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ABSTRACT

This paper describes the calculational procedures employed in the ongoing neutronics analysis of
the ANS cold source and presents in chronological order some of the more important results from the
one- and two-dimensional discrete ordinates calculations performed to date in support of the ANS cold
source design. In particular, cold neutron currents from cryostat shapes which can be adequately modeled
with two-dimensional geometries are compared with and without reentrant cavities. Also, results are
presented from one-dimensional comparative liquid hydrogen vs liquid deuterium calculations in which
the density, placement, and para-ortho mixture of liquid hydrogen is investigated. In addition, the
evolution of the ANS conceptual design cold source from an initial short cylindrical cryostat with
hemispherical upper and lower heads employing a natural convection liquid deuterium circulation system
to the final spherical design employing a pumped system is described. Finally, performance data and
heating rates are presented for some possible alternate ANS cryostat and vacuum jacket materials.

INTRODUCTION

The Advanced Neutron Source1 planned for construction at the Oak Ridge National Laboratory
will have two large liquid deuterium cold neutron sources. In the conceptual design2 of the ANS, the
liquid deuterium is contained in 205 mm radius spherical cryostats and both cryostats contain a single
reentrant tapered cavity to enhance the number of cold neutrons supplied to seven low-loss cold neutron
guides. The centers of both cold sources are located 25 mm above the ANS reactor horizontal midplane
at a radial distance of 750 mm from the reactor vertical axis. Most if not all of these cold neutron source
parameters, e.g., shape, size (including"reentrant cavity dimensions), and moderating material, were
chosen using cold source nuclear performance and heat load values generated in the ongoing ANS cold
source neutronics analysis3-4-5 or from data derived from these values. In this paper, the radiation
transport methods and physical data employed in this analysis are described and some of the more
important results from this analysis are presented and discussed.

CALCULATIONAL PROCEDURES

Most of the ANS cold source neutronics calculations performed to date have been carried out
using the two-dimensional discrete ordinates code DORT6, the last flight estimation code FALSTF7, and
the two-dimensional to two-dimensional cylindrical coupling code DTD8. DORT calculations were
carried out in the reactor and cold source geometries. In the reactor geometry, DORT was employed to
obtain the energy and spatial distribution of the neutron and gamma angular fluxes. In the cold source
geometry, DORT was employed to obtain the neutron and gamma final scattering source moments. DTD



was used to couple the two calculational geometries by transforming the angular fluxes in the D,0
reflector surrounding the reactor into suitable source terms for the cold source calculations. FALSTF
was employed to obtain the colu neutron current, i.e., the number of cold neutrons per unit wavelength,
solid angle, and unit area, entering the cold neutron guides using the neutron final scattering source
moments.

In the initial stages of the cold source neutronics analysis, all of the radiation transport
calculations were performed with a coupled 39 neutron-44 gamma energy group cross section set (or
several collapsed versions of this cross section set) taken from the ANSL-V cross section library9.
However, early in 1991, 39 neutron energy group transport data for para and ortho liquid deuterium and
hydrogen were obtained from the Institut fuer Kernenergetik und Energiesysteme (IKE) at the University
of Stuttgart10 and the thermal neutron scattering data in the ANSL-V cross section set was replaced. The
IKE scattering data is based on a generalized model developed at the IKE which takes into account liquid
effects whereas the deuterium and hydrogen data in the ANSL-V library was based on a cold gas model"
which did not account for liquid effects. In all of the cold source neutronics analysis, energy deposition
rates, i. e.. heat loads, were obtained using neutron kerma factors taken from KAOS/LIB-V12 and gamma
kerma factors taken from DABL6913. The gamma kerma factors were mapped from the DABL69 energy
group structure to the ANSL-V energy group structure using a simple interpolation scheme. The same
interpolation was employed for the neutron kermas except in the lower energy thermal groups where the
neutron kermas were either taken to be constant or weighted with an appropriate capture cross section
ratio. In addition, the Al neutron kerma factors were modified to account for the energy deposition due
to /3"'s from ~8A1 decay.

COLD SOURCE DESIGN EVOLUTION

Cold source radiation transport calculations were first performed for a 190 mm internal radius
spherical cryostat containing liquid deuterium at 80% of theoretical density. Changes in the number of
cold neutrons entering a cold neutron guide due to the insertion of a number of reentrant cavities of
varying length and radius were then calculated. These calculations indicated that an optimum reentrant
cavity would have a length slightly greater than the cold source radius and a radius large enough to allow
the inside rear surface of the cavity to fully illuminate a single cold neutron guide. These results also
indicated that this cavity would produce between 50 and 80% increases (depending on neutron wavelength
and direction) in the cold neutron current entering the guide.3'4'5

Additional calculations were then performed for cryostat shapes which could be adequately
modeled with two-dimensional geometries. These shapes consisted of a number of spheres and cylinders
both with and without reentrant cavities, two ellipsoids, and a number of truncated spheres (pancake like
shapes). The ellipsoids were formed by rotating ellipses about their minor axis which lay aiong the
centerline of a single cold neutron guide. The truncated spheres were formed by vertically slicing off,
i.e. perpendicular to the cold neutron guide centerline, the front and rear faces of a spherical cold source.
In al! cases, the radius of each shape about the cold neutron guide centerline was chosen to maintain a
cryostat volume equal to the volume of the 190 mm radius spherical cryostat. All of the cryostats were
centered at a distance of 750 mm from the reactor vertical centerline. In addition, the radii of all
reentrant cavities were taken to be equal to the single cold neutron guide radius of 80 mm. For 0° or
straight ahead neutron angular currents entering the guide, these cavities are all fully illuminating.

In general, both the spheres and cylinders containing reentrant cavities produced the greatest gains
with the spheres being slightly better. For most of the spherical cold sources, cavity lengths equal to
about half the overall thickness along a single cold neutron guide centerline produced the greatest gain,
particularly for the longer wavelengths. For most of the cylindrical cold sources, cavity lengths slightly



greater than half the overall thickness produced the greatest gain. The gains associated with the shapes
that did not have reentrant cavities at first increased then decreased with decreasing thickness. The results
from this investigation indicated that the 190 mm radius spherical cryostat with a cavity length slightly
greater than the cryostat's radius and a radius equal to the cold neutron guide tube radius (fully
illuminating) was superior to all of the two-dimensional shapes analyzed.

The cold source in the ANS conceptual design evolved through a number of major design
changes. The initial ANS cold sources were similar to the 190 mm radius spherical liquid deuterium cold
source containing a reentrant cavity at the Institut Laue-Langevin (ILL)'4. The ANS cryostat consisted
of a 100 mm high cylinder with upper and lower 190 mm radius hemispherical heads surrounded by a
2 mm thick Ai-6061-T6 vacuum jacket which in turn was surrounded by a 6.3 to 8 mm thick AI-6061-T6
outer jacket. A major drawback of this design was that a substantial amount of material was located
between each cold source and its cold neutron guides. In addition, the calculated nuclear heat load on
each ANS cold source was 40 kW which was more than 30% greater than the targeted heat load of 30
kW. A second ANS cold source design eliminated most of the material from the cold neutron beam path
by placing the cryostat in a D ,0 thimble. This change resulted in a 13% increase in cold neutron current
entering the guides and a 5 fcW decrease in nuclear heat load. Next, the liquid deuterium circulation
jiystem was changed from a natural convection system similar to that utilized in the ILL cold source to
a pumped system. This change increased the effective liquid deuterium density from 80 to 100% of full
density and resulted in a 10% gain in cold neutron current. Unfortunately, the nuclear heat load
increased by 4 kW. To maintain the same mass of liquid deuterium at the higher density, the cryostat
was downsized to the conceptual design 205 mm radius sphere. This revised conceptual design produced
a 21 % increase in nuclear performance relative to the original ANS cold source design and reduced the
nuclear heat load to 30 kW. These results are summarized in Table I.

Table I. Evolution of ANS Cold Source Conceptual Design: Cold Neutron Currents
and Nuclear Heat Loads Summary

Performance
Quantity

Cold Neutron Current
(n/s-sterad-nv-nm)

Total Nuclear Heat
Load (kW)

Cold Source Evolution

Initial
Convection

1.83+18

40

Revised
Convection

2.07 + 18

35

Initial
Pumped

2.28+18

39

Revised
Pumped

2.22+18

30

a1.83+18readas 1.83 x 1018.

Two-dimensionai calculations have also been performed to compare the ILL vertical cold source
containing the reentrant cavity with the ANS conceptual design cold source. The ILL cold source
calculations were performed using boundary flux data generated at Idaho National Engineering Laboratory
(INEL)15 with the point cross section Monte Carlo code MCNP16. The flux data supplied by INEL were
required to scale the boundary angular fluxes employed in the ongoing ANS cold source analysis to obtain
the boundary source terms needed for the ILL cold source calculations since a two-dimensional discrete
ordinates geometric model of the ILL reactor was not available at the time of these calculations.

The geometric model used in the ILL cold source calculations consisted of a 190 mm radius



spherical cryostat containing liquid deuterium at 80 % of theoretical density. The cryostat was taken to
be 1.5 mm thick Al and it was surrounded by a 6 mm thick Zr (Zircalloy without the alloying agents)
vacuum vessel. The vacuum thimble in the ILL model was assumed to be similar to the vacuum thimble
employed in the original vertical ANS cold source design. Whereas the ANS vertical cold source
neutronics model employed a 2 mm thick heavy water gap for cooling between the cold source and the
vacuum thimble, only 1.5 mm of heavy water was employed in the ILL model.

A comparison of the calculated straight ahead neutron angular currents for both the ANS and ILL
cold sources is presented in Table II. The results in Table II indicate that the ANS cold source produces
overall approximately seven times more cold neutron current (here cold neutrons are defined to be
neutrons having wavelengths > 0,286 nm) than the ILL liquid deuterium cold source containing the
reentrant cavity. For wavelengths greater than 0.981 nm. the cold neutron current from the ANS cold
source is almost 12 times greater. Most of the overall increase in cold neutron current, i.e,
approximately 80 %, is due to the increased power of the ANS reactor (330 MW vs 57 MW).
Approximately 12 % percent is due to configuration differences, in particular the removal of most of the
material between the cryostat and cold neutron guide. Approximately 8 % is due to a combination of
changing to the spherical cryostat and changing to a pumped liquid deuterium circulation system.

Table II, Comparison of Straight Ahead Neutron Angular Currents from the ANS
Conceptual Design Cold Source and from the ILL Vertical Cold Source

Wavelength
Range (nm)

0.286-0.502

0.502-0.981

0.981-9.05

> 0.286

Neutron Angular Current (n/s'Sterad'nr-nm)

ANS
(Cavity)

4.47+18"

1.04+18

8.36+15

1.75+17

ILL
(Cavity)

7.26+17

1.35+17

7.11 + 14

2.59 + 16

ANS
ILL

6.16

7.70

11.76

6.76

"4.47+18 read as 4.47 x 1018.

COMPARISON OF LIQUID HYDROGEN AND LIQUID DEUTERIUM

One-and two-dimensional discrete ordinates calculations have also been carried out to compare
the performance of liquid hydrogen and liquid deuterium cold neutron moderators. The one-dimensional
spherical calculations were carried out using the one-dimensional discrete ordinates code ANISN17.
These calculations were performed because it was suggested that a cold source containing liquid hydrogen
at reduced density could potentially produce the same cold neutron current as an equivalent size liquid
deuterium cold source. If this were true, a substantial reduction in working fluid inventory in the ANS
conceptual design cold source could be realized. All of the two-dimensional calculations (and additional
one-dimensional calculations described later) employed 21-neutron energy group liquid hydrogen and
liquid deuterium cross sections which were obtained by collapsing 39-neutron energy group cross sections
provided by the IKE at the University of Stuttgart10. The results of the two-dimensional calculations are
summarized in Table III.



The results in Table III strongly suggest that a cold source containing liquid hydrogen at reduced
density does not produce a cold neutron current comparable to that produced by an equivalent size cold
source containing liquid deuterium at full density, at least not for sizes comparable to the ANS conceptual
design cold source. The neutron currents calculated for the liquid deuterium cold source were obtained
with the tapered reentrant cavity present whereas the neutron currents calculated for the liquid hydrogen
cold source were obtained both with and without this same reentrant cavity. The results in Table III
indicate that the cold neutron currents from the liquid hydrogen cold source are slightly greater without
the reentrant cavity, however both with and without the cavity, the cold neutron currents from the liquid
hydrogen cold source are approximately only half those from the liquid deuterium cold source for
wavelengths greater than 0.286 nm.

Table HI. Comparison of Straight Ahead Cold Neutron Current ln/(s-sterad-m~-nm)]
from the 205 mm Radius ANS Cold Source when Liquid Deuterium is
Replaced with Liquid Hydrogen at 20 % Density

Wavelength
Range (nm)

0.286-0.502

0.5020.981

> 0.981

1
Liquid Deuterium

1 @ Full Density
4.47+18b

1.04+18

8.36+15

Liquid

With Cavity

2.23+18

3.85 + 17

4.01 + 15

Hydroger

Ratio"

0.52

0.37

0.48

i @ 20 % Density

Without Cavity

2.86+18

4.68+17

4.85+15

Ratio

0.64

0.45

0.58

"These values represent the outward directed current from the liquid hydrogen cold source
divided by the outward directed current from the liquid deuterium cold source.

b4.47+ 18 is read as 4.47 x 1018.

To substantiate the results in Table III, a number of one-dimensional cold source calculations
were performed. These calculations were performed for spherical cold sources having radii of 50, 100,
150. 200. and 250 mm. All of the cold sources were surrounded by D2O. An outer boundary thermal
neutron source constructed by imposing an inward directed isotropic neutron flux condition on the outer
surface of the Do0 was employed in all of the calculations. The outer radius of the D2O was maintained
at 450 mm regardless of the cold source radius to preserve the number of source neutrons entering the
D.,0. The 450 mm radius was chosen to surround each cold source with at least 200 mm of D-,0. This
thickness of D-,0 was needed to ensure that the energy distribution of the thermal neutrons entering each
cold source was characteristic of a D.,0 thermal neutron spectrum.

Within each liquid hydrogen cold source, the liquid hydrogen density was both varied and chosen
to force all radii cold sources to contain the same mass of liquid hydrogen as the 50 mm radius cold
source. Calculations were also performed for liquid hydrogen cold sources containing an outer spherical
shell of full density liquid hydrogen. The shell thickness was chosen to force all radii cold sources to
contain the same mass of liquid hydrogen as the same size reduced density cold source. For the same
radius cold sources, the cold neutron currents were essentially identical between the reduced density cold
sources and the outer shell cold sources. In addition, liquid hydrogen cold source calculations were
performed for different mixtures of para- and ortho-liquid hydrogen. The results from the one-
dimensional calculations indicated that regardless of hydrogen density, hydrogen placement, orpara-ortho
mixture, liquid hydrogen is not as effective as liquid deuterium for cold source sizes comparable to the
205 mm radius ANS conceptual design cold source. In fact the results from these calculations indicated



that optimal density liquid hydrogen cold sources comparable in size to the ANS cold source produced
only 60 % the cold neutron current which is consistent with the two-dimensional results in Table III.

The results from the one-dimensional liquid hydrogen-liquid deuterium calculations are
summarized graphically in Figs. 1 and 2. These Figures present maximum relative performance data for
liquid hydrogen spherical cold sources (relative to full density equivalent size liquid deuterium cold
sources). In Fig. la. the maximum relative cold neutron current ratio for three wavelength ranges as a
function of cold source radius is presented for para liquid hydrogen; and in Fig. lb. the density fraction
of the liquid hydrogen at the maximum cold neutron current ratio is presented. These same data for ortho
liquid hydrogen are presented in Figs. 2a and 2b.

A great deal of information is contained in Figs. 1 and 2. In Figs, la and 2a, a horizontal dashed
line is shown at a maximum cold neutron current ratio of 1.0. The point at which this line crosses each
curve yields the maximum radius at which the performance of a liquid hydrogen cold source is equal to
the performance of the same size full density liquid deuterium cold source for the particular wavelength
range. (At radii less than this radius, the liquid hydrogen cold sources produce more cold neutron current
than the same size liquid deuterium cold sources). For example, from Fig. la, for neutron wavelengths
between 0.286 and 0.502 nm the maximum radius that a 100 % para liquid hydrogen cold source could
be and still produce cold neutron currents equal to those produced from the same size liquid deuterium
cold source is about 81 mm. The density of para liquid hydrogen needed for this size cold source is
denoted in Fig. lb by the horizontal dotted line. This density is approximately 70 % of theoretical
density. A liquid hydrogen density above or below this density would result in a 81 mm radius liquid
hydrogen cold source which produces less cold neutron current between 0.286 and 0.502 nm than an
equal size full density liquid deuterium cold source. For wavelengths between 0.502 and 0.981 nm, a
maximum radius of 92 mm and a liquid hydrogen density of 70 % of theoretical are obtained from Figs,
la and lb. For wavelengths greater than 0.981 nm, values of 115 mm and 45 % are obtained.

For 100 % ortho liquid hydrogen, the maximum radii at which the performance of a liquid
hydrogen cold source is equal to the same size full density liquid deuterium cold source are found in Fig.
2a. These radii are approximately 80 mm regardless of neutron wavelength. The corresponding liquid
hydrogen densities in Fig. 2b vary between 35 and 40 % of theoretical density. In summary, the
maximum radii for 100 % ortho liquid hydrogen cold sources at all neutron wavelengths considered here
are comparable to the maximum radius for a 100 % para liquid hydrogen cold source at neutron
wavelengths between 0.286 and 0.502 nm. On the other hand, the densities required for 100 % ortho
liquid hydrogen cold sources at all neutron wavelengths considered here are comparable to the density
for 100 % para liquid hydrogen cold sources at neutron wavelengths greater than 0.981 nm.

MATERIALS SUBSTITUTION STUDIES

Two-dimensional neutronics calculations have also been carried out to investigate possible material
changes in the ANS conceptual design cold source. These changes consisted of replacing the Al 6061-T6
cryostat with a beryllium cryostat and replacing the Al 6061-T6 vacuum jacket with a carbon vacuum
jacket. The vacuum jacket is inside the Al 6061-T6 thimble which separates the cold source structure
from the reflector tank D-,0.

The nuclear performance as measured by the low energy (high wavelength) straight ahead neutron
angular currents is compared in Table IV as a function of cryostat and vacuum jacket materials. Results
are presented for four cases. The first case represents the baseline configuration. The values for this
case are slightly different from those given earlier (see Tables II and III) because the earlier cold source
calculational geometries were not properly rotated such that the cold neutron guides did not view the
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reactor core. In the second case, the Al 6001-T6 cryostat was replaced with a beryllium cryostat of the
same thickness (2 mm). In the third case, the Al 6061-T6 vacuum jacket was replaced with a carbon
vacuum jacket. A uniform thickness of 3 mm was employed for the entire carbon vacuum jacket whereas
the hemispherical section of the Al 6061-T6 vacuum jacket which surrounds the cryostat had a thickness
of only 2 mm. In the last case, both the Al 6061-T6 cryostat and the Al 6061-T6 vacuum jacket were
replaced with beryUium and carbon, respectively.

The change from an Al 6061-T6 cryostat to a beryllium cryostat results in a slight decrease in
the cold neutron current between 0.286 anv. 0.502 nm and in slight increases in the cold neutron currents
above 0.502 nm and a decrease of less than 5 % over the entire wavelength range. This behavior is
caused by the reduced absorption and increased scattering in beryllium. The reduced absorption results
in a greater number of thermal neutrons entering the liquid deuterium whereas the increased scattering
results in less neutrons exiting the cold source in the direction of the cold neutron guides. Between 0.286
and 0.502 nm neutron scattering in beryUium is almost 6 times greater than that in Al while below 0.502
nm neutron scattering in beryllium is only twice that in Al. Above 0.502 nm increased scattering
dominates whereas below 0.502 nm reduced absorption dominates. Replacing the Al 6061-T6 vacuum
jacket with a carbon vacuum jacket produces slight increases in cold neutron currents at all wavelengths
resulting in an increase of slightly greater than 5 % over the entire wavelength range. These increases
aie due to reduced absorption in carbon. Since the vacuum jacket does not surround the cold source
entirely, i.e., it is not located between the cold source and cold neutron guide entrances, the increased
scattering in carbon does not reduce the cold neutron currents. Replacing both the Al 6061-T6 cryostat
and vacuum jacket with beryllium and carbon, respectively, produces results similar to those obtained
with the change in cryostat materials, however over the entire wavelength range, no change in cold
neutron occurs.

Table IV. Comparison of Straight Ahead Neutron Angular Currents as a Function of
Cryostat and Vacuum Jacket Materials

Wavelength
Range (nm)

0.286-0.502

0.502-0.981

0.981-9.05

> 0.286

Neutron Angular Current (n/s'Sterad-nvnm)

Al Cryostat
Al Vac. Jack.

4.76+18a

1.10+18

8.85+15

1.86+17

Be Cryostat
Al Vac. Jack.

4.36+18

1.13+18

9.10+15

1.77+17

Al Cryostat
C Vac. Jack.

5.02+18

1.16+18

9.35+15

1.96+17

Be Cryostat
C Vac. Jack.

4.59 + 18

1.19+18

9.65 + 15

1.86+17

a4.76+18 read as 4.76 x 1018.

In Table V, the average nuclear heating rates for the four cases described above are compared
for the major cold source components. In all cases, the heating rates are in watts/gram (W/g) of the
material comprising the given component.

Replacing the Al 6061-T6 cryostat with a beryllium cryostat reduces the total heating rate
(Watts/gram) in the liquid deuterium by only 7.5 %. However, more than a factor of two reduction in
heating rate is obtained for the cryostat. Considering that beryllium is almost 1.5 times less dense than



Al yields a heat load (Watts) reduction of more than a factor of 3, Even more important though is the
fact that the neutron heating rate in the beryllium is reduced by almost two orders of magnitude
suggesting the possible use of gamma shield to reduce heating from core gammas. Replacing the Al
6061-T6 vacuum jacket with a carbon vacuum jacket produces slight reductions in the liquid deuterium
and cryostat heat loads and more than a 60 % reduction in the vacuum jacket heating rate which equates
to almost a factor of 4 reduction in total heat load due to density differences. Because of the loss of
capture gammas produced in the AL 6061-T6, slight reductions in total heat loads are also obtained in
the D2O thimble.

Table V. Comparison of Average Nuclear Heating Rates as a Function of Cryostat
and Vacuum Jacket Materials

Geometry
Component

LD :

Cryostat

Vacuum
Jacket
Head

Vacuum
Jacket
Shell

D:O
Thimble

Head

D,0
Thimble

Shell

Type of
Radiation

Neutron
Gamma

Total

Neutron
Gamma

Total

Neutron
Gamma

Total

Neutron
Gamma

Total

Neutron
Gamma

Total

Neutron
Gamma

Total

Nuclear Heating Rates (W/g)a

Al Cryostat
Al Vac. Jack.

0.18
3.46
3.64

2.48
4.40
6.68

3.20
5.56
8.76

0.95
1.55
2.50

3.20
5.51
8.71

0.95
1.52
2.47

Be Cryostat
Al Vac. Jack.

0.17
3.20
3.37

0.03
2.86
2.89

3.36
5.19
3.55

0.95
1.50
2.45

3.35
5.33
8.68

0.95
1.48
2.33

Al Cryostat
C Vac. Jack.

0.17
3.15
3.32

2.62
3.99
6.61

0.02
3.84
3.86

< 0.01
1.05
1.05

3.34
5.13
8.47

0.98
1.34
2.32

Be Cryostat
C Vac. Jack.

0.17
2.85
3.02

0.03
2.45
2.48

0.02
3.42
3.44

< 0.01
1.00
1.00

3.48
4.94
8.42

0.98
1.30
2.28

aThe heating rates (W/g) are per gram of the material comprising the given component.

SUMMARY AND CONCLUSIONS

In this paper, some of the more important results from the one- and two-dimensional discrete
ordinates ongoing ANS cold source neutronics analysis have been presented. Calculated cold neutron
currents from cryostat shapes which can be adequately modeled with two-dimensional geometries are
compared with and without reentrant cavities and these calculations indicated that spherical cryostats
containing reentrant cavities having lengths approximately equal to the cryostats radius yield gains of 50
to 80 % compared to cryostats without reentrant cavities. Also, results presented from one-dimensional



comparative liquid hydrogen vs liquid deuterium calculations indicate that regardless of liquid hydrogen
density, placement, or para-ortho mixture, liquid deuterium is approximately twice as effective a cold
neutron moderator for large cold sources, i.e., cold sources the size of the ANS conceptual design cold
source. The evolution of the ANS conceptual design cold source was described. The initial design had
a great deal of material between each cold source and its cold neutron guides. The final spherical design
employing a pumped liquid deuterium circulation system improved performance and met the targeted
design goal nuclear heating rate of 30 kW. Performance data and heating rates calculated for Beryllium
and Carbon as possible alternate ANS cryostat and vacuum jacket materials indicated that these materials
are very attractive.
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