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ABSTRACT: The calculational procedure, based on discrete ordinates
transport methods, that is being used to carry out design calculations for the
Advanced Neutron Source cold source is described. Calculated results on the
gain in cold neutron flux produced by a liquid-deuterium cold source are
compared with experimental data and with calculated data previously obtained
by P. Ageron, et al., at the Institute Max von Laue-Paul Langevin in
Grenoble, France. Calculated results are also presented that indicate how the
flux of cold neutrons vary with cold-source parameters.

introduction

The Advanced Neutron Source (ANS) is a new experimental facility being planned by
the Oak Ridge National Laboratory to meet the national need for an intense steady-
state source of neutrons!!23], The facility will be built around a new research reactor
and will have the largest neutron flux available anywhere in the world. The ANS
will be equipped with advanced neutron scattering and nuclear physics research
facilities, with isotope production facilities, and with facilities for the study of
materials in strong radiation fields.

A major purpose of the ANS is to provide a high flux of cold (102 eV) neutrons for
experiments. High fluxes of such cold neutrons can be obtained from a liquid
deuterium (~20 K) region in the reflector tank outside of a high-flux reactor. Sucha
system has been in operation for some time at the Institute Max von Laue-Paul
Langevin (ILL) in Grenoble, France®l, In this paper some of the calculations that
have been done to aid in the design of a liquid-deuterium cold source for the ANS will
be described and the results discussed.

ANS geometry and method of calculation

ANS reactor and refiector. The ANS is in the preconceptual design stage.
The base concept for the ANS reactor is a very compact core (30 to 40 L active
volume) with a very high-density fuel of U;Si, in an aluminum matrix. The coolant
and reflector/moderator surrounding the core are heavy water. Preliminary
calculations show an unperturbed peak thermal flux of ~1020 n/m? s at a power level
of ~300 MW and give a core life of approximately 14 dl5l,

A preconceptual reactor design for the ANS in a single-core configuration has been
developed by the QOak Ridge National Laboratory (ORNL) and in a split-core
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configuration by the Idaho National Engineering Laboratory (INEL)!67). Both
designs were analyzed independently by both laboratories and very satisfactory
agreement was obtained. As part of these studies, the neutron flux per unit energy
throughout the reflector region was calculated at ORNL using the discrete ordinates
transport code DORT®I, In the remainder of this paper, these calculated flux values
for the INEL split-core design will be used as the basis for the calculations.

More details of the work that has been done to date and the design and performance
calculations will be found in Refs. 2, 3, 6, 7, 9-11.

Reactor geometry, cold-source geometry, and coupling
surfaces. To simplify the calculations as much as possible, they will be carried
out in a two-dimensional r-z geometry. In Fig. 1 two cylindrical geometries—the
reactor geometry and the cold-source geometry—are depicted. The reactor geometry,
in the absence of the cold source, has cylindrical symmetry about the reactor z-axis; it
is the geometry in which the neutron flux throughout the reflector was calculated
previously and is available for use in the calculations described here. The cold-source
geometry has cylindrical symmetry about the cold-source z-axis that is perpendicular
to the reactor-geometry z-axis,
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Fig. 1 Reactor and cold-source geometries with coupling surface.

An auxiliary code has been developed to transform particle fluxes from discrete
ordinates calculations between between two r-z geometries, such as those shown in
Fig. 1. The transformation code constructs the boundary angular fluxes needed to
perform a cold-source calculation from the volume-distributed angular fluxes
determined in a reactor geometry. The method consists of performing a spatial and
angular transformation to equate the angular fluxes at each radial, azimuthal and axial
boundary mesh point to the angular flux at the closest mesh point and angular
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direction in the reactor geometry, Azimuthal symmetry is taken into account by
employing a one-dimensional Gaussian quadrature to integrate over the azimuthal
mesh points. Because of the relatively small number of angular directions employed
in most discrete ordinates calculations, the boundary angular fluxes obtained using
this nearest neighbor approach do not, in general, conserve boundary leakage.
Therefore, boundary angular currents both before and after the transformation are
calculated and employed to scale the output boundary fluxes. The boundary fluxes at
the coupling surface (dashed lines in Fig. 1) are approximate because they were

determined from the angular flux per unit energy that exist in the absence of the cold
source and are used in the oresence of the cold source. Also in the cold-source
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geometry, azimuthal symmetry is assumed; this symmetry does not exist in the
reactor geometry. To test the validity of these approximations, the thermal nentron
flux, as a function of distance along the cold-source z-axis as obtained in the reactor
geometry and in the cold source geometry when the cold source, void tube, etc., are
replaced by D,O have been compared and found to be in good agreement.

Transport calculations. The cold-source transport calculations were carried
out for the geometry inside the dashed lines in Fig. 1. This geometry begins at a
distance of 0.30 m from the reactor-geometry z-axis and extends to 1.44 m along the
cold-source z-axis and 0.45 m along the cold-source r-axis. The value of z= 1.74 m
in Fig. 1 is approximately the position where the neutron guide tubes will begin.
Only liquid deuterium is considered as the cold-source material. The liquid-deuterium
region is shown as approximately circular in Fig. 1, but may be any shape. In the
remainder of this paper, a cylindrical guide tube with its axis along the axis of the
cold source will be considered. The re-entrant cavity is for the purpose of studying
the effect of such a cavity on the cold-source performance because this effect has been
found to be significant#12:13],

The quantity of primary interest is the flux of cold neutrons that emerge from the
guide tubes at the experiment stations. The reflection properties of the guide tubes
are such that cold neutrons at grazing angles with respect to the walls of the guide
tubes will be reflected and, thus, transported over quite long distances to the
experimental stations!'4l, The quantity of interest in the calculations is, therefore, the
angular leakage of cold neutrons that exit the void region behind the cold source and
enter the guide tube (see Fig. 1), or more precisely, the cold neutrons that enter the
guide tube at small angles (~ few degrees) with respect to the cold source z-axis.

The transport calculations were carried out using the two-dimensional discrete
ordinates code DORTI and the last flight code FALSTFI!3l. All of the DORT
calculations were carried out using an Sg symmetric angular quadrature and a P,
angular expansion of the scattering cross section. To obtain the angular neutron
leakage at small angles, the code FALSTF was used because the symmetric Sg
angular quadrature set employed in the DORT calculations does not contain discrete
directions pointed down the axis of the void region. FALSTF calculated the flux at
point detectors located outside the DORT calculational geometry using the final
scattering source distribution produced by DORT. With a thin layer of black
absorber located in the cold-source geometry to ensure that only neutrons which pass
through the entrance of the guide tube are counted, the neutron flux at a point detector
located a large distance R from the entrance to the guide cavity is simply the angular
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neutron leakage into the guide cavity entrance divided by R2. Thus, multiplying the
neutron flux at a number of point detectors located at different distances from the z-
axis by R? yields the directional angular neutron leakage into the guide cavity.

Cross section data. A coupled neutron-photon multigroup cross-section
library designated ANSL-V (for Advanced Neutron Source Library based on ENDF/B-
BV) has been developed for use in ANS studies!617), A fine-group library containing
99 neutron- and 44 photon-groups and a broad-group library containing 39 neutron-
and 44 photon-groups have been generated. For low energy studies of particular
interest here, the fine-group library contains 29 neutron groups between 1.00 x 10-3
and 3.00 eV and the broad-group library contains 25 groups in this energy range.

Of particular interest here is the cross-section model used to describe the very low
temperature scattering of neutrons by ortho- and para-deuterium. The model used is
not yet documented, but is not appreciably different from the free gas model
developed by J. A. Young and J. U. Koppell!319]. The calculated cross sections
deviate significantly from available experimental datal?®! at energies below
approximately 2 x 10-3eV. It has been established by the work of W. Bernnat, et
al.l21], and M. Utsuro(??) that this discrepancy can be substantially reduced by the use
of a liquid rather than a gas model, but results from this more accurate model have
not yet been incorporated into the ANSL-V library.

For many of the studies considered here, it was convenient to use fewer than 39
neutron groups. When this was the case, the 39-group library was collapsed with
XSDRN®3! and a one-dimensional model of ANS.

Results and discussion

The gain factor may be defined to be the ratio of the angular leakage of neutrons,
with a given wavelength, from the cold source into the guide tube (see Fig. 1) to this
angular leakage when the cold-source material is replaced by D,O. In Fig. 2 the
calculated and measured gain factor for a liquid-deuterium-filled spherical cold source
with a radius of 190 mm is shownl!2], In Fig. 2 the calculated results of P. Ageron,
et al.1*1213] ag well as those reported here are shown.

In the calculations reported here, the geometry used is that shown in Fig. 1. A guide
tube radius of 55 mm, which corresponds to that used in the experiment, was used.
This geometry differs in detail from the experimental geometry, but the differences
are not thought to have an appreciable effect on the results. Also, the neutron source
used in the calculations is that used throughout the paper since the actual source
distribution in the experiment is not available. Since the gain factor that is compared
involves a ratio, the details of the source may not have a significant effect on the
results.

The histogram in the figure is for an angle of 0°. The calculated results for an angle
of 3° is very similar to that for 0° and is, therefore, not shown. The angular range of
0° to 3° is chosen to cover the wavelength range of interest (~0.1 to 1 nm) for the
possible guide-tube materialst!4l. The calculated results obtained here are slightly
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higher than those obtained by P. Ageron, et al., but are somewhat lower than the
measured values,

Calculations carried out using the 39 neutron groups, as in Fig. 2, require very long
computing times, which are much too long for design calculations that must be
repeated many times. For routine use, the 39-group cross sections have been reduced
to a 6-group cross-section set, In Table 1 calculated results of the neutron angular
leakage at 0° into the guide tube obtained with the 39-group and the 6-group cross
sections are presented. The geometry used in obtaining the results in Table 1 is that
shown in Fig. 1 with a spherical liquid-deuterium cold source with a radius of
190 mm. The void-tube radius was 146 mm, the guide-tube radius was 85 mm, and
there was no cavity. In the results shown in Table 1 and throughout the remainder of
this paper, the liquid deuterium used will be taken to have a density of 0.8 of the
theoretical density to account for the fact that gaseous deuterium will be present;
also, the liquid deuterium is assumed to be uniformly distributed over the cold-source
volume,
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Fig. 2 Gain vs. neutron wavelength.
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_Angle from Cold Source Centerline = 0 Degrees

Neutron Upperl Lx:;wer:2 39 Group
Group Energy Wavelength Cale.

(neut./s/ster)

Sum

39 Group Calc.

6 Group Sum 39 Group

(eV) (rm) Calc. 6 Group
1 () 2.0047°  6.40-6 1.84413  3.33+14 2.27414  1.47
2 6.43+6  1.13-5 9.79+13
3 3.0046  1.65-5 7.05+13
4 1.85+6  2.10-5 2.37413
5 1.4046  2.42-5 1.96+13
g 9.00+5  3.02-5 2.58+13
7 4.00+5  4.52-5 7.74+413
8 (2) 1.0045 9.05-5 200416 1.39+15 1.80415 .77
9 170+  2.19-4 3.00+14
10 3.0043  5.22-4  3.91+14
11 5.50+42  1.22-3  4.93+14
12 (37 1.0042  2.86-3  3.98+l4  4.03+15 1.64+16  0.25
13 3.00+41  5.22-3  4.03+14
14 1.00+1  9.05-3 5.11+14
15 3.0040  1.65-2  5.87+l4
16 17740 2.15-2  4.75414
17 13040 2.51-2  4.38+14
18 1.0040  2.86-2  5.70+164
19 7.65-1  3.27-2  6.4htld4
10 (4) 5.88-1  3.73-2  4.99414  4.20+416 3.79+16 1.11
21 4.79-1  4.13-2  4.31414
22 3.97-1  4.54-2  4.96+14
23 3.30-1  4.98-2  4.58+14
2% 2.70-1  5.51-2 6.64414
25 2.15-1  6.17-2  9.58+14
2% 162-1  7.11-2  1.72+15
27 1.04-1  8.87-2  6.69+15
28 5.00-2  1.28-1  8.12415
29 3.00-2  1.65-1  2.20+16
() 1.00-2 2.86-1  2.16416  4.07416 3.44+16 1.18
31 4.65-3  4.29-1 834415
32 3.25-3  5.02-1  4.84+15
33 2.60-3  5.61-1  3.38+15
3% 2153 6.17-1  2.52+15
35 (6) 1.80-3  6.74-1  2.40+15 8.05+15 6.40¢15 1.25
36 1.45-3  7.51-1  1.87+15
37 1.15-3  8.44-1  1.61+15
38 8.50-4  9.81-1  1.24+15
39 5.50-4  1.2240  9.47+14

]'Lawer energy of Group 39 is 1.00-5 eV.

ZUpper wavelength of Group 39 is 9.05 mm.

32.00+7 read as 2.00x107.

Table 1 Neutron angular leakage into neutron guides (spherical liquid deuterium
cold source with radius = 190 mm, void tube radius = 146 mm, guide tube radius = 85

mm, no cavity).
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In Table 1 the energy group and corresponding wavelength-group boundaries are
shown. For purposes of comparison, the appropriate 39-group results have been
summed; these summed results are also given in Table 1. There are significant
differences between the 39-group and the 6-group results, but the differences are not
so major as to make the 6-group results completely untrustworthy. Calculated
results similar to those in Table 1, for an angle of 3° have also been obtained and are
not appreciably different from the results shown in Table 1.

The results discussed above were all for a guide tube of radius 85 mm. In Table 2,
the calculated angular leakage at 0° and 3° is presented for a range of guide-tube radii.
The case considered is as before, i.¢., a spherical liquid-deuterium cold source with a
radius of 190 mm and a void-tube radius of 146 mm. As indicated in the table,
guide-tube radii of 37, 61, 85, and 146 mm are considered.

Neutrons/s/Ster
Neutron Upper!? Lower Neutron Guide Tube Radius (mm)
Energy Energy Wavelength
Group (eV§ (nm) 37 61 85 146
Angle from Cold Source Centerline = 0°
1 2.00+7° 6.40-6 3.88+13  1L.13+14  2.274+14  6.94+14
2 1.0045 9.05-5 3.07+14  8.94+14  1.78+15  5.66+15
3 1.0042 2.86-3 2.85+15  8.19+15  1.64+16  5.21+16
4 5.88-1 3.73-2 6.814+15  1.90+16  3.79+16 1.20+17
5 1.00-2 2.86-1 6.12415  L.73+16  3.44+416 1.01+17
6 1.80-3 6.74-1 113+15  3.25+15  6.40+15 1.83+16

Angle from Cold Source Centerline = 3°

1 2.00+7 6.40-6 4.13+13 1.13+14 2.31+14 5.31+14
2 1.00+5 9.05-5 3.15414  9.04+14 1.88+15 4.33+15
3 1.00+2 2.86-3 4.15+15 9.64415 1.87+16 4.13+16
4 5.88-1 3.73-2 6.64+15 1.97+16 4.11+16 9.23+16
$ 1.00-2 2.86-1 5.72+15 1.73+16 3.54+16 7.73+16
6 1.80-3 6.74-1 1.07+15 3.21+1% 6.52+15 1.414-16

!Lower energy of Group 6 is 1.00-5 eV.

YUpper wavelength of Group 6 is 9.05 nm.

32.00+7 read as 2.00 x 107.

Table 2 Neutron angular [eakage into guide tubes of different radii (spherical liquid
deuterium cold source with radius = 190 mm, void tube radius = 146 mm, no cavity).

The values in the table are given for completeness, but can be compared more readily
by taking ratios. First, it i clear that the leakage into the guide tube is nearly
proportional to the area of the guide tube. To remove this effect, the values in Table
2 must be divided by the guide-tube cross sectional area. Second, the angular leakage
in a given energy group for a guide tube of 85 mm will be taken as a normalizing
factor, and the results for the other guide tubes will be divided by this normalizing
value. The results, when this is done, are shown in Fig. 3 as a function of guide-
tube radius for the lowest three energy groups considered. The plotted points indicate
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the calculated values. The curves are only for guidance and, particularly in the 3°
case, are somewhat arbitrary.
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Fig. 3 Ratio of angular leakage in a given energy range into a guide tube of specified
radius to angular leakage into guide tube of radius 85 mm vs, guide tube radius.
(Spherical cold source with radius = 190 mm, void tube radius = 146 mm, no cavity.)

In the Q° case, the change of the leakage with guide-tube radius is not large. For each
of the energy groups considered, there appears to be an optimum guide-tube radius,
but not a very precise one. In the 3° case, the variation of the leakage with guide-
tube radius is larger than the 1° case. It is also clear that there is an optimum guide-
tube radius for each of the groups considered; but with only the points that are shown
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in Fig. 3, it is not possible to estimate the position of the optimum or the
magnitude of leakage at the optimum,

At the ILL it has been found that a re-entrant cavity, such as that shown in Fig. 1,
can significantly increase the flux of cold neutrons in the guidel12.13], A series of
calculations with a spherical cold source of radius 190 mm and various re-entrant
cavities has been carried out to study this phenomena. The neutron source and void-
tube radius are the same as that used previously. The cavity radius and the guide-tube
radius are taken to be the same and equal to 85 mm. Cavity lengths of 134 mm,
219 mm, and 256 mm are considered.

In Fig. 4 the calculated neutron flux in the energy range 1.8 x 103 eV to
1.0 x 102 eV is shown along the cold-source centerline as a function of distance
from the front, i.e., the reactor side, of the cold source. In the figure, results are
shown for the three different re-entrant tube lengths and for the case when there is no
cavity.
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Fig. 4 Low energy flux (1.8 x 103 eV < E < 1.0 x 102 eV) profiles through center of
spherical cold source.
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In all cases, the flux reaches a maximum and then decreases. As the length of the
cavity increases (see Fig. 1), the maximum value of the flux decreases and the
position of the maximum value is closer to the front of the cold source. In the three
curves for the re-entrant cavities, the position to the right of the flux peak, where the
curves have a change in slope, is the position of the interface between the liquid
deuterium and the cavity. Note that the flux at the entrance to the cavities is larger
than the flux at the entrance to the void tube in the case of no cavity.

In Table 3 the angular leakage into the guide tube is shown for the three cavities
considered and the case of no cavity. In the table, results are given for all energy
groups and for angles 0°, 1°, 2° and 3°. The values in the table are again given for

completeness, but can be more readily understood by considering ratios.

Neutron Upperl Lower?
Energy Energy Wavelength

(neutrons/s/ster)

Angle from Beam Tube Centerline (degrees)

Group (eV) {rm) 0 1 2 3
All liquid deuterium
1 2.00+73 6.40-6 2.27+14 2.23+414 2.26+14 2.31+14
2 1.00+5 9.05-5 1.78+15 1.79+15 1.81+15 1.88+15
3 1.00+2 2.86-3 1.64+16 1.64+16 1.67+16 1.87+16
4 5.88-1 3.73-2 3.79+16 3.82+16 3.91+16 4.11+16
5 1.00-2 2.86-1 3.44+16 3.44+16 3.49+16 3.54+16
6 1.80~3 6.74-1 6.40+15 6.40+15 6.48+15 6.52+15
134 mm reentrant cavity
2 2.004+7 6.40—6 5.61+14 5.02+14 4.71+14 4.31+14
2 1.00+5 9.05-5 3.98+15 3.59+15 3.37+15 3.19+15
3 1.00+2 2.86-3 2.95+16 2.71+16 2.59+16 2.66+16
4 5.88-1 3.73-2 4.32+16 4.15+16 4.16+16 4.41+16
5 1.00-2 2.86-1 4.35+16 4.06+16 3.89+16 3.94+16
6 1.80-3 6.74-1 9.18+15 8.41+15 7.87+15 7.78+15
219 mm reentrant cavity
1 2.00+7 6.40~6 9.99+14 8.65+14 7.87+14 6.73+14
2 1.00+5 9.05-5 6.74+15 5.89+15 5.35+15 4.65+15
3 1,00+2 2.86-3 4.43+16 3.93+16 3.65+16 3.42+16
4 5.88-1 3.73-2 4.97+16 4.67+16 4.63+16 4.60+16
5 1.00-2 2.86-1 4.26+16 3.96+16 3.80+16 3.60+16
6 1.80-3 6.74-1 9.14+15 8.31+15 7.78+15 7.06+15
256 mn reentrant cavity
1 2.00+7 6.40-6 1.24+15 1.07+15 9.57+14 8.12+14
2 1.00+5 9.05-5 8.26+15 7.14+15 6.38+15 5.51+15
3 1.004+2 2.86-3 5.18+16 4.56+16 4.16+16 3.85+16
4 5.88-1 3.73-2 5.30+16 4,93+16 4.83+16 4.80+16
5 1.00-2 2.86-1 3.92+16 3.68+16 3.54+16 3.42+16
6 1.80-3 6.74-1 8.33+15 7.64+15 7.15+15 6.61+15

Yower energy of group 6 is 1.00-5 ev.
2ypper wavelength of group 6 is 9.05 rm.

32.00+7 read as 2.00x10’.

Table 3 Neutron angular leakage into 85.3 mm radius neutron guide tube (void tube

radius = 146.3 mm, cavity radius = 85.3 mm).
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In Fig. 5 the ratio of the angular leakage in a given energy range with a cavity
present to the corresponding angular leakage with no cavity is shown as a function of
cavity length. Results are shown for angles of 0° and 3°, At0° the maximum value
of the ratio obtained is slightly less than 1.5 and is for the highest energy group
shown that is group 4. For group 5, the maximum value obtained is considerably
smaller; for group 6, the maximum value obtained is slightly smaller. For groups 4
and 5, the maximum value of the ratio occurs between lengths 134 mm and
219 mm; but for group 6, the maximum value occurs at the largest cavity length
considered. At 3° the ratios have similar behavior, but the values are, in general,
smaller than at 0°; for groups 4 and 5, the maximum value of the ratio occurs at
smaller values of the cavity length.
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Fig. 5 Ratio of angular leakage in a given energy range from cold source with re-
entrant cavity to angular leakage from cold source with no cavity vs. cavity length.
(Spherical cold source with radius = 190 mm, void tube radius = 148 mm, cavity radius
= 85 mm, guide tube radius = 85 mm.)
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P. Ageron has presented both measurements and calculations of the effects of re-
entrant cavities on the flux of cold neutrons produced by liquid-deuterium cold
sources. Detailed calculations from ORNL for comparison with these results are not
yet available, but from the preliminary results that have been obtained, it is clear that
the ORNL results will not agree well with those of Ageron, et al. In general, the
results in Refs. 4, 11, and 12 indicate improvements in the wavelength range 0.1 to
1 nm due to cavities to be factors of 1.5 and above, and our calculation gives values
such as those in Fig. 5 of 1.5 or significantly less.
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