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ABSTRACT: We present the design, construction and performance of a compact subthermal neu-
tron source to be operated at the Bariloche Electron LINAC. The design was based on the premise
of keeping the moderator temperature stable at 77 K for at least seven hours without refilling liquid
nitrogen. Two moderator materials in semi-cylindrical geometry were studied: polyethylene and
mesitylene. The effective moderator volumes were optimized by Monte Carlo simulations. Exper-
imental data and calculations corresponding to the neutron production as a function of the neutron
energy for those materials at room temperature and at 77 K were compared. We observed that the
rate of subthermal neutrons, compared to epithermal neutrons, increases up to five times for both
moderators when they are cooled down.
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1 Introduction

Scattering techniques based on subthermal and cold neutrons are used nowadays in a wide variety
of basic and applied studies in condensed and soft matter. In the last years, the increase and interna-
tionalization of the neutron activity have produced a concentration of the experimental capacities
around the big facilities (reactors and spallation sources). However, in small facilities, as those
compounded by linear accelerators, it is possible to perform with some advantages an important
part of the experimental activity. These are very versatile, allowing to perform experiments to test
targets and moderators [1, 2], and to apply experimental techniques that are not normally available
in the big facilities (such as the technique of neutron transmission [3]).

Neutron sources based on linear accelerators have traditionally been used to produce neutrons
in the thermal and epithermal energy ranges [4]. They were employed as a very important source
of nuclear data [1, 5] and have gradually been adapted to work at subthermal energies. Efforts
to improve and adapt cold neutron sources in small facilities, found an important application in
the implementation of the mini-focusing Small Angle Neutron Scattering instrument [6]. It is also
worth mentioning the recent implementation of subthermal neutron transmission experiments to
study small-angle scattering effects as shown in ref. [7].

The pulsed neutron source based on the Bariloche electron linear accelerator (LINAC) facil-
ity (Argentina) produces neutrons by the interaction of 25-MeV-electrons with a lead target. A
moderator, placed next to the target is easily changed, allowing the production of different neutron
spectra according to different requirements. A typical configuration to get thermal neutrons is a
slab of polyethylene at room temperature with an area of 21 cm × 21 cm and a thickness of 4 cm.
Given the versatility of the neutron source, that allows the test of moderators, a research line in this
direction was developed investigating the optimization of geometries [8] and materials [9]. In this
regard, particular attention, deserved the study of mesitylene. Due to its high protonic density, good
resistance to radiation [10–12], easy handling and the existence of low-energy rotational modes,
mesitylene has been recommended and also used as a moderator for a cold neutron source [13–16].
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At room temperature it is a colourless liquid whereas at low temperatures and depending on the
thermal procedure, solid mesitylene can exist in three different phases [17].

In this work we describe the characteristics of a compact cold neutron source designed to
enhance the subthermal flux, which allows a faster determination of the total neutron cross section
in that energy range. Polyethylene and mesitylene were the chosen materials to test and optimize
the design.

1.1 Operation requirements

The operation requirements of the cold source are strongly related with the operating conditions of
the LINAC. They can be classified as:

• Accessibility: the accelerator, the lead target and the moderator are placed within a concrete
bunker, that has prohibited access during the operation.

• Autonomy: at the moment of this work, no automatic liquid nitrogen refilling system is
installed to keep the moderator cold, therefore this operation is manually performed before
the accelerator becomes operational. This fact implies that the nitrogen bath must provide an
autonomy time of seven hours (equal to the daily operating time of the accelerator).

• Size: the final size of the constructed neutron source is limited by the available space inside
the biological shielding placed around the lead target of the accelerator. This shielding con-
sists of a hollow steel cylinder with 48 cm of internal diameter with walls of 10 cm thick filled
with water. The setup is completed with graphite reflectors and a cadmium plate to decouple
the cold moderator from the slow neutrons produced by the water shielding, to minimize the
mean emission time of neutrons emitted from the source, and the uncertainty in the neutron
flight length.

• Interaction with radiation and neutrons: the materials employed must resist the high gamma
radiation dose generated during the accelerator operation, and also satisfy the condition of
neutronic transparency to avoid a high neutron absorption.

• Radiological security: as the materials that compose the source can be activated after the ir-
radiation, the activation cross sections and the decay times must allow the human interaction
in a reasonable time.

1.2 Design and construction

The best geometry for the compact cold source that fulfills the operational conditions mentioned
in the previous section is basically composed of a cylindrical Dewar flask containing the neutron
moderator under a permanent liquid nitrogen bath. The Dewar flask is formed by two coaxial
cylinders in contact at the top through a cylindrical piece of Polyoxymethylene (Delrin R©). In its
bottom, it has a hole in which the vacuum system is connected (see figure 1). The vacuum line
connects the source with a mechanical pump placed outside the LINAC bunker.

The material employed for the cylinder walls and bases was Aluminum 6061 alloy [18]. This
alloy, meets the requirements of good mechanical properties, low absorbance for subthermal neu-
trons and low neutron activation.

– 2 –
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Vacuum hole

Bottom Top

Delrin seal

Figure 1. Bottom and top views of the Dewar flask transversal cut. The seal at the top was made of Delrin R©.
A hole at the bottom is used to evacuate the air from the Dewar flask wall with a mechanic pump.

The external diameters of the external and internal cylinders are, 127 and 101 mm respectively,
and they have a corresponding wall thickness of 2 mm and 3 mm. A polyethylene foam cover of
10 cm thick, is placed at the top of the Dewar flask to help with the preservation of the nitrogen
bath. The lengths of the internal and external cylinders are 67 cm and 65 cm respectively, so the
maximum volume of liquid nitrogen that can be stored in the flask (without the moderator) is
around 5 liters.

The mechanical resistance of the aluminum pieces was evaluated by simulating the first de-
formation mode with the software Autodesk Inventor

TM
. Applied internal and external pressures

of 137.9 kPa on each cylinder (1.4 times higher than atmospheric pressure) were simulated. The
cylinders reached and exceeded the security factor established in ref [20]). Figure 2 shows the
complete geometry of the cold neutron source on its mounting.

Two moderators (shown in figure 3) with similar geometries made of polyethylene and mesity-
lene were produced. The Polyethylene moderator was a solid half cylinder 13 cm height, 3.5 cm
thick and 9 cm of external diameter. Monte Carlo simulations (described in section 1.3) to opti-
mize the neutron flux, helped to determine these dimensions. Being a liquid at room temperature,
mesitylene was contained in an aluminum semi-cylinder can, of 2 mm wall-thickness and 9 cm
diameter. This recipient has a Swagelok

TM
connector in the filling hole, where a small PT100 plat-

inum resistance is inserted inside the mesitylene. This resistance allows us to check in real time
the moderator temperature during the experiment. On the other hand, the polyethylene moderator
temperature was not controlled inside the material. The resistance in this case was just over the
moderator as a nitrogen minimum level sensor. Figure 3 shows both moderators, the polyethylene
semi-cylinder and the semi-cylindrical aluminum can containing the mesitylene .

1.3 Monte Carlo simulations

Monte Carlo simulations were performed using MCNP code [22]. This code solves the integral
transport equation by simulating particle histories in any geometry regardless its complexity and
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Figure 2. Geometry of the cold neutron source mounted inside the biological shielding.

Figure 3. Neutron moderators. Left: mesitylene aluminum container. Right: polyethylene semi-cylinder.

including a description of materials by means of cross section libraries. Calculations can be run in
several transport modes. In particular in this work, “neutron only” mode was employed. Variance
reduction techniques can also be used to improve efficiency. The geometry used for the calculations
is shown in figure 4 . It describes the cylindrical Dewar flask containing a semi-cylindrical modera-
tor placed in the biological shielding around the lead target were neutrons are produced. Parametric
studies were performed by varying the parameter D of the mesitylene moderator at 77 K, shown
in figure 4. To this end, a cross section library at this temperature was generated using the code
NJOY [21] which was fed with the frequency spectra already validated for this material at a close
temperature [23]. All simulations were run in a cluster facility at Centro Atómico Bariloche, which
involves 16 Intel R© Hyper-Threading processors. Neutron flux was calculated at 800 cm from the
moderator where real detectors are placed in an experiment. Growing importance along the flight
tube and a source biasing were used in order to improve the calculation by reducing the calculation
time. All the calculated spectra were expressed in units of counted neutron per source particle, as
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Figure 4. Geometry used as input for MCNP calculations, representing the moderator inside the Dewar flask
and the biological shielding around the lead target. The dimension D that characterizes the moderator size is
indicated.

usual in MCNP tallies. In figure 5 we observe that a semi-cylinder and a full cylinder of mesitylene
at 77 K, (D = 4.15 and D = 8 cm respectively), produce a similar flux. In the inset we observe
an improved subthermal flux in the moderator of D=4.15 cm compared to the fluxes of the thinner
semicylinders with D< 4.15 cm. The results of these simulations allowed to select an optimum size
to construct the moderator.

2 Experimental setup

Neutrons were detected at 800 cm from the moderator position with a set of five 3He detectors,
10 MPa of gas pressure, 2.54 cm diameter and 15 cm of active length. Neutron pulses (from the
discriminator unit) were processed by a Canberra MCS unit through an AIM NIM module remotely
connected by Ethernet with the Genie 2000 software in a PC. This electronic line allowed us to
determine the neutron spectra as a function of time of flight, that were subsequently converted to
neutron wavelength and/or energy. The start signal for the MCS unit was provided by a photo-
multiplier (PM) tube located inside the bunker of the linear accelerator. This PM registers the
gamma-flash produced at the precise moment when a packet of 25 MeV electrons hits the lead
target, thus indicating the beginning of a LINAC pulse.

2.1 Experimental tests

Three main aspects were examined in the evaluation of the cold neutron source performance: the
duration of the liquid nitrogen bath during the operation of the accelerator, a comparison between
the neutron production of polyethylene and mesitylene moderators, and the necessary time to
reach an equilibrium temperature in the moderator to ensure the stability of the neutron energy
distribution.

– 5 –
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Figure 5. Mesitylene moderator spectra calculated for different moderator thicknesses D. In the inset, a
detail of the thermal peaks is shown.

Autonomy. The autonomy or duration of the liquid nitrogen bath was studied with the polyethy-
lene semi-cylinder as moderator. Once the vacuum inside the flask wall reached a value of 4 Pa,
we made a pre-cooling bath of nitrogen during an hour before starting the irradiation, assuming
that the polyethylene could reach an equilibrium temperature slowly. Then just before starting with
the irradiation the Dewar was filled up to a safe level of 80% of its capacity. All the irradiations
for this work were performed with the accelerator operating at 50 pulses per second and a mean
electron current of 10 µA. In this condition we obtained 6h 50m of autonomy without refilling liq-
uid nitrogen. The full capacity of the liquid nitrogen reservoir (4 liters), is enough to maintain the
moderator at 77K for about 8h 30m.

Neutron production: polyethylene and mesitylene. The experimental neutron spectra of both
moderators at room temperature and at 77 K are compared in figure 6, together with the back-
ground. The acquisition time was twenty to fifty minutes per spectrum. The background spectrum
was measured for twelve minutes, placing a polyethylene and cadmium cover in the hole from
where the neutron beam emerges. All the neutron spectra were normalized by the number of
LINAC pulses during the measurement, and the detector efficiency was taken into account [19] as
well as the deterction area to determine the flux in neutrons per square centimeter per second and
per angstrom. Calculations by MCNP shown in figure 7 exhibit the same relative behavior.

From the observation of figures 6 and 7 it is clear that for both moderators, the value of the
most probable neutron wavelength increases as the moderator is cooled down. It is also noticeable
that the neutron production increases for wavelengths larger than 1.8 Å when any of the moder-
ators is cooled down up to liquid nitrogen temperature. Considering the range 1.8 Å to 8 Å the
increments in neutron fluxes from room to liquid nitrogen temperatures are: 8.48 10−4±1 10−6 to
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Figure 6. Measured neutron spectra of polyethylene and mesitylene moderators at room temperature and
77K, as a function of the neutron wavelength.
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Figure 7. Calculated neutron spectra for the mesitylene and the polyethylene moderators at 77 K and room
temperature. Neutron production for polyethylene is higher at room temperature. At 77 K both moderators
show equivalent productions.

1.920 10−3±2 10−6, and 6.65 10−4±7 10−7 to 1.702 10−3±2 10−6 for polyethylene and mesitylene
respectively, in neutrons/cm2/s. The lower integration limit was arbitrarily chosen as the crossover
point of the room temperature and cold spectra.
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Figure 8. Production ratio of the mesitylene (left) and polyethylene (right) moderators at 77 K with respect
to room temperature as a function of neutron wave length. In both, the neutron production at 77K increases
starting from 2.5 Å, up to five times at 6 Å.

A figure of merit can be drawn to analyze the moderators performance, defined by the ratio of
spectra at different temperatures (77 K vs. 297 K). Figure 8 shows such ratios for both moderators,
determined from MCNP calculations and experiments. From that results, it follows that with the
relatively simple cooling device shown in this report, we can achieve a gain up to five times in
neutron production at wavelengths of 6 Å, with an appreciable increase starting from 2 Å.

Stability. Temperature stability during the experiment is an essential feature that the source must
fulfill to be a useful device for neutron transmission and scattering experiments. When the mod-
erator is cooled down, a transitory regime exists until the equilibrium temperature is achieved, in
this case around 77 K. We employed two methods to control and characterize the stability of the
moderator temperature and the neutron spectra. The first method is direct, and consisted in con-
trolling the temperature of the moderator on-line during the irradiation. This was done for the
mesitylene moderator with the platinum resistance inside the material. The values of temperature
were read every second during the cooling down process, the irradiation period, and after the ir-
radiation (when the liquid nitrogen level had dropped and the moderator temperature had warmed
up naturally). The cooling down process up to about 77 K, with the moderator under a permanent
liquid nitrogen bath, took around eighty minutes. Afterwards, we started an irradiation that lasted
four hours with a moderator temperature of (76.74±0.17)K. The complete temperature evolution
is shown in the figure 9.

The second method is indirect in terms of the temperature but direct in terms of the neutron
distribution. We acquired neutron spectra and determined the wavelength at the maximum of each
spectrum (λmax) as a control parameter indicative of the temperature. The stability of this num-
ber indicated that, from a neutronic point of view, the moderator was in a stable condition. For
mesitylene we obtained a mean λmax of (1.79±0.15) Å, and for polyethylene (1.77±0.15) Å.

– 8 –
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Figure 9. Temperature evolution of the mesitylene, showing the cooling-down period, and the temperature
stability during the irradiation. The last period is the natural warming-up after irradiation.

3 Conclusions

We described a simple compact cold neutron source, designed to work in a small accelerator, based
on a simple concept from the mechanical point of view. Two commercial cylinders of aluminum
6061 were enough to construct under security standards the main structure of the device. Although
the Delrin R© seal requires more design and test efforts, it is a commercial and relatively cheap
material.

The main premise was to keep the neutron moderator under a liquid nitrogen bath as long as
possible. To do this it was necessary to evacuate the air between the cylinders. With a mechanical
vacuum pump we maintained a vacuum level of 4 Pa during the irradiations which was enough
to keep at 77 K the 0.5 liter moderators for about seven hours with the accelerator operating at
50 pulses per second and starting with 80% of the nitrogen reservoir full, without refilling during
the irradiation.

We evaluated the performance of two similar moderators, polyethylene and mesitylene. The
results demonstrated the convenience of cooling down any of both moderators to increase the long
wavelength neutron production up to five times compared with the same geometry at room temper-
ature. Although similar spectra were obtained by cooling down both moderators, the mesitylene
performance can be improved either by mixing it with toluene or by controlling the cooling down
process in order to reach solid phase II instead of phase III as was analyzed in ref. [23]. In both
cases, a cooler spectrum is achieved due to the larger population of low-frequency modes.

The subthermal neutron source opens the possibility to perform experiments that can be com-
petitive in small-scale neutron sources. It is noteworthy in this regard, the determination of total
cross-sections by the transmission technique, that proved to be useful to study small angle scatter-
ing phenomena, as an alternative to the well-known techniques based on large facilities.

– 9 –
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