow escape of the neutron
reaction products.

Limitations in collimation of the thermal neutron beam
prevented further improvement of spatial resolution. In fact,
a better resolution of 3.6 mm was obtained using a Þnely
collimated alpha source simulating the thermal neutron inter-
action. Moreoverm, current results were obtained with minimal
optimization of readout electronics.

V. CONCLUSION

The proposed detector technology satisÞes demanding re-
quirements at the next generation of neutron scattering facili-
ties, including low cost, large area of detection, ßexible geome-
tries, high counting rates, and good position resolution. Table I
summarizes the performance parameters of a 100×100×5 cm3

array of the boron-coated straws.

TABLE I

BCS ARRAY PERFORMANCE

number of straws 3609
detector size 100×100×5 cm3

neutron detection efÞciency 65%
position resolution (FWHM) 4.0×5.5 mm2

counting rate 170×106 cps
timing resolution (RMS) 25 ns
gamma discrimination factor >2×106
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