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ABSTRACT

The low flux of high energy neutron sources requires optimum utili
zation of the available neutron field. A furnace system has been 
developed in support of the US DOE fusion materials program which meets 
this challenge. Specimens positioned in two temperature zones just 1 mm 
away from the outside surface of a neutron window in the furnace enclo
sure can be irradiated simultaneously at two independent, isothermal 
(± 1°C) temperatures. The temperature difference between these closely 
spaced isothermal zones is controllable from 0 to 320°C and the maximum 
temperature is 400°C. The design of the system also provides a control
led specimen environment, rapid heating and cooling and easy access to 
heaters and thermocouples. This furnace system is in use at the Rotating 
Target Neutron Source-II of Lawrence Livermore National Laboratory.

INTRODUCTION

The radiation damage sustained by structural metals is an important 
consideration in the design of fusion power plants. Near term fusion devices 
will subject structural metals to a high energy neutron environment while 
operating at temperatures in the range 50 to 300°C. The extrapolation of 
fission reactor data to cover the effects of high energy neutrons on the 
mechanical properties of structural metals is not reliable. Therefore, ele
vated temperature high energy neutron irradiation experiments must be con
ducted in support of the fusion materials development program.

High energy neutron sources, however, are characterized by a relatively 
low peak neutron flux and by large gradients in neutron flux with distance 
from the source. For example, Rotating Target Neutron Source (RTNS)-II the 
world's most intense high energy neutron source located at Lawrence Liver
more National Laboratory (LLNL), currently offers experimenters a peak neu
tron flux of 2 x 1012 n/cm2•s, E = 14 MeV, The primary irradiation volume 
of RTNS-II is only about 0.2 cc and is located within 2.5 mm of a target 
assembly rotating at 5000 rpm. Accordingly, elevated temperature experimental 
systems designed for use at a facility like RTNS-II must permit the position
ing of specimens within the primary irradiation volume while maintaining a 
controlled environment and minimizing specimen thermal gradients. The peak 
goal neutron dose required for current RTNS-II experiments is 3 x 10*9 n/cm2,



E = 14 MeV. Therefore, an exceptionally reliable experimental system to 
control specimen temperature and environment is required since irradiations 
span months of facility time. An innovative system, the Dual-Temperature 
Vacuum-Insulated furnace system, has been designed and built for this purpose
and is currently operating at the RTNS-II facility.

DESIGN REQUIREMENTS

Facility Requirements

RTNS-II is an accelerator based neutron source which employs a 400 keV 
deuteron beam incident on a water-cooled copper alloy target which is loaded
with tritium and which rotates at 5000 rpm. Neutrons are produced by a
T(d,n) type reaction. Neutrons with an energy of about 14 MeV radiate from 
a one centimeter diameter disk shaped region of negligible thickness located 
within the rotating target. A more extensive discussion of the facility has 
been reported elsewhere.1

A 23 cm diameter target assembly is shown in Figure 1. Experimental 
apparatus must be carefully aligned so that the axis of the specimen volume 
is colinear with the deuteron beam axis, Figure 1. The position of the 
apparatus and deuteron beam are constant during an experiment. In order to 
utilize all the tritium the target is slowly pivoted about the point shown 
in Figure 1 while rotating at 5000 rpm. To ensure the maximum yield of neu
trons per target, experiments must meet the following requirements: 1) the
operating temperature of the neutron window of a furnace system must be no 
higher than 250°C to avoid excessive loss of tritium from the target and 
2) the experimental apparatus must be small enough that it can be positioned 
in the primary irradiation volume without contacting the hub of the target 
assembly as it moves through its full range of positions. Premature contact 
between the target hub and the experimental apparatus would limit the area 
of the target which can be exposed to the beam. To permit full utilization 
of the new 50 cm diameter targets the furnace system had to be designed so 
that the distance between the axis of the specimen volume and the point of 
contact with the target hub is no greater than 17.5 mm. A system which meets 
this requirement is also compatible with the 23 cm diameter targets.

Once irradiation begins, access to the target area is restricted due to 
the intense, but short lived, induced activity of the room and its contents. 
Therefore, all control and instrumentation functions must be designed for 
remote operation. Cable lengths can range from a minimum of 15 m to a maxi
mum of 90 m.

Experimental Requirements

The general objective of the furnace system design was to access the
0.2 cc primary irradiation volume of RTNS-II for well controlled elevated 
temperature experiments. In order to further utilize both the irradiation 
volume and the facility time the furnace system was also required to permit 
two distinct groups of specimens to be irradiated simultaneously in equiva
lent flux positions within the primary irradiation volume but at two distinct



independent temperatures. This dual temperature capability had to be achieved 
with a minimum loss of the primary irradiation volume and without a signifi
cant increase in the time required to reach the goal experimental fluence.

Specific requirements for the furnace system were to:
1. access fifty percent of the primary irradiation volume;
2. permit specimens to be irradiated at lower flux levels as well;
3. permit the temperature differential between the zones to be

controllable from 0 to 250°C;
4. limit the difference in temperature between any two specimens

in a temperature zone to 6®C or less;
5. provide a controlled specimen environment;
6. heat or cool specimens within one-half hour;
7. minimize the residual induced radioactivity of the furnace

system and
8. permit easy, rapid replacement of heaters and thermocouples.

Of all the experimental design requirements, efficiently accessing the 
primary irradiation volume and minimizing specimen temperature gradients were 
given highest priority. This dictated the design philosophy of the furnace 
system.

DESIGN PHILOSOPHY

The primary irradiation volume of the RTNS-II facility is a cylindrical 
volume 10 mm in diameter and 2 mm long.2 This volume is compared in Figure 2 
with the isoflux contours of the symmetrical RTNS-II neutron field. Appara
tus can be positioned as close as 0.5 mm from the rotating target. This 
target to apparatus distance corresponds to 2.3 mm between the neutron source 
and the apparatus. The primary irradiation volume is centered on the beam 
axis and extends 2 mm away from this 2.3 mm axial position. Over this volume 
the neutron flux ranges from a maximum of 2.0 x 10i2 n/cm2-sec to a minimum 
value of 7.9 x 1011 n/cm2-sec. The peak dose in this volume would be obtain
ed by aligning a specimen with the beam axis and positioning it 2.3 mm from 
the neutron source. However, since the neutron source has a diameter of 
about one centimeter, radial displacement of specimens away from the beam 
axis which are small as compared to the source size, will have a small effect 
on the flux or peak dose received. Therefore by creating two specimen zones 
positioned symmetrically on either side of the beam axis but separated by no 
more than ten percent of the neutron source diameter, specimens can be irra
diated simultaneously at two temperatures. Since miniature specimens must 
be employed in RTNS-II to minimize the flux gradient within a single specimen, 
about ten miniature tensile specimens (Figure 9) can be irradiated in the 
primary irradiation volume in each temperature zone of the dual-temperature 
furnace.  ̂ This number is adequate from an experimental point of view.

An approximate analysis of the heat transfer involved in such a geometry 
revealed that the design requirements would be attainable if basic heat trans
fer concepts were carefully applied. These basic concepts were: 1) specimens
should be totally enclosed within isothermal enclosures in each temperature 
zone; 2) the temperature zones should be separated by a vacuum gap and 3) 
heaters (and thermocouples) should be positioned in gas filled wells integral 
with each isothermal enclosure.



Positioning specimens within an isothermal enclosure eliminated the pro
blem of radiation losses from the specimens themselves which typically have 
variable specimen-to-specimen and specimen-to-heat source contact conductance. 
If the isothermal enclosure had not been provided, heat losses from the speci
mens would have caused variable unknown temperature drops from the specimens 
to the heat source. This would have made accurate measurement and control of 
temperatures impossible. With an isothermal enclosure, the only effect of 
the variable contact conductance is to change the time it takes for specimens 
to arrive at the equilibrium temperature.

Positioning heaters and thermocouples in gas filled wells provided much 
better thermal coupling to the isothermal specimen enclosures than if the 
heaters were contained within the vacuum enclosure and coupled primarily by 
radiative heat transfer. Annular gas gaps between the heaters and their wells 
were made as small as practicable to minimize the temperature drops across 
them. Electrical heat produced by heaters in these gas filled wells is almost 
totally transferred to the specimen enclosure which surrounds it. To ensure 
isothermal conditions however, two other requirements must be met. First a 
high conductivity metal, like copper must be used for the isothermal enclosure 
and second the heat losses from the enclosure must be minimized. For tempera
tures below 400°C for which this furnace was designed, the most volume effici
ent method of isolating the temperature zones from each other and from the 
environment involves vacuum insulation. Low conductivity gasses and mineral 
fibers would have required larger insulating spaces. Heat losses from the 
specimen enclosures were minimized by carefully preparing all radiating sur
faces to reduce their emissivity and by careful design of supports and heater 
wells. Design computations of the losses indicated that about 7.5 watts of 
power would be lost from one isothermal enclosure at 300*0.

Throughout the design process, simplified ultra-conservative heat trans
fer models were used to compute the greatest upper bounds of temperature 
drops. The furnace components were designed to ensure that these upper bounds 
were less than or equal to the design requirements. The main advantage of 
the simplified conservative approach was that it ensured that the furnace 
would work as designed without extensive development and modification.

Heat transfer models for the different parts of the specimen enclosures 
assumed the form of simple bars and plates having uniform rectangular cross 
sections. To ensure that the greatest upper bounds computed for temperature 
differences within each enclosure were conservative all heat sources and 
sinks were assumed to be in planes perpendicular to the primary heat flow 
direction and located at the center or end of the parts as illustrated in 
the following example. Figure 3 shows the heat transfer model assumed for 
each enclosure. All heat sources were assumed to be concentrated in one cen
ter plane as shown. Heat sinks equal to half the sum of all the losses were 
assumed concentrated at each end of the enclosure. The cross section of the 
rectangular bar model was, of course, just equal to the actual metal cross 
section in the more complexly shaped specimen enclosure. A heat source 
strength for an enclosure was determined by simply assuming it to be equal 
to the total radiant and conductive losses from the enclosure at the desired 
equilibrium temperature. Surface areas for computing the radiant losses were, 
of course, computed as the actual surfaces of each specimen enclosure. Equa
tions relating the temperature drop to heat flow in these models, and relating



the radiant heat loss to surface temperature and emissivity, are given in 
almost any textbook on heat transfer. Therefore, they will not be reproduced 
here. The results of these calculations were that the specimen enclosure 
thickness at key points between the specimens and the neutron source and be
tween the two temperature zones could be made small enough to minimize the 
loss of primary irradiation volume.

Vacuum, which was essential from a heat transfer viewpoint, automatically 
ensured that a controlled specimen environment could also be obtained. Accord
ingly, an all metal vacuum system was designed so that high vacuum conditions, 
vlO torr, would be obtained routinely at the specimen positions. The use 
of vacuum and the desire to access the primary irradiation volume without over
heating the target required careful design of the furnace system's neutron 
window.

For room temperature experiments, specimens could access nearly 100 per
cent of the primary irradiation volume if they were covered with a thin enough 
membrane. A vacuum insulated furnace, however, requires some clearance between 
the neutron window and the specimen enclosure to accommodate both window de
flection and a vacuum gap for insulation. Additional space is occupied by 
the cover foils on both the isothermal enclosure and the specimen holders.
All these structures and gaps contribute to the separation of specimens from 
the neutron source but the largest fraction (85 percent) of the total separa
tion is due to the defection of the aluminum neutron window. Deflection was 
minimized by limiting the diameter over which a thin section was employed to 
the diameter of the irradiation volume. The window thickness which would 
result in the minimum additional separation of specimens from the neutron 
source was then calculated. The aluminum alloy which was used for the vacuum 
envelope has significantly lower elastic modulus than other candidate metals 
and therefore deflects to a greater extent under equivalent conditions. This 
alloy was selected, however, based on induced radioactivity considerations.
Even with the structures, deflections and gaps required for the dual-tempera
ture furnace, it met the requirement that 50 percent of the primary irradiation 
volume be accessible.

DISCUSSION

System Description

An exploded view of the vacuum envelope and the furnace core assembly 
of the Dual-Temperature Vacuum-Insulated furnace system is shown in Figure 4. 
The furnace core consists of two hemi-cyUnders of oxygen free high conducti
vity copper into which penetrations were machined for specimen holders, and 
wells for thermocouples, gas cooling and heaters. Thin wall stainless steel 
tubing was brazed into these copper furnace half-cores and welded into a con- 
flat vacuum flange to form the thermocouple, heater and gas cooling wells.
Use of thin wall stainless limits the heat transfer from the furnace cores 
to the cold vacuum flange. Except for the openings required for specimen 
insertion all other machined openings in the hemi-cylinders were sealed with 
thin copper foils brazed in place. Ceramic standoffs on the core (Figure 5) 
and bellows installed on each well allow the thermal expansion of the furnace 
core to be accommodated thus maintaining the position of the specimens with



respect to the neutron source. The bellows were not designed to support the 
furnace core assembly. Instead special restraining fixtures were designed to 
permit the routine removal of the furnace core assembly from the vacuum enve
lope. These fixtures are shown inserted in the heater, gas cooling wells in 
Figure 4. Four ceramic standoffs were also used to maintain the 0.2 mm vacuum 
gap between the two temperature zones. All ceramic standoffs are recessed 
into 1.5 mm deep flat bottomed holes to increase the heat-flow path lengths 
and reduce losses. Vacuum gaps and metal radiating surfaces carefully pre
pared for low emissivity also reduce losses. The combination of a high thermal 
conductivity specimen enclosure and low heat losses resulted in two temperature 
zones which are isothermal to ± 1°C. This was determined by careful bench 
checking using blocks of metal instrumented with five calibrated thermocouples 
to simulate specimens. Six watts of power are required to maintain either 
side of the furnace core at 300°C. This is in good agreement with design 
computations. During bench checking it was demonstrated that a temperature 
differential of 320°C (400°C versus 80°C) could be routinely achieved.

Cartridge type heaters provide the heat flux for the furnace core. The 
heaters and thermocouples are accessible during an experiment since they are 
inserted into wells which open on the conflat flange. Previous furnace designs 
utilized heaters which were positioned within the furnace vacuum boundary. 
Failures of the heating element in these previous designs required a major 
interruption of the experiment. One thermocouple in each of two thermocouple 
wells serves as both the control and indicating thermocouple. A second set 
of thermocouples positioned in spare heaters wells is used to provide over
temperature protection for the furnace system. The cartridge heaters were 
designed with three independently controllable windings one centered and one 
at each end. However, it was demonstrated that the center winding alone was 
capable of producing an essentially flat temperature profile, ± 1°C, over both 
temperature zones. Due to the nature of the RTNS-II source a flux gradient 
of about a factor of 400 can be obtained from the front to the rear of the 
irradiation volume. With the isothermal characteristics of the furnace cores 
therefore, thermal control specimens can be included in each experiment at 
the rear of each temperature zone.

An aluminum alloy, 6061, was utilized for the vacuum envelope. The resi
dual induced radioactivity of this system after the typical facility cooldown 
period of two days is about 1000 times less than previous all stainless steel 
systems. The transition from aluminum to the stainless steel conflat flange 
employed a novel aluminum-to-stainless joining technique.

Figure 6 shows the assembled furnace system. The system consists of a 
vacuum envelope, a furnace core assembly, bakeable metal sealed valves and 
the 20 1/s ion pump. All seals were either welded, brazed or utilized metal 
gaskets. The vacuum system maintains a controlled ultra high vacuum (UHV) 
environment for the duration of the experiment and insulates the furnace half
cores from each other and from the vacuum envelope. An initial vacuum is 
produced using a turbo molecular pump. Once a vacuum level of I x 10-5 torr 
is attained the turbo molecular pump is valved off and shut down. During the 
experiment UHV conditions are maintained using the 20 1/s ion pump. Previous 
furnace designs utilized only turbo molecular pumps. Ion pumps are not sub
ject to mechanical failures which plagued previous furnace systems. Typical



operating vacuum levels at the ion pump flange are 2 x 10-8 torr. At the 
specimen positions the vacuum level is estimated to be in the high vacuum 
range, that is, approximately 2 x 10~6 torr. This vacuum level is more than 
adequate.

Close approach to the neutron source is provided as follows. Specimens 
are loaded into holder assemblies which slide into each furnace half-core 
(Figure 8). Specimens closest to the neutron source are restrained by a 
0.02 mm thick stainless steel foil. The copper cover foil on the furnace 
core adds 0.13 mm of separation, the furnace core is separated from the 
neutron window of the experiment by 0.35 mm and the thickness of the neutron 
window adds 0.5 mm for a total of 1.0 mm added separation due to furnace 
components. (A clearance of 0.35 mm was required since the 0.5 mm thick 
neutron windown deflects 0.25 mm under vacuum.) Since the primary irradia
tion volume of RTNS-II is 2 mm deep the 1.0 mm of added separation permits 
fifty percent of this volume to be utilized. This is a significant improve
ment over previous furnace designs which could not position specimens within 
the primary irradiation volume.

System Operation

Specimen holders are inserted from the rear of the furnace core (Figure 
7), pressed gently against the 0.13 mm thick copper cover foil visible on 
the 1.5 mm high land seen in Figure 5. Upon assembly this land is positioned
0.35 mm from a matching cavity which was machined into the rear of the 
vacuum envelope's neutron window. Position of the specimen holders is 
maintained by a specially designed rear plug visible in Figure 7.

This plug also serves as a thermal radiation shield by making good 
thermal contact and completing the isothermal enclosure around the specimen 
positions. The plug is indeed effective. Measurements made under proto- 
typic conditions and without the plug in place revealed specimen temperature 
differences approaching 40°C over the rear half of the furnace core as 
compared to ± 1°C over the entire furnace core with the plug in place. This 
plug was designed to permit efficient vacuum pumping of the specimen holder. 
Each furnace half-core has one rectangular penetration 15 mm by 8 mm by 100 mm 
deep and three cylindrical penetrations 3.8 mm in diameter and 100 mm deep.
A schematic exploded view of a furnace half-core, a specimen holder, TEM 
disk packets and rear plug is shown in Figure 8. The specimen holder was 
designed to accommodate two types of miniature specimens; transmission 
electron microscopy disk and sheet-type tensile specimens, Figure 9. Ten
sile specimens can be stacked three deep in the holder while TEM disks are 
first loaded into specially designed packets and then loaded into the holder. 
Separate disk packets can also be inserted into the cylindrical specimen 
penetrations.

Once the specimen holders have been loaded the large pan head screw on 
the plug is tightened which expands the sides of the plug securing the assem
bly in position and making good heat transfer contact with the specimen 
holder. The entire furnace core assembly is then oriented properly and 
carefully inserted into the vacuum enclosure. Once all bolts on the conflat 
flange have been properly seated the restraining devices (Figure 4) are



removed so that the cartridge heaters, thermocouples and gas cooling inlets 
can be inserted. A vacuum is obtained and the furnace system is ready for 
positioning in front of the rotating target (Figure 10).

During actual operation it takes approximately twenty minutes for the 
temperature of the furnace cores to reach and stabilize at the current test 
temperatures, 288°C and 80°C. Temperature control is provided by proportion
al controllers. Nitrogen gas is circulated through the gas cooling well on 
the cooler furnace half-core during normal operation. This is required since 
without cooling, the few watts of heat radiated from a 288°C half-core would 
result is a temperature in excess of 80°C in the other half-core. According
ly, the system is operated so that the temperature of the cooler half-core 
is conveniently regulated at 80°C using electrical heating in opposition to 
a low flow of cooling gas.

Nitrogen gas is circulated through both half-cores and at a higher flow 
rate when the experimenter decides to quence the specimens. Quenching to 
temperatures significantly below the test temperatures is required in order 
to limit annealing of radiation induced damage during interruptions in the 
neutron availability. Quenching from 288°C and 80°C requires one-half hour. 
This furnace system can, therefore, be taken from a cold start to the required 
test temperatures and quenched in fifty minutes. The ability to cycle a 
furnace system this rapidly is a significant capability at an accelerator 
based neutron facility like RTNS-II; the facility does not operate continu
ously and is subject to unscheduled interruptions of the neutron flux.

CONCLUSION

The Dual-Temperature Vacuum-Insulated furnace system was delivered to 
the RTNS-II facility on November 2, 1981. Figure 10 shows the furnace system 
mounted on a test stand and in the process of being positioned in front of the 
50 cm diameter rotating target assembly. Although long-term reliability has 
yet to be demonstrated system performance has been excellent. A total of 
100 hours at temperature has been logged and no problems have been noted.

Overall the Dual-Temperature Vacuum-Insulated system has met or exceeded 
all design requirements. Specifically this furnace system allows an experi
menter, for the first time, to efficiently access the primary irradiation 
volume of RTNS-II for elevated temperature experiments. Specimens are irrad
iated under well controlled experimental conditions; ± 1°C specimen tempera
ture control and high vacuum. Specimens are irradiated at two independent 
temperatures which can differ by as much as 320°C. Specimens can also be 
heated and cooled rapidly making the system compatible with the operation 
of an accelerator based neutron source. This system was designed to be 
reliable, maintainable and to minimize postirradiation handling problems.
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Figure 1. The rotating target assembly of the
Rotating Target Neutron Source (RTNS)- 
II. Experimental apparatus is aligned 
with the deuteron beam axis and must 
be small enough so that contact with 
the target hub does not limit the 
motion of the target about the pivot 
point.
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Figure 2. A plot of the primary irradiation 
volume on a isoflux contour map of 
the RTNS-II facility. This plot 
assumes a peak flux in the primary 
irradiation volume of 2 x 1012 
n/cm2-sec» E = 14 MeV.
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Figure 3. Schematic diagram of the heat transfer model for the furnace 
system's isothermal enclosures.

Figure 4. Exploded view of the vacuum envelope and the furnace core mounted 
on a standard 152 mm diameter conflat flange. Restraining devices 
are inserted in the heater and gas cooling wells when the furnace 
core is to be removed from the vacuum envelope. This precludes 
accidental damage to the 0.05 mm thick bellows. Also shown are 
thermocouple feedthroughs used for checking for thermal gradients 
during bench checking, two cartridge heaters and a sheathed 
thermocouple.
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Figure 5. Detail of the end of the furnace half-cores which is positioned
closest to the neutron source. Visible is the 0.25 mm gap between 
the half-cores and the specially designed ceramic standoffs which 
reference the position of the furnace core to the furnace system 
neutron window. Also visible, are the thin sheets of high purity 
copper which were brazed in place forming part of the high ther
mal conductivity enclosure around each temperature zone.

Figure 6. The assembled Dual-Temperature Vacuum-Insulated furnace system 
designed for use at RTNS-II. Shown is the all metal ultra high 
vacuum (UHV) system which consists of two bakable valves, an 
aluminum alloy vacuum envelope and a 20 1/s ion pump, as well as 
the gas cooling inlets, the up to air valve, the thermocouple 
vacuum gauge and the umbilical line to the roughing system.
Also indicated, but not shown, are the heater and thermocouple 
wells.



Figure 7. Detail of the rear of the furnace core. Shown is the specially
designed plug which maintains the specimen holder position during 
an experiment and which also serves as a shield to limit radia
tive heat losses from the rear of the specimen holders. Also 
visible are the penetrations fot the specimen holders; one rec
tangular penetration measuring 15 mm by 8 mm by 100 mm deep and 
three cylindrical penetrations 3.8 mm in diameter by 100 mm deep 
are provided in each half-core.
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Figure 8, Schematic exploded view showing a section through a furnace half
core, a dual purpose specimen holder containing both sheet-type 
tensile specimens and transmission electron microscopy '(TEM) disk 
specimens which are loaded in tubular packets, and the rear plug 
assembly.



Figure 9. Detail of the miniature specimens which were developed by
Westinghouse Hanford Company for use at RTNS-II. The TEM disks 
and the sheet-type tensile specimens are used to study the 
effect of high energy neutron irradiation on mechanical proper
ties and microstructural alterations.

Figure 10. The Dual-Temperature Vacuum-Insulated furnace system in the
process of being positioned within 0.5 nun from the 50 cm diameter 
rotating target assembly.


