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Abstract The new cold neutron research facility is routinely operated at the Budapest
Neutron Centre since February 2001. At the 10 MW research reactor a liquid hydrogen cold
neutron source (CNS) has been installed. The commissioning of the CNS has been followed
by the replacement of the old neutron guides by a new supermirror guide system both for the
in-pile and out-of pile part. The ensemble of the CNS and new guides provides an intensity
gain of the order of 30-60. The cold neutron channel has a take-off for three beams. The
first guide serves for a triple axis spectrometer and a prompt gamma activation analysis
station. A small angle scattering spectrometer is installed on the middle guide, and a
reflectometer is operated on the third one.

1. Introduction

In the past 10 years a striking prosperity has been seen in neutron beam science, mainly due to
the multidisciplinary use of neutron scattering techniques for materials research. This type of
investigations is widely applied to more and more complex structural systems or extreme
conditions like the exploration and/or modification of complicated macromolecular, biological
or other nano-scale structures; featuring weak molecular interactions or the imitation of
unusual situations (providing extreme sample conditions), e.g. studying structure of geological
objects at very high pressures (as deep in the Earth). For this reason, more intense neutron
beams and higher resolution techniques are required. Since in all neutron scattering
measurements the neutron momentum transfer (change in the direction and energy) due to the
interaction with the sample is analysed, the sensitivity of the experiments highly depend on
the relative change of the incoming and scattered neutrons. Thus, application of neutrons with
short momentum enabling high spatial and spectral resolution for a large variety of problems,
explains the increasing demand for intense beams of shorter momentum/higher wavelength
neutrons. Consequently, the cold neutrons (characterised by energy lower than 5 meV or
wavelength higher than 4 A) are. extensively used in modern neutron beam research due to the
high resolution and increased sensitivity available with them. Intense beams of cold neutrons
at research reactors (or spallation neutron sources) are produced slowing down the neutrons
and shifting their distribution towards lower energy range by a low temperature moderator (in
most cases liquid H2 or D2 about 20 K) inside or close to the reactor core (spallation target).

2. The Budapest Research Reactor

The nuclear research reactor at the Central Research Institute for Physics (KFKI), Budapest
was built and first started in 1959. In 1986 the reactor was stopped for a complete
refurbishment. During the 27 years of exploitation this research reactor played an essential
role in establishing neutron-based research and technology in Hungary. It served as a basic
facility for neutron scattering in condensed'. matter, nuclear physics, radio-chemistry and
radiation protection investigations, for establishing nuclear medical applications providing
radioisotopes, and for starting a nuclear energetic program through reactor operation and
safety studies. It was an important centre of university, postgraduate and professional training.



A full-scale reconstruction and upgrading was performed in 1986-92, the major components
were replaced, the reactor safety enhanced and the reactor power increased. The actual core
may provide an average power of 10 MW and has the following main specifications: It is a
light water moderated and cooled, tank type nuclear reactor. Its central object, the heavy
concrete reactor block surrounding the core, is situated in a hall which represents a semi-
hermetically sealed, individually ventilated, rectangular structure with approximately 600 m2

area. The main reactor parameters are: flux at a core-trap: 2.3x1014 n/s.cm2, at a thermal beam
exit ~3xlO9 n/s.cm2; core: 220 fuel elements (36% 2jDU), Be-reflector (~20 cm); operation:
-3500 hours (typically 15 times 10 days cycles) per year.

For neutron beam measurements different types of horizontal channels are available: six radial
thermal, two fast neutron channels and two tangential beam tubes. To enhance substantially
the research capacity of the reactor the development and installation of a cold moderator has
been decided. Although the cold neutron source installation was an important part of the
reactor-upgrading program in 1986-92, it could not have been implemented because of the
drastic changes in the safety regulations and consequently the arising financial difficulties that
time. The reactor core, tank and the proper horizontal beam tube (channel No. 10, one of the
tangential tubes) have been, however, prepared to install later the cold moderator. A 15x27 m2

guide hall extending from the reactor hall, housing three neutron guides has also been
constructed. As a temporary solution, in the period of 1993-2000 the guide system and 5
instruments in the guide hall were operated with thermal neutrons [1].

The Technical Documentation and Safety Analysis Report of the cold neutron source (CNS)
was completed and approved by the national regulatory body in 1997, then the fabrication,
installation and out-of-pile tests were performed during 1998-99. In year 2000 the installation
into the reactor as well as the final commissioning was provided and the operation license was
obtained in January 2001. The installation of the CNS has been followed by the replacement
of the obsolete neutron guides by a new supermirror guide system both for the in-pile and out-
of pile part. Five experimental stations (also partly modernised) have been (re)installed on the
cold neutron beams and since early 2001 the "CNS facility" is routinely operated.

3. The cold source construction

The main components of the CNS system are as follows:

i) In-pile part (LH2 moderator cell, vacuum containment, n-guides),
ii) Refrigerator system (He cold box, compressors, pipelines),
iii) H2 system with the buffer volume.
iv) Auxiliary equipment (vacuum systems etc.),
v) Control and data acquisition system,
vi) Beam shutters and neutron guides.

The detailed description of the components is the following:

i) The in-pile plug (Fig. 1) contains the main functional element of the CNS system, which is
the moderator chamber filled with about half litre of liquid hydrogen. This Al-alloy cell is
placed at the end of a horizontal tangential beam tube in a hole of the Be reflector around the
core, positioned close to the maximum of thermal neutron flux distribution. The design
concept [2] realised in CNS is the direct cooling of the condensed hydrogen in the moderator
cell. In most cases the nuclear heat load of LH2 or LD2 moderators is usually removed in heat
exchangers cooled by cold He gas. In our case of a small moderator cell (less than half litre in
volume), the relatively low estimated heat release (100-150 W) makes feasible the
implementation of a heat exchanger built together with the LH2 moderator, i. e. the direct



cooling of the condensed hydrogen in a double walled moderator cell by through-flow of cold
He gas. This novel technical solution provides excellent performance in cold neutron output
as well as improved safety characteristics due to the extra inert gas barrier around the
hydrogen containing moderator chamber, preventing from the hydrogen-air mixture
formation. This also enables the minimisation of the necessary hydrogen amount and makes
far less complex the out-of-pile hydrogen system.

The liquid H: moderator cell is surrounded by an explosion proof vacuum containment, made
of Al-alloy and cooled by ambient temperature He-gas flow.

Figure 1. Layout of the cold neutron source plug in the reactor horizontal channel

The in-pile plug has also a steei shielding part, this includes the bunch of 3 supermirror coated
neutron guides as well as the cryogenic pipelines connecting the in-pile pan to the He
refrigerator system; all vacuum. H2 and He volumes. In Figure 2 the photo on the top shows
the cold source plug during the out-of-pile tests with front view of the Al-alloy explosion
proof vacuum container, with the moderator cell in-side: then further the steel part of the plug
is seen, containing the in-pile guide sections and: pipelines. In Figure 2 the photo on the
bottom right shows the plug with all the pipelines.: installed in the reactor channel.

ii) The cryogenic system of CNS serves to dissipate the energy release in the liquid hydrogen
as well as in the construction materials of the moderator cell (walls and pipelines) due to
nuclear radiation and keep the hydrogen in condensed phase. The basic part of the cryogenic
equipment is a helium gas refrigerator, which consists of a turbo-expander type cold -box
(Linde TCF 10 model. Figure 2. photo on the left) fed by two screw-compressors 118 and 37
k\V). A part of this helium system is the circuit for the ambient temperature He-gas cooling of
the blanket of the vacuum case surrounding the LH2 moderator as well as the gas purifier unit
and gas analyser (mass spectrometer).



Figure 2. Top: Cold neutron source plug during the out-of-pile tests.
Bottom left: Refregerator cold box in the cryogeny building.

Bottom right: Plug with pipelines installed in the reactor channel.



iii) The hydrogen system is as follows: The LH? moderator is connected to the 500 t buffer
volume placed out of the reactor hall trough a single hydrogen transfer line, which is normally
open both in warmed up and cooled down state. For safety reason, the whole hydrogen
inventory is included in controlled inert gas (He) containment.

iv) A 120 m2 annex building of the reactor hall (see layout in Fig.3.) provides a housing for
the He refrigerator and H2 system as well as for the auxiliary equipment including the
different vacuum systems and the safety He inert gas blanket surrounding the H2 containing
parts of the CNS assembly as well as the H2 system with the 0.5 m3 double walled buffer
volume (also lined with He blanket). For safety reason, the pneumatic valves of vacuum and
H2 systems are also located in He gas-filled boxes in the hydrogen room.
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Figure 3. Lay-out of the cold neutron research facility at the Budapest Research
Reactor

v) The control system based on industrial standard programmable PLC unit insures the full
automatic control of the CNS equipment. The operational parameters and status of all systems
of the CNS assembly can be followed on the control panels located in the reactor hall and the
reactor control room. The parameters are also continuously monitored by a dedicated PC
system.

vi) The new supermirror neutron guide system starts at a distance of 1.15 m from the
hydrogen cell. The first 6.5 m part of the guides from the reactor face is aligned in vacuum
jackets. In this section 3 independent beam shutters are placed. Their novel construction
enables individually open and close each of the three neutron guides under continuous
vacuum by inserting into the beam path a 0.5 m guide section or a neutron/gamma absorbing
sandwich structure, respectively. Figure 4 shows the complete <plug-guide-shutter>

' arrangement during the out-of-pile test assembly.

4. Commissioning and operation characteristics of the cold source

The major components of the cold source were individually tested, then the full-scale
assembly of CNS was thoroughly investigated out of the pile. The next step - after 3 months



Figure 4. Test assembly of the cold source <plug-guide-shutter> system in the reactor hall

reactor shut-down in summer 2000 - was to dismantle the existing guide system, shielding and
remove the old in-pile plug into a radiation safe container. Finally, the CNS plug was inserted
into the reactor channel and all the functions were tested at stopped reactor, and then the
power was successively increased. The following major test programmes were performed: The
strength of the vacuum containment and moderator cell was proofed by destructive hydrostatic
pressure tests and nearly the double values of the design parameters were obtained [3]. The
thermo-hydraulic performance of the direct cooled moderator cell was checked in a test ceil
equipped with electric heaters to imitate the nuciear heat release in the liquid H: as well as in
the walls of the cell. The temperature and pressure of H? and the cooling He gas was
monitored [4]. The cooling capacity of the He refrigerator, the cold He mass How and the
parasitic heat load was measured using an out of pile experimental set-up. The He cryogenic
pipelines were connected to an electric heating unit imitating heat load on the moderator ceil
instead of the in-piie part of the CNS assembly. After installation of the in-piie- part of CNS



assembly, the.cooling system of the moderator cell was tested in cold regime at different
reactor powers: 0, 2, 5, 8 and 10 MW. Again, the temperature differences of He gas were
measured at the cold box and at the connections of pipeline to the in-pile part. Above 5 MW
reactor power the temperature of the forwarding cooling He gas was increased from 14.5 K up
to 20 K due to the larger radiation heat load and limited cooling power of the He refrigerator.
The amount of liquid hydrogen in the moderator cell during reactor tests at different powers
was determined by the pressure of the remaining gaseous hydrogen at ambient temperature
(t=20°C) in the 500 I buffer volume. It was found that, the moderator cell is filled and about
2-3 cmJ only at the top of the cell (the inlet pipe level) is left empty [5].

The operating parameters of the CNS are summarised in Table 1, indicating also the design
values defined at the project start. The major discrepancy in the design and operating
•parameters can be explained by the fact that the moderator cell volume was considerably
increased during the implementation in order to optimise the illumination of the guides [3]:

Table 1.

Parameter
Hydrogen cell volume (£)
Total heat load in cell (W)
Pressure in vacuum case (MPa)
H2 pressure at warm state (MPa)
H2 pressure at cold state (MPa)
Cold He mass flow (g/s)
Cold He pressure (MPa)
Cold He inlet temperature (K)
Cold He outlet temperature (K)
Resistance of the He loop (kPa)

Design value
0.35
142

1x10°
0.22
0.15
10

0.15
14
15
14

Operation value
0.49
210

1x10°
0.36
0.29
10.5

0.165
19 •
23 !
45

1. The neutron guide system

Neutron guides, in general, are used to improve experimental conditions for the measuring
equipment, on one hand by providing proper geometrical circumstances for large instruments
at far enough from the neutron source (reactor) and on the other hand, by enhancing the
signal/noise ratio at the sample position in a relatively low background field, again far away
from the radiation source. At most neutron sources neutron " guides have been used as
evacuated, rectangular shape, glass tubes with Ni-coating of the internal faces where neutrons
are propagating by total reflection on the walls. Long guides are assembled of typically 0.5-1.5
m straight sections, they are usually slightly curved (with polygonal approximation of the
segments) to avoid the direct view on the source at the end-position (decreasing the
background). The neutron transmission of such guides can be increased by the extension of
the total-reflection region with a quasi-Bragg reflection regime, using so-called supermirrors.
This coating consist of a multilayer structure with the proper variation of - for example -
alternating Ni and Ti layers. To double the total reflection angle of Ni [0C= m x 9c(

natNi)], i.e.
for m=2 one need a -100 layer structure. (Typically for neutrons of 4 A wavelength
0o(

natNi)=24 min or 0.007 rad). Although supermirrors were invented 25 years ago [6], only in
the middle of 1990's they became availablej for neutron guide production thanks to the
development in magnetron sputtering techniques enabling coating of large area with high layer
thickness precision.



For the cold neutron beams at the Budapest Research Reactor the neutron optical features of
the guide components were designed by using Monte Carlo optimisation, several
compromises had to be made, however, because of the existing reactor and instrument
geometry constraints. The guide construction is the following (see Fig. 3): a bunch of 3 beam-
lines is arranged in the horizontal channel No. 10, this assembly is incorporated in the cold
source plug with cross-point of the guide axis on the moderator cell. Three distinct sections of
the beam-tubes were provided.

i) The 2.6 m long in-pile part starts at 1.15 m from the moderator chamber, the angles between
the guides No. 1-2, and 2-3 are 1.5 and 2 degrees, respectively. The neutron optical elements
were provided as supermirrors (SM). On special, highly radiation resistant ceramic substrate
(labelled Sital or Zerodur) m=2 type coating of nickel/titanium multilayers were applied, with
reflectivity R>0.85. These mirrors were mechanically assembled in the steel block of the CNS
plug to avoid gluing which could be destroyed due to the high radiation field closed to the
reactor core.

iij The out-of-pile part starts with an about 6.5 m section included in a vacuum jacket. This
part has a common vacuum with the previous section and at ~5 m from the reactor wall 3
shutters (each with a 0.5 m guide insertion) enable the individual closing of the beams. A
biological-shielding tunnel, composed of heavy and normal concrete blocks as well as lead
and polyethylene bricks surrounds the guides.

Hi) The third part of the guide system extends from the reactor hall into the neutron guide hall
and transport neutrons directly to the experimental stations. These "free-standing" guides are
assembled of 1.5 m sections and the glass tubes have been sealed by silicon glue to ensure the.
-0.05 mbar vacuum. For the out-of-pile guides borofloat glass substrate was used, the other
major characteristics are given in Table 2.

Table 2.

Guide No

NV1
NV2
NV3

Length
(m)

22+ 13.75
22.5

12 + 22.5

Cross-section
hxw (cm2)

10 x2.5
10&4 x 4
10 x2.5

Curvature
R(m)
5000
1050
3000

Coating
m

2, 1
1, 1.5,2

2

Having completed the guide installation we carefully studied the neutron flux values by gold
foil activation measurements as well as the spectral distribution by time-of-flight (TOF)
analysis. In Figure 5 the neutron flux values are indicated for the different positions of the
guides. The small steps in the transmission curves at 6.5 m correspond to the gap and window
between the second and third sections. The bigger step for NV2 is due to the 1 m gap for the
SANS instrument velocity selector. The change in the slope for NV1 from the 22 to the 35.75
m position is explained by the fact that this part of the guide has not yet been replaced by
supermirrors. Fig. 6 shows the spectral distribution and the calculated gain with respect to the
old (thermal) guide system.

Following the expectations the Maxwell peak has moved to ~4A and the neutron flux gain
factor (compared to the former situation) amounts as high as 30-60 depending on location and
wavelength. We consider that this gain is composed as follows: a factor of 7-10 due to the
cold source, a factor of 2 due to the elimination of losses replacing the old shutter (obsolete
construction) and another factor of 2-3 due to the SM guides.
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Figure 5. Neutron flux gold foil measurement data at various guide positions. The
lower curve relates to old thermal neutron guides with data from different periods.

(Symbol • at zero position indicates a thermal flux value at the beam exit)
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Figure 6. Neutron flux spectral distributions calculated from gold foil activation and
time-of-flight spectrum measurements [7]
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5. The experimental stations

Actually five spectrometers form the cold neutron beam user facility at BNC(see Fig.3).

- The NV1 guide at the 22 m position serves for a triple axis spectrometer, the
monochromatic beam is formed by a vertically focusing PG crystal assembly. A polarised
neutron insert and a 200x200 mm2 2D detector is also available on this classical TAS
instrument.

- The end position of NV1 is used for a. prompt gamma activation analysis station with two
gamma-ray spectrometers both equipped with germanium and BGO scintillator detectors.
These instruments are extensively used for non-destructive testing of materials by high
accuracy elemental composition analysis.

- On the middle guide (NV2) a small angle scattering spectrometer is operated. This pin-hole
collimator type instrument is equipped with a 64x64 cm2 2D detector, which has a
displacement base of 5.5 m. This is our most widely used instrument, since it enables a great
variety of materials and nano-scale structural problems to be studied.

- The guide NV3 stops, at the moment, at the 12 m position, where a PG crystal provides a 4.3
A beam for a vertical sample plane geometry reflectometer. Polarised neutron option and the
use of a 200x200 mm2 2D detector is also available on this new instrument. The NV3 end
position now is free for eventual new instrument(s) or can be used for tests. (Before the CNS
installation, a multiframe TOF monochromator device with a 22.5 m guide section was
located in this position, now this equipment is being moved to a thermal neutron channel.)

These instruments are available for the international user community.
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