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DESIGN, FABRICATION, AND INITIAL OPERATION OF A REUSABLE 
IRRADIATION FACILITY

D. W. Heatherly, K. R. Thoms, I. I. Siman-Tov, and M. T. Hurst

ABSTRACT

A Heavy-Section Steel Irradiation (HSSI) Program project, funded by the U.S. Nuclear Regula-
tory Commission, was initiated at Oak Ridge National Laboratory to develop reusable materials
irradiation facilities in which metallurgical specimens of reactor pressure vessel steels could be
irradiated. As a consequence, two new, identical, reusable materials irradiation facilities have been
designed, fabricated, installed, and are now operating at the Ford Nuclear Reactor at the Univer-
sity of Michigan. The facilities are referred to as the HSSI-IAR facilities with the individual facili-
ties being designated as IAR-1 and IAR-2. This new and unique facility design requires no cutting
or grinding operations to retrieve irradiated specimens, all capsule hardware is totally reusable,
and materials transported from site to site are limited to specimens only. At the time of this letter
report, the facilities have operated successfully for approximately 2500 effective full-power hours.

1.  INTRODUCTION

Irradiation and testing of reactor-pressure-vessel (RPV) steels has been performed by Oak Ridge
National Laboratory (ORNL) under the Heavy-Section Steel Irradiation Program (HSSI) for the
U.S. Nuclear Regulatory Commission (NRC) for more than 20 years in order to determine the
condition of currently-in-use RPVs and to investigate the possibility of plant-life extension. Typi-
cal irradiation experiments consisted of a sealed container that housed the metallurgical specimens
to be irradiated. Specimen sizes varied considerably but usually were in the form of compact-
tension, Charpy, tensile, crack arrest, or drop-weight specimens. New specimens were sealed in
the test vehicle with the heaters, thermocouples, and flux monitors, and the entire assembly was
irradiated for the time necessary to provide desired fluence. The entire assembly was then shipped
from the reactor site to a hot cell where the sealed test vehicle and all instrumentation leads were
destroyed to recover the irradiated specimens for testing. Fabrication of additional test vehicles
was required to irradiate additional specimens under the same conditions or to investigate the
effects of differing conditions on similar materials.

All but the previous two irradiation experiments performed for the NRC by ORNL were irradi-
ated in reactors at ORNL. Disassembly of the experiments also took place on site, which required
that the irradiated experiment be shipped in a lead-shielded container for a short distance from the
reactor facility to the hot-cell facility. Because of the shutdown of reactor facilities at ORNL, irra-
diations now must be performed at an off-site reactor. The HSSI Program has chosen the Ford
Nuclear Reactor (FNR) at the University of Michigan to perform these irradiations. Because the
FNR does not have a hot cell large enough for the operations required to disassemble the experi-
ments and retrieve specimens, it would be necessary to ship all of these irradiated materials to the
ORNL facilities. Shipment of irradiated materials over public highways has proved to be quite 
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different from an ORNL on-site shipment and is a slow and expensive process. Because shipment,
disassembly, and disposal of nonspecimen hardware proved to be more and more difficult and
expensive, the facilities were designed such that everything could be reused. With such a facility it
would only be necessary to ship specimens from FNR to ORNL.

As a consequence, two new identical materials irradiation facilities have been designed, fabricated,
installed, and are now operating at the FNR at the University of Michigan. The facilities are
referred to as the HSSI-IAR with the individual facilities being designated as IAR-1 and IAR-2.
The design and fabrication of the facilities were completed in October 1998, and they were tested
at ORNL in early November 1998. The completed facilities, irradiation capsules, specimen trans-
fer cask, and instrumentation were delivered and installed at FNR in mid-November 1998. The
facilities became operational, and the temperature and dosimetry characterization tests were per-
formed from November 19, 1998, to December 11, 1998. On December 16, 1998, irradiation of
the first metallurgical specimens began. At the time of this letter report, the facilities have oper-
ated successfully for approximately 2500 effective full-power hours (EFPHs).

The HSSI-IAR facilities are located on the east face of the FNR core. Between the IAR-1 and
IAR-2 facilities is the HSSI-University of California, Santa Barbara (UCSB) Irradiation Facility
(another HSSI project), which has been operating for approximately 10,000 EFPHs since
December 1996. The IAR-1 facility is located on the north side of the UCSB facility, and the
IAR-2 facility is located on the south side of the UCSB facility, as shown in Fig. 1. The three 

Figure 1.  East face irradiation facility at the FNR.
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facilities are positioned inside a cagelike assembly constructed of aluminum, except for the front
plate, which is 0.5-in.-thick (12.7-mm) stainless steel. This front plate, or thermal shield, provides
gamma attenuation to reduce the gamma heating in the irradiation experiments. The cagelike
assembly containing the three facilities is mounted on a movable carriage assembly, which is
installed in the experiment grid on the east side of the FNR core. The carriage assembly is used to
crank the three facilities, as a unit, into and away from the FNR core face.

2.  HSSI-IAR FACILITY

An HSSI-IAR facility consists of a 9-ft-tall (2.7-m) container assembly fabricated from 304L
stainless steel, inside of which is placed the irradiation capsule containing the metallurgical speci-
mens. The lower 24-in. (0.6-m) portion of the facility, where the specimen loaded capsule resides,
is rectangular in shape with external dimensions of 4.52 in. (11.48 cm) wide and 4.14 in.
(10.52 cm) deep. The electrical heaters for the facility are located in this area. The facility has 12
separate heater zones with 3 heater zones (top, middle, and bottom) on each of the 4 sides of the
facility. These heaters are used for heating the specimens inside the irradiation capsule to the
desired irradiation temperature of 288EC (550EF), and if so desired, the same heaters can be used
to heat treat the specimens up to 454EC (850EF). The heater zones are strategically placed such
that varying the power from the separate heater zones can overcome the varying gamma heating
rates in the capsule, resulting in all specimens being at the desired irradiation temperature of
288EC. The facility is continuously swept with helium although it is possible to use mixtures of
helium and neon if necessary to achieve desired temperatures.  Figure 2 shows a cross-sectional
view of an IAR facility and capsule at the FNR core midplane.

The upper 84-in. (2.1-m) portion of the facility is cylindrical in shape and is 5 in. (12.7 cm) in
diameter. It is open at the top and has a retaining yoke that is bolted to retain the irradiation

Figure 2.  Cross section through an IAR facility and capsule at FNR core centerline.

Heater Plate
Facility Outer
Container

Specimens

Removable
Capsule Lid

Gas Gap Between
Capsule and Facility

Capsule
Containment

Front

Back



ORNL/NRC/LTR-99/16 4

capsule inside the facility. When the capsule is installed, the opening in the top of the facility is
sealed by an O-ring on the upper flange of the irradiation capsule inserted into the facility. These
dimensions and geometry allow the capsule in the IAR facilities to be rotated by raising it approxi-
mately 22 in. (56 cm), rotating it 180E, and lowering it back into the facility. Steel shield plugs in
the upper portion of the facility provide biological radiation shielding while this task is performed. 

An instrumentation lead tube is attached to the lower rear portion of the facility. This lead tube
contains all of the electrical heater extension leads and gas lines necessary for controlling the
irradiation environment of the specimens. The lead tube extends above the pool water and pro-
vides a dry protective housing through which the leads extend to the control instrumentation as
shown in Fig. 3.

Figure 3.  Schematic of HSSI-IAR irradiation capsule and facility at east face of FNR.
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3.  HSSI-IAR IRRADIATION CAPSULE

The lower portion of the irradiation capsule (where the specimens are located) is essentially a box
that is only slightly smaller than the inside of the lower (heated) portion of the facility. This allows
the capsule to be transferred into and out of the facility but minimizes the gaps between the facil-
ity and the capsule to reduce thermal gradients within the facility. This box region of the capsule
has interior cross-sectional dimensions of 3.03 by 2.40 in. (77.0 by 61.0 mm), and because the
capsule can be rotated, either of the long sides can be placed facing the reactor core. To facilitate
loading of specimens, one of the long sides of the box serves as a lid and is removable.

The interior of the capsule is divided into five cells by the placement of shelf plates. Each cell is
2.52 in. (64.0 mm) high, which, when combined with the cross-sectional dimensions, permits
loading three 1T compact-tension specimens (or their equivalent volume of other specimens and
spacers) into each cell.

The capsule contains 26 Type-K thermocouples, which are 0.040 in. (1.0 mm) in diameter.
Because one of the long sides of the box is removable and the other long side is only 0.045 in.
(1.14 mm) thick, the thermocouples are imbedded in grooves in the two narrow side walls of the
box and the shelf plates. To control and monitor specimen temperatures, the thermocouple mea-
suring junctions are located in the sidewalls and at the front, middle, and back of the shelf plates.
The capsule box assembly is shown in Figure 4 where the removable cover, shelf plates, and ther-
mocouple measuring junction locations are identified.

A rigid lead tube extends from the top of the capsule box assembly to beyond the top of the facil-
ity. A flange on the upper portion of this lead tube contains an O-ring that seals the opening in the
top of the irradiation facility when the capsule is inserted. The rigid lead tube is then attached to a
flexible instrumentation lead hose that carries the thermocouple extension leads to the instruments
that monitor and control the experiment.

4.  SPECIMEN EXCHANGES/ROTATION 

A very unique feature of these irradiation facilities is that the irradiation capsule is instrumented
with thermocouples that are located within the complement of specimens in the irradiation cap-
sule. However, it is still possible to transport the capsule assembly to the FNR hot cells for speci-
men transfers/rotations. This is accomplished by means of a multipin connector protected by a
specially designed rigid capsule lead-tube joint that allows the lower 6 ft (1.83 m) of the irradia-
tion capsule to be detached from the instrumentation. The lower half of the connector is fastened
rigidly to the lower portion of the irradiation capsule. The upper half, with flexible extension
leads, protrudes from the upper rigid portion of the instrumentation lead tube. When installed, the
connection is surrounded by a split clamp and retainer can cover that provides a rigid and non-
rotating joint between the upper and lower sections of lead tube connecting the irradiation capsule
to the instrumentation facility.

By detaching the irradiation capsule from the instrumentation lead tube, the 6-ft-long (1.83-m)
lower portion of the irradiation capsule can be transferred to the FNR hot cells inside a specially
designed lead-shielded cask. The cask was designed so that it can be loaded through the bottom 
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Figure 4.  Shelf plate and thermocouple locations in the HSSI-IAR irradiation capsule.

while over the reactor pool and can be unloaded from a special opening in the side when in the
hot cells. The capability of unloading the cask out the side in the hot cell was necessary because
low headroom space in the cell would not allow the 6-ft-long section of the capsule to be
unloaded out the top of the cask.

After removing the capsule from the cask in the hot cell, the lid can be removed from the irradia-
tion capsule allowing the specimens to be removed, rotated, shuffled, or replaced. The removable
lid has tapered ears on the sides that allow it to fit tightly against the specimens when installed 
but also allows lid removal by simply unlocking two latches and sliding it up and toward the top
of the capsule as shown in Fig. 5. This feature of the capsule makes it possible to install new or
preirradiated specimens into the capsule. This new and unique design requires no cutting or 
grinding operations to retrieve irradiated specimens. All capsule hardware is reusable, and 
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Figure 5.  HSSI-IAR irradiation capsule and specimen container loaded with 15 1T
compact-tension specimens.

materials transported from site to site are limited to specimens only. Since specimens can be
shipped from the irradiation site (FNR) to the testing site (ORNL) inside certified casks with
over-packs, routine shipping and receiving procedures can be used.

5.  OPERATION OF THE HSSI-IAR FACILITIES

To control the temperatures of specimens undergoing irradiation inside the IAR facilities, 12 per-
manently installed thermocouples in each IAR capsule were chosen to be the control thermo-
couples for the 12 heater zones in each IAR facility. Signals from the control thermocouples are
sensed by heater controllers that increase or decrease the current applied to the electrical heaters
inside the facility. This has proved to be a very successful method of temperature control. While it
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is possible to control the facilities anywhere between 200EC and 450EC, the initial use of the facil-
ities is to irradiate pressure vessel steels (which in power reactors operate at 288EC), so the
desired operating temperature is presently established to be 288 ± 5EC. During the temperature
characterization tests, and with ongoing irradiations, it has been shown that all specimens inside
the irradiation capsule can be maintained at temperatures within the range of 283EC to 293EC. In
fact, most of the thermocouples in both of the IAR facilities measure temperatures within ±2EC of
the desired 288EC irradiation temperature. 

The FNR operates in 2-week increments (designated half-cycles) consisting of 10 d at power and
4 d shutdown. Startup of the reactor usually occurs on Tuesday, and shutdown occurs on the sec-
ond Friday after startup. The 4-d period from shutdown on Friday until startup on the following
Tuesday is used for reactor refueling and maintenance operations. During reactor shutdown peri-
ods the IAR facilities are retracted from the reactor face, and all electrical heaters are shut off. 

Operation of the IAR facilities at temperature usually begins shortly after the reactor has been
operating steadily at full power (2 MW) for at least 1 h. During a typical startup of the irradiation
facilities, electrical power is established to the heater controllers in the instrumentation facilities by
touch controls on the HSSI computer screen. Using the same computer touch screen, the control
system is then placed on “automatic,” which applies a target value of 288EC to each of the con-
trollers that supply electrical power to the heaters in the facility. As the facilities are heated to the
target value (desired operating temperature), the heater controllers receive signals from the con-
trol thermocouples in the irradiation capsule and reduce the current supplied to the heaters in the
facility. After the irradiation facilities are heated electrically to the desired temperature, FNR per-
sonnel crank the facilities against the east face of the core to continue irradiation of the specimens
within the irradiation capsule. At the reactor face additional heating of the specimens, in the form
of gamma heating from the FNR core, causes the control system to reduce the electrical power
necessary to achieve desired temperatures. The desired operating temperature is maintained in this
manner until the facility is shut down at the end of the reactor operating cycle.

6.  TEMPERATURE AND DOSIMETRY CHARACTERIZATION

Temperature and dosimetry characterization were performed during the first two reactor half-
cycles after installation. During these tests the irradiation capsules were loaded with 15 dummy
1T compact-tension specimens that had been drilled for insertion of 9 flux gradient wires, 2 fission
radiometric sets, and 3 sacrificial thermocouples. The gradient wires and fission radiometric sets
were flux monitors to measure and map the flux in the different areas of the facilities. 

Three sacrificial thermocouples were placed in each irradiation capsule in addition to the 26
thermocouples that are permanently installed in the irradiation capsule walls and shelf plates. The
thermocouples were considered sacrificial because they were only used for temperature character-
ization and removed when the first metallurgical specimens were installed into the capsules. The
three sacrificial thermocouples were inserted into holes drilled into three of the dummy specimens
in each irradiation capsule. The dummy specimens containing the thermocouples were the middle
specimen in the first, third, and fourth cell from the top of each capsule. The thermocouple hole
location and depth made it possible to locate the three sacrificial thermocouple junctions in the
center of the dummy specimens, allowing measurement of the temperature gradient across the
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specimens from the front to the back of the irradiation capsule as well as from the center of the
middle specimens to the edge of the outer specimens. The metallurgical specimens to be tested
would be damaged if they contained holes for insertion of thermocouples; therefore, the charac-
terization tests were conducted with dummy specimens. Each group of metallurgical specimens to
be irradiated, however, will contain flux monitors placed in the notches of the specimens to verify
the fluence levels to which they are irradiated. 

During the initial startup of the facilities (with the dummy 1T specimens installed and with IAR-1
in the north position and IAR-2 in the south position), a series of temperature characterization
tests were performed. In Fig. 6, the thermocouple temperatures for the gamma heating only (no
electrical heat) test in the north facility (IAR-1) are presented. The 1T specimens are not shown in
the figure so that thermocouple locations can be shown. Thermocouples 27, 28, and 29 were the
sacrificial thermocouples inserted into the midplane of the center 1T specimen in the first, third,
 

Figure 6.  Thermocouple temperatures (EEC) for gamma heating only in the north facility
(IAR-1). The reactor power is 2 MW with 100% helium and no electrical heat.
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and fourth cell from the top of the capsule. Figure 7 illustrates the same information for the south
facility (IAR-2). The front-to-back, top-to-bottom, and side-to-side temperature gradients
induced by the gamma heating rate profiles can also be seen in these figures. The south facility has
less total gamma heat because it is located on the southeast corner of the reactor and is in a lower
gamma heating rate area than is the north IAR facility. 

Subsequent to the gamma-heat-only tests and with the facilities still against the face of the reactor,
electrical power was applied to the heaters, and the facilities were brought to desired operating
temperatures. The resultant thermocouple temperatures for this test are shown in Figs. 8 and 9 
for the north and south facilities, respectively. As can be seen in these figures, nearly all

Figure 7.  Thermocouple temperatures (EEC) for gamma heating only in the south facility
(IAR-2). The reactor power is 2 MW with 100% helium and no electrical heat.
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Figure 8.  Thermocouple temperatures (EEC) with 3910 W electrical heating in the north
facility (IAR-1). The reactor power is 2 MW with 100% helium.

thermocouples are within ±2EC of the desired operating temperature of 288EC, including the sac-
rificial thermocouples (27, 28, and 29) imbedded in the dummy specimens. The facilities contin-
ued to operate at design temperature for the remainder of the half-cycle.

To begin the second half-cycle of characterization tests, the facilities were started up as they
would be during routine operation; electrical power was applied to the heaters to bring the facili-
ties to desired operating temperatures, and then they were moved against the face of the reactor.
When the facilities are moved against the reactor face, the electrical heater controllers sense the
additional gamma heat through the control thermocouple signals and reduce the electrical current 
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Figure 9.  Thermocouple temperatures (EEC) with 5248 W electrical heating in the south
facility (IAR-2 . The reactor power is 2 MW with 100% helium.

supplied to the heaters to maintain the proper operating temperature. There are no measured tem-
perature changes in the capsule as a result of moving against the face of the  reactor. The total
amount of power supplied by the electrical heaters is simply reduced by the heater controllers.
Figure 10 shows the level of electrical heat input into the two IAR facilities while they are being
moved against the reactor core. In Fig. 10 one can see that ~5.7 kW of heat input was necessary
in each facility to maintain the desired operating temperature in the withdrawn position. After
insertion, the total electrical power input to the north facility (IAR-1) was reduced to ~3.6 kW,
and the total electrical power input to the south facility (IAR-2) was reduced to ~4.8 kW. The
final total power after insertion may vary as much as 10–15%, depending on the fuel loading for a
given reactor cycle. The south facility always requires more electrical power to maintain desired 
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Figure 10.  IAR-1 and IAR-2 electrical heater power input before and after 
cranking against reactor.

temperature because it is in a lower gamma heating area at the face of the core. The normal oper-
ating temperatures for the two IAR facilities are the same as those shown in Figs. 8 and 9. 

After the HSSI-IAR facilities have been inserted against the reactor face for ~30 min, the outputs
from the controllers become stable and tend to remain stable for the duration of the reactor cycle.
The operating temperatures inside the irradiation capsules have remained stable since they were
initially installed in November 1998. Figure 11 is a plot of temperature vs time for thermocouples
1–4 in the top cell of the IAR-1 facility. The time period covered in the plot is for a 10-d reactor
half-cycle that ran from March 10–20, 1999. Figure 12 is an expanded view of the temperatures
recorded for a short period of time taken from the plot in Fig. 11. Figure 12 indicates that for the
60-min period from 1 a.m. to 2 a.m. on March 15, 1999, none of the four thermocouples mea-
sured temperatures above 289EC nor below 287EC. In fact, the variation in temperature during
the 1-h period was about 0.6EC. The temperature plot in Fig. 12 looks the same regardless of
which portion of the plot it is taken from in Fig. 11. The HSSI-IAR facilities have exhibited excel-
lent temperature control since they were installed.
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Figure 11.  Temperature/time plot for thermocouples 1–4 in IAR-1 during 
complete reactor half-cycle.

Figure 12.  Temperature/time plot for thermocouples 1–4 for short period of time
indicating excellent temperature control.

360
Te

m
pe

ra
tu

re
 (

°C
)

270

180

00:00:00
3/10/99

00:00:50
3/13/99

IAR-1: Thermocouple #1
IAR-1: Thermocouple #2
IAR-1: Thermocouple #3
IAR-1: Thermocouple #4

00:01:40
3/16/99

Date/Time

00:02:30
3/19/99

90

0

290

Te
m

pe
ra

tu
re

 (
°C

)

289

288

01:00:00
3/15/99

01:20:00
3/15/99

IAR-1: Thermocouple #1
IAR-1: Thermocouple #2
IAR-1: Thermocouple #3
IAR-1: Thermocouple #4

01:40:00
3/15/99

Date/Time

02:00:00
3/15/99

287

286



15 ORNL/NRC/LTR-99/16

7.  CONCLUSION

New irradiation facilities were designed and built to provide the NRC with irradiation facilities
that are very flexible, dependable, and cost-effective. Their new and unique design requires no
cutting or grinding operations to retrieve irradiated specimens, all capsule hardware is totally
reusable, and materials transported from site to site are limited to specimens only. 

The new HSSI/IAR irradiation facilities have been shown to provide excellent temperature con-
trol of metallurgical specimens inside the IAR capsules. The facilities and capsules are totally
reusable. The irradiation capsules can be loaded with new or preirradiated specimens that can be
inserted, removed, shuffled, and/or rotated at any point during the irradiation period. The irradia-
tion capsules can be rotated inside the facilities, and if desired, they can be transferred from one
facility to another to obtain different neutron flux. The IAR facilities can be used for heat treating
metallurgical specimens when it is desirable to heat treat the entire compliment of specimens. If it
is desirable to heat treat only a portion of the total specimen complement inside the capsule, the
specimens can be transferred to a hot cell furnace for heat treatment while irradiation of other
specimens continues.
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