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Preface
The availability of reactor-produced radioisotopes in the Unites States for use in
medical research and nuclear medicine has traditionally depended on facilities which are an
integral part of the U.S. national laboratories and a few reactors at universities. One
exception is the reactor in Sterling Forest, New York, originally operated as part of the
Cintichem (Union Carbide) system, which is currently in the process of permanent shutdown.
Since there are no industry-run reactors in the U.S., the national laboratories and universities
thus play a critical role in providing reactor-produced radioisotopes for medical research and
clinical use. The goal of this survey is to provide a comprehensive summary of these
production capabilities.
With the "temporary" shutdown of the Oak Ridge National Laboratory (ORNL) High
Flux Isotope Reactor (HFIR) in November 1986, the radioisotopes required for DOEsupported radionuclide generators were made available at the Brookhaven National
Laboratory (BNL) High Flux Beam Reactor (HFBR). In March 1988, however, the HFBR
was temporarily shut down which forced investigators to look at other reactors for production
of the radioisotopes. During this period the Missouri University Research Reactor (MURR)
played an important role in providing these services. The HFIR resumed routine operation
in July 1990 at 85 MW power, and the HFBR resumed operation in June 1991, at 30 MW
power.
At the time of the HFBR shutdown, there was no available comprehensive overview
which could provide information on status of the reactors operating in the U.S. and their
capabilities for radioisotope production. The obvious need for a useful overview was thus the
impetus for preparing this survey, which would provide an up-to-date summary of those
reactors available in the U.S. at both the DOE-funded national laboratories and at U.S.
universities where service irradiations are currently or expected to be conducted. This
document will be helpful not only to staff of DOE-supported nuclear medicine programs, but
also other investigators who require reactor service irradiations or require non-commerciallyavailable radioisotopes for their research. In addition, this overview will also prove its
usefulness to the students of nuclear science and engineering as a reference document and
will provide them with the available opportunities in the nuclear physics, nuclear chemistry
and nuclear engineering aspects of "Nuclear Medicine" research.
In Chapter 3, we have compiled information regarding nine U.S. research nuclear
reactors; five reactors at the national laboratories and four university reactors. These
university reactors are reasonable representations of basic designs used in most university
reactors. Some of this information which includes a brief description of each reactor and
their capabilities was supplied by the staff of the respective reactors. This information has
been directly incorporated into the survey, with the exception of editing for consistency in
format and syntax. Among the reactors which are discussed here are the two most powerful
research reactors in the world, namely the Advanced Test Reactor (ATR) at the Idaho
National Engineering Laboratory and the Fast Flux Test Facility (FFTF) at the Westinghouse
Hanford Company. Until recently, these two reactors have been involved in defense related
research and breeding reactor programs and were not easily accessible. However, in the past
two years there have been serious efforts to allow other research to be conducted in these
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reactors, and most recently attempts have been made to convert the FFTF to an "open"
research reactor.
In describing the above reactors, some aspects of each reactor have been discussed
in more detail than others in order to provide the potential user with a broader view of ali
the aspects of "production of radioisotopes in a nuclear reactor". For example, the
engineering design and the irradiation target facilities of HFIR, Section 3.5, has been
discussed in more detail than other reactors. For detailed estimates of irradiation costs and
available services, we refer the potential users to section 3.7 describing the MURR. A
detailed discussion of the general limitations and safety requirements for irradiation of
material in a nuclear reactor are given in Sections 3.4 and 3.8,describing the HFBR and the
Oregon State University Triga Reactor (OSTR), r_spectively. The information compiled in
this report, although not covering ali the reactors target volume availability or ali possible
irradiation positions, should help in determining U.S. radioisotope production strategies, lt
is believed that such information can be used to more efficiently plan and optimize
radioisotope production in the limited available fission reactor facilities.
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1.0.INTRODUCVHON
1.1.

The Role of Nuclear Reactors - A Historic Perspective

1.2.

Radioisotopes in Medical and Biological Research

1.3.

Current Requirements and Challenges

1.1.

Tlm Role of Nuclear Reactors - A Historic Perspective
Since the beginning of the "Atomic Age," the importance of the peaceful use of

nuclear reactors for the production of radioisotopes for biological research and clinical
applications has been clearly realized. The Graphite Reactor at the Oak Ridge National
Laboratory (ORNL) was the first full-scale operating reactor prototype and played a key role
in the initial production of a variety of radioisotopes with applications in medical and
biological research.
Carbon-14 was the first reactor-produced radioisotope for clinical use in nuclear
medicine, and was produced at ORNL in 1946 for use at the Barnard Free Skin and Cancer
Hospital in St. Louis, Missouri. In fact, nuclear reactors were essentially the foundation on
which the discipline of modern nuclear medicine was first built. In the first decade following
World War II, a variety of radioisotopes were produced at ORNL and distributed for research
through the "ORNL Radioisotope Development Center." This early work, which has been
reviewed in a number of publications (1), included production of carbon-14 and phosphorus32 and radioisotopes of iodine (I-131, 1-130, etc.), which rapidly became invaluable tools for
application of the "tracer principal" in modern biological research.
A second era in the use of radioisotopes, particularly in nuclear medicine research and
clinical nuclear medicine, began in the mid 1960's during an intensive era of research on
1.1

radionuclide generator systems (2).

The molybdenum-99/technetium-99m

(99Mo/99mTC)

generator system, primarily available from nuclear reactors from fission-product 99M0,was first
developed at the Brookhaven National Laboratory (BNL) (3) and marked the beginning of
a new era in nuclear medicine.

Local production facilities and/or the establishment and

coordination of rapid transportation systems required to supply the radioisotope from the
producer to the user were no longer central factors in providing short-lived radioisotopes for
clinical use and research with the availability of radioisotope generator systems. Institutions
now had 99Mo/99*_Tcgenerators available for routine availability of 99mTcfor on-site
radiolabeling a variety of tissue-specific agents. The 99Mo/99"Tctechnology rapidly moved
from the National Laboratory system to industry, and since this early work, 99"Tc has
continued to be the "work horse" tbr clinical nuclear medicine.
Recent studies have estimated that the annual sale of 99Mo/99mTcgenerators and
associated "kits" for the preparation of various tissue-specific agents exceeds $200 million.
Although this dollar figure may appear small in contrast to the multi billion $ annual U.S. sale
of therapeutic

drugs, it is a significant number in terms of the "single dose" use of

radiopharmaceuticals used in the specialty of diagnostic nuclear medicine.

1.2.

Radioisotopes in Medical and Biological Research
In addition to the 99Mo/99"Tcgenerator system, a variety of other reactor-produced

radioisotopes continue to play an important role both in clinical nuclear medicine and in
radiopharmaceutical and biological research. A list of radioisotopes currently of interest in
nuclear medicine and biology are given in Table 1.1. Productions of these isotopes are
discussed in Chapter 2. Key examples of radioisotopes available from generator systems using

1.2

reactor-produced parent radioisotopes are presented in Section 2.3 of this report. In section
2.5, a comparison among reactors for production of specific isotopes is given.

1.3.

Current Requirements and Challenges
Specific activity_ is an important parameter since in many cases the availability of

very high specific activity or carrier-free radioisotopes is required for biological applications.
One example of the importance of high specific-activity is the :radiolabeling of tumor-specific
antibodies for both diagnostic and therapeutic applications where only very small amounts of
the radiolabeled antibodies are administered to insure maximal uptake at the limited tumor
cell

surface

antigen

radiopharmaceuticals

sites.

Another

example

is the

use of receptor

mediated

that are potentially very important for the clinical evaluation of

neurological diseases. Since the population of neurotransmitter

sites is very limited, high

specific activity agents are required to evaluate site-specific uptake.
Since the specific activity of a radioisotope produced by particle induced reactions is
a direct function of the incident particle flux, an increase in the incident particle flux results
in an absolute increase in the specific activity of the product. This relationship is linear for
simple reactions and non-linear for complex reactions, lt is important to note that the halflives, production and destruction cross sections, and irradiation time are equally important.
Several important radioisotopes have long physical half-lives and low production
cross-sections requiring long irradiation periods even in the highest neutron flux available.
Examples in this category include two generator parents, tungsten-188 (half-life 69 days; for
rhenium-188) and osmium-194 (half-life 6 years; for iridium-194), which are formed by double

1Specific activity is defined as the relative abundance of a radioactive isotope to the stable
isotopes of the same element in a homogeneously mixed sample. Specific activity is usually
expressed in terms of the disintegration rate per unit mass of the element (e.g. mCi/mg).
!a
e_,w

neutron capture.

These radioisotopes appear important for potential cancer therapy and

there is widespread interest in their availability for development of new, improved agents.
In addition, the increased flux not only results in higher specific activity products but
will result in conservation of the enriched target material.

For example, increase of the

neutron flux by a factor of two requires only about half of the enriched target material to
produce the same amount of radioactive product. Considering the limited availability of the
enriched materials, conservation is unavoidable.

Sometimes a higher flux increases the

potential capacity of the reactor by reaching the equilibrium conditions quicker.
Capability for the production of short-lived radioisotopes in a nuclear reactor is
another important criteria to be considered. Access to the reactor irradiation facilities during
reactor normal operation (e.g., via hydraulic rabbit tube system) allows short irradiation
periods, which are required for the production of many useful short-lived radioisotopes such
as

475c,

64Cu,

67Cu,

1l°SRh, l°gPd,lS3Sm,166H0and 199Au. These isotopes ali have half-lives

of about three days or less. Production of 99M0can also be enhanced by on-line access to
the targets.
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Table 1.1. A List of Reactor-Produced
Radioisotopes of Current Interest
to Nuclear Medicine Research and Clinical Applications

Radionuclide

tl/2

E8'v'
(KEV)

Ev(Iv)
(keV)(%)

47Sc

80.4 h

162.2

159.4(68)

0.578

_Cu

12.7 h

218.8

511(38.6)
1346(0.48)

0.665

67Cu

61.9 h

141.5

185(44)

0.575

90y

64.0 h

934.8

No y's

1.99

l°SRh

36.0 h

190.0

319(19)

-

l°3Pd

17.0 d

EC ¢

357(0.02)

0.043

l°gPd

13.4 h

360.9

88(4)

0.935

liTr*Sn

13.6 d

IT a

158.6(86)

0.678

lS3Sm

46.7 h

225.0

103(28)

0.699

166Ho

26.4 h

666.0

80(6)

lS6Re

90.6 h

350.0

many low

0.776

lURe

17.0 h

767.8

155(15)

1.78

lSSRe/1SSW

191=Ir

4.94 s

IT d

129(26)

0.06

191mlr/191Os

194Ir

19.2 h

860.0

329(13)

-

_gsmpt

4.0 d

I'1"d

99(11)
130(3)

0.552

198Au

64.8 h

311.4

412(96)

1.56

1.5

Dose b
(rad.g/l_Ci.h)

(hum'is

194Ir/194Os

Table 1.1. cont.

Radionuclide

tit2

t99Au

74.4 h

Ea'v'
(KEV)

87.0

E_,(lr)
(keV)(%)

158(39)

Dose b
(rad.g/l_Ci.h)

(hnarls

0.494

208(22)
212Bi

60.6 m

B 655.0
a7741'

239(44)
583(34)
2615(38)

213Bi

45.6 m

8 425
a 8375

292(38)

ZS2Cf

2.6 y

86099 _
SF

43(0.02)

36.5

225Ac/213Bif°gPb

26.9

' EB'v;intensity averaged of average g energies= E(Ea.la)/'Zla
b Total dose includes contributions from 8 particles, secondary electrons,
y-, and X-rays, Reference (4).
c EC: Electron Capture
d IT: Isomeric Transition
e Intensity averaged

1.6

224Ra/212pb/212Bi
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Corresponding to the enormous energy range over which neutrons exhibit appreciable
interactions with matter, there is a great variety in the types of interactions. From nuclear
reactors alone, neutrons are available in sufficient intensity to make possible studies of
interaction with matter from an energy range of 10-4to 107 eV, a range of I0 II. From the
point of view of radioisotope production, we consider only three types of neutron reactions:
neutron capture reactions [n,y], inelastic scattering [n,n'_,] and peripheral

interactions

generally occurring at neutron energies of > 1 MeV, such as [n,p], [n,a] and [n,2n] reactions.

212n,y]is notation used for double neutron capture: A[n,_,]B[n,_,]C.
2.1

The neutron capture reactions include thermal neutron reactions, where the cross-section
typically decreases as the inverse of neutron velocity (1/v component), and also contributions
from resonance neutrons, where the cross-section is a combination of the 1/vcomponent and
individual resonances,

lt is important to note the production rate of a radioisotope is a

function of both the number of neutrons and their energies.
The production parameters for a variety of reactor-produced radioisotopes of interest
in nuclear medicine and biology (Table 1.1) are given in this section. Due to the importance
of specific activity, these data are arranged in a manner to emphasize this parameter. In the
following tabulations, the production yields represent the half-saturation yields at neutron flux
of Ixl0 _4n.sa.cm 2 calculated by equating the irradiation time, tb, to the half-life of the
corresponding radioisotope product. In cases where the product nuclei is formed from decay
of the reactor-produced parent, the yields were calculated as above, allowing a post irradiation
decay period equal to the half-life of the daughter product. Unless otherwise indicated, the
specific activity of the carrier-free 3 products was calculated by assuming 1 ppm of the product
elements in the final preparations. The most likely source of these elements are stable nuclei
formed through nuclear reactions, present as impurities in the original target material or
introduced during chemical manipulations. Ali relevant nuclear data and unreferenced crosssection values were taken from reference 1 and 2.

2.1.

[n,y], [2n,_,],[n,n'y] Reactions.
Examples of the radionuclides produced by the (n,y) reaction are tabulated in Table

2.1.1, and include 6_Cu, l°3Ru, l°3pd, l°gPd,llTmSn,153Sm,166Ho, l_Re,191Os, 192Ir,194Irand

3 Carrier-free is defined as radioactive preparations to which no isotopic carrier
(stable isotope) has been intentionally added.
2.2

195mpt.

Among this list, LS3Sm,_66Ho,_Re _,_d 192Ir can be produced with the highest specific

activities. Examples of radioisotopes produced by double neutron capture, [2n,y], reactions
include lSSW,194Os,and 199Au,and examples for the inelastic scattering reactions, [n,n'y], are
ll7mSn

and 195apt. The corresponding nuclear data and reaction yields for these radioisotopes

are summarized in Table 2.1.2.
In general, simple neutron capture or inelastic reactions do not yield products of high
specific activities, since the. product and the target isotopes have the same atomic number and
in most cases are chemically inseparable.

In these cases, the reaction yield and specific

activity ot the product are thus identical.

In a few instances, however, where the total

capture cross-section is exceedingly high, acceptable specific activity can be obtained by these
reactions. Although the applicability for large scale production remains to be demonstrated,
the Szilard-Chalmer process (3) offers an indirect method to increase the specific activity, as
shown for 64Cu 4.5and 117sSn (6,7).

2.1.1.

Production of "7"Sn and _gS"pt.
As indicated, _TmSnand 195raPtcan be produced by both neutron capture and inelastic

reactions (Tables 2.1.1. and 2.1.2). In fact, the advantage of production of high spin isotopes
such as !17mSn via the llTSn(n,n'y) reaction in the core of the BNL-HFBR has been
demonstrated (8). Table 2.1.3. summarizes the data for a series of irradiations at different
core positions in the HFBR using natural Sn and highly enriched 116Sn and tl7Sn targets. FUr
ali three targets, the yields increase with the increase in fast neutron flux, even though the
thermal flux decreases. The effect of "burn-up" in these cases was found to be small. These
measurements indicate the importance of neutron reactions at the epithermal region to give
increased yields of ll7mSn due to strong neutron absorption resonances at neutron energies
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of 4-125 eV. The highest specific activity, 8 mCi/mg at saturation,
_17Sn at the core-position

of HFBR rather than irradiating

HFIR, despite a thermal neutron
Platinum-195m
platinum(II)

is obtained

by irradiating

!16Sn at the hy! caulic tube of

flux only 0.08 times that available at the HFIR.

(t1_=4.02 d, 100% IT) is an ideal radiolabel for cis-dichiorodiammine-

and other platinum-based

antitumor

drugs 9.10. The yield of 19Smptproduced by

the l'_4Pt(n,y) reaction in the hydraulic tube of the HFIR is reported to be about 1.2 mCi/mg
of Pt. This suprisingly low yield (specific activity) is attributed
burn-up

cross-section

to the enormous

of 195raPt(9). Similar to 117mSn,higher specific activity 19"_mpt
could in

pr:nciplc be obtained by the _9_Pt(n,n"_) inelastic scattering reaction.
the burn-up
a thermal

1.3xi04 b

In this alternate

route,

could be substantially reduced by wrapping the target in Cd foil (which acts as

neutron filter).

2.2. [n,_l(B-'), 12n,_,l(B-'),In,_,l(ll-')ln,_! Reactions
In these reactions the product nuclei are the daughters
are formed in single or double neutron capture reactions.

of ft-unstable

nuclei which

In these cases, the product nuclei

are carrier-free and the specific activity of the product approaches the theoretical value. The
parameters lhr production

of 47Sc, l°SRh, 166Ho, 192Irand _99Au by these reactions are given

in Table 2.2.1.

2.3. In,pl and In,al Reactions
A few important In,pl and In,al nuclear reactions are possible with neutrons
from reactors.
of radionuclides
energies

These threshold reactions (peripheral

interactions)

available

are limited to production

with low Z, since only a small fraction of the reactor neutrons have sufficient

to overcome

the potential

barrier

to charged

2.4

particle

emission.

In some light

elements, where Coulomb barriers are low, threshold reactions may compete with [n,'t]
reactions and resonances in certain nuclei may allow (n,p) and (n,a) reactions to proceed with
epithermal neutrons. Examples include reactions such as l_N[n,p] 14Cand l°B(n,a)TLi. The
epithermal neutron cross-section of later reaction is 4x103 b.

Table 2.3.1 lists the

radioisotopes of medical interest which are produced by [n,p] and [n,tt] reactions in nuclear
reactors. Reactors such as the FFTF and HFBR (see Chapter 3) are designed to make use
of the fast neutron spectrum, and are obviously most suited for production of radioisotopes
via [n,p] and [n,a], as well as [n,n'y] and [n,2n], reactions. The latter two production modes
were discussed in Section 2.1. In spite of small reaction cross-sections, these reactions lead
to carrier-free products.

2.3.1. Production of Carder-free 47Se
The reported cross-section for production of 47Scvia the 47Ti[n,p]
reaction is only 11 mb (Table 2.3.1) (11). A production yield of 200 pCi/mg of 47Tiin the
hydraulic tube of the HFIR via the above reaction was recently reported (12).

This

measurement is substantially higher than measurement of Gladney et al. (13) at the Omega
West reactor at the LANL (see Section 3.9). Assuming 1 ppm of Sc impurities in the
enriched Ti target, a specific activity value of " 200 mCi/mg can be achieved. In addition
to tile [n,p] reaction, 47Sccan be obtained from 8 decay of 4.54-h 47Ca. Calcium-47 can be
produced by the 46Ca[n,-f]and/or 4SCa[n,2n] reaction with cross-section values of 700 2 and
20 (11) mb, respectively (Table 2.2.1). The expected yield of 47Scat half saturation from
irradiation of a Ca target of natural abundance in the hydraulic tube of the HFIR is " 1
mCi/mg of n'tCa in comparison to "" 200 pCi/mg of 47Ti via the [n,p] reaction.

2.5

2.3.2. Production

of Carrier-Free

Copper-64,
radiolabeled
64Zn and

and

67Cu

are

tumor-associated

67Zn,

UCu and _TCu
attractive

radionuclides

for diagnosis and therapy

with

monoclonal antibodies and are produced by In,p] reactions on

respectively.

By a series of irradiations

ranging from a few hours to several

days, the cross-section values for the 67Zn[n,p]67Cu reaction at two irradiation
HFBR, in-core and core-edge

positions in the

(see Section 3.4), were found to be 1.23+0.13 and 0.91 +0.10

mb, respectively (14a). The lower measured cross-section at the core-edge was attributed
the change in the shape of the neutron spectrum.
was reported

lhr the cross-section

yields of 64Cu and

67Cu

of 64Zn and -50

i_Ci/mg of

67Cu

An earlier measurement

of the alxwe reaction (15).

67Zn,

respectively (14b).

accelerator

production

The typical half-saturation

Although, reactor-produced
reactions

much higher specific activities since the target materials
in copper.

of 0.82±0.04 mb

in the hydraulic tube of the HFIR (see Section 3.5) are "" 1 mCi/mg

suft'er from low yields relative to proton-induced

depleted

to

Routil:e

reactor

production

64Cu and

(14a,b), the products have

are highly enriched

in zinc and

of 67Cu would complement

and ensure the availability of this important

radioisotope

seasonal
throughout

the year.

2.4. Reactor-Produced

Parents for Radionuclide Generator

The production of a variety of reactor-produced
generator

Systems

parent radioisotopes

for radionuclide

systems has been the subject of several reviews (16-21). The 99MoflgmTc generator

system is a unique example, because

a large variety of tissue-specific

routinely

used for various clinical procedures

skeleton,

brain and tumor detection

radiopharmaceuticals

for diagnosis of diseases of the heart, lungs,

are prepared

from 99"Tc.

This generator

system is

commercially available, and information regarding its production can be found elsewhere (22).

2.6

Other reactor-based generator systems which are under development are shown in Table
2.4.1. These systems fill a small, yet increasingly important need in providing daughter
radioisotopes for medical diagnosis and therapy. These generators include the t91Os/t9tmlr
system which provides the ultra short-lived (4.9 s) 191mlr for first-pass evaluation of ventricular
function (23-34).
therapeutic

The _SSW/ISSRegenerator system (35-39), provides 18SRe for various

applications, most notably for attachment to tumor-specific antibodies for

radioimmunotherapy

(40-41).

Other new examples are the 194Os/t94Irand t°3Ru/t°3mRh

generator systems.

2.4.1.

Production of 19lOs;1910_91=k

Generator

Because of the widespread interest and benefits in the use of ultra short-lived
radioisotopes (tlcz < 1 rain) from generators for evaluation of ventricular function by
radionuclide angiography (RNA), various prototypes of the 191Os/191mIrgenerator have been
developed (23-34).

Iridium-191m has a half-life of only 4.96 s and decays by isomeric

transition with the emission of a gamma photon with an energy of 129 keV (25 %) and
several X-rays, ali of which can be efficiently imaged with the Anger-type gamma cameras
available in ali nuclear medicine departments.
is reactor-produced by the 19°Os(n,_) reaction.

The 19lOs parent has a half-life of 15 d and
The parameters affecting the large-scale

production of 191Oswere recently published by Brihaye et al (30). The production scheme
and the corresponding cross-section values are shown in Figure 2.4.1. In this study the
deviation of the experimental and theoretical yields were attributed to the burn-up of _9JOs
to stable _92Oswith an estimated thermal-neutron cross-section of 740 b. The variation of the
yield at the end of bombardment (EOB) as a function of irradiation period for neutron fluxes
of 2.2x1014and 2.5x10Is n.sl.cm "2is shown in Figure 2.4.2. The typical yield of 191Osat EOB
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for two weeks irradiation in the HFIR at 2.5x10_5n.sl.cn "1is about 0.5 Ci per mg of _9°Os
(30).
2.4.2.

Production of lSSw; lSSW/lSSReGenerator
Currently, there is a considerable interest in lSSRe for medical applications (40-42).

This interest is due to the following facts: a) Re is an analogue of Tc in chemical behavior
and recent advances in the chemistry of Tc for biomedical applications of 99mTccould in
principal be extended to Re (see reference 43 for an example), b) I_Re is a suitable nuclei
for radiotherapy applications and c) _SSRe is available from a generator system with an
expected shelf-half life of several months. Tumor therapy with _SSRe-labeledantibodies and
treatment of rheumatoid arthritis of the knee joints and other large synovial joints with lSSRelabeled sulfur colloids are two major applications of this radioisotope (27,28).
Rhenium-188 is a B emitter and decays to the ground state of stable _SSOs70.6% of
the time (Estm'x=2.118 MeV) and to the first excited state 26% of the time (Ea2*'a"=l.962
MeV) (29). The convenient 17.01 h (27) half-life, 100% B emission with high end-point
energies result in an average B energy of 764 KeV make _SSRean attractive candidate for
therapeutic applications. The total radiation dose delivered to tissue by tSSRe is comparable
with that of 90y (t_/2=62 h, a pure B emitter with no imagable gamma-ray), which is currently
used for antitumor therapy (44). The decay of 1RaRefollows with emission of a predominant
gamma ray with energy of 155 KeV with moderate intensity (15.8%) (42) which can be
efficiently detected with gamma cameras for in vivo biodistribution and kinetic studies. These
data can be subsequently used for absorbed radiation dose estimates, which are important in
determining the effectiveness, safety and efficacy in using _SSRe-labeled agents for therapy.
Rhenium-188 is obtained in carrier-free state from decay of 1SaW(t_i2=69.4 d) in a
generator system (27-29). The _SSWparent nuclei is produced in a nuclear reactor with
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double neutron capture on tS6W (28.6 % natural abundance). The production scheme and
the experimental and theoretical yields of lSSWfrom four reactor:; (HFIR, HFBR, MURR,
and FFTF) and available maximum neutron fluxes are shown in Table 2.4.2.

The

experimental yield of _SSWat EOB from the HFIR at 85 MW power and for one cycle
irradiation (" 21 days) at a thermal neutron flux of 2x10is n.stcm 2 is 4 mCi/mg of lS6W,
which is lower than the theoretical value by almost a factor of five. However, for one day
irradiation at the HFBR the yield of _SSWis lower than the theoretical value by a factor of
two (45).

As indicated in Table 2.4.2, the yield of ISVWat EOB is about 850 times higher

than _SSWfor a 21-d irradiation in the HFIR.

2.4.3.

Production of 194Os; I_Os/194IrGenerator
Iridium-194 (t_/2= 19.2h) is a potential candidate (46) for radioimmunotherapy (RAIT)

and decays by B emission (E/V= 805 keV) and also emits a weak gamma ray (318 keV,
13%) which would provide an evaluation of organ distribution by gamma camera imaging.
Iridium-194 is obtained by B decay of _94Os(t_=5.9 y). Due to its shorter half-life than 90y
(19.2 h vs 64.1 h) and due to its emission of the imagable gamma-ray _941ris a superior nuclei
to 90y which is currently in use for cancer therapy in patients (44). However, the therapeutic
effect of 194Ir is comparable to that of 90y since the mean equilibrium dose constants of J'_41r
and 90y are similar; 1.72 and 1.99 g-rad/pCi-h, respectively. Yttrium-90 is also generator
based and is produced from decay of 27-y 9°Sr. The possibility of loss of free (ionic) _

or

the contamination of 90y radiopharmaceuticals for human use with 9°Sr is of major concern
due to the in vivo toxicity of free 90y and 9°Sr (accumulation in bone).

The 194Os/194Ir

generator does not have this draw-back since neither osmium nor iridium concentrate in bone
and both arc excreted primarily through the urinary bladder.
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Osmium-194
41%).

An attempt

since the reported

is produced by double neutron capture of 192Os(natural
has been made to measure the cross-section
values differ significantly (2,47).

at the core-position

of the HFBR, a thermal-neutron

of

the

abundance

t93Os(n,y) reaction

By irradiating an enriched
cross-section

of

192Os

target

of 250 b was calculated

for the above reaction (Table 2.4.3) (47). Based on these preliminary results, 12 mCi of 194Os
can be expected

by irradiating 25 mg of enriched

_92Osat HFIR for 60 days (_thn=2xl0tS

n.sl.cm "2) (48).

2.4.4.

Production of I_BRu for the t°3Ru/t°MRh Generator
Rhodium- 103m (t_p.=65.1 m) is a potential radionuclide for radioimmunotherapy

introduced

into the cell nucleus. The expected high cytotoxicity of 1°3mRhis due to secondary

electrons and low energy x-rays which follow its decay, subsequent
40 kev

when

isomeric decay energy.

l°3Ru/_°3"Rh generator

Carrier-free

to total conversion

t°3mRh can be made available

of the

through

the

system. The _°3Ru parent nuclei can be produced in a nuclear reactor

via the l°2Ru(n,y) and l°3Rh(n,p) reactions (see Tables 2.1.1 and 2.3.1) and from Z_SUfission.

2.5

A Compar_n

Among Reactors for Isotope Production

A comparison

among reactors

several reactor/irradiation
capture

codes developed
differential

of the production
for isotope

equations.

of 30 medical radioisotopes

positions are given in Table 2.5.1.

reaction rates (reactions.s_.atom

The calculation

for the production

In this table, the neutron

_) are used as a measure of production

rates was made by Schenter

transmutation

branching ratios (both capture and decay).

parameter.

et al. (49) using computer

and decay which solve the "Bateman"

Input to these calculations

were cross-sections,

Neutron capture

2.i0

for

decay constants,

rates determine

type
and

both "burn in"

and "burn out" of target and product isotopes, respectively. The production rate values are
for the "infinite dilute" targets; either small target masses or well-distributed (noncompact)
targets.

For this analysis the resonance self-shielding and flux perturbation effects are

neglected. In any practical situation, these effects need to be considered since they can lead
to as much as an order of magnitude reduction in production rate, depending on target size
and density. The data shown in Table 2.5.1 show a large variation in the production rates
ranging from 4.9x1014 to 7.0x10s reactions.sl.atom _, depending on a variety of parameters
including the radioisotope, reactor, and irradiation position. For most cases, the primary
capture process is the (n,'¢) reaction. For this radiative capture, the reaction rate usually
peaks in the thermal or epithermal energy ranges, depending on the thermal cross section,
the resonance integral, and the location of the lowest-lying resonance.
The comparative production rates of 67Cu,14SSmand 16SDy,as examples, are given in
Figures 2.5.1 - 2.5.3, respectively.

In these figures, activities versus irradiation times are

shown for several thermal and fast reactor/irradiation positions. These cases were chosen to
illustrate three different reactor types which produce the highest levels of activity. Figure
2.5.1 illustrates the production of 67Cuin various reactor/irradiation positions. Figures 2.5.2
shows the production results for _45Sm.As seen in Figures 2.5.1 and 2.5.2, for production of
67Cu and _45Smthe fast energy components dominate, as in the FFTF and EBR2.

The

comparative productions of 16SDy starting with a _64Dytarget are shown 2.5.3. The 2.33-h
_65Dyis of interest for the treatment of arthritis of the knee and other large "synoviar' type
joints. The highest levels for 165Dyoccur in reactors with a strong thermal component such
as HFIR and ATR.

However, in the FFTF, the "hydride" type: of target assembly has an

epithermal flux-per-unit lethargy value comparable to the flux levels in most thermal reactor
systems. Consequently, (n,y) production rate comparisons can easily be made between these
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reactor systems by comparing

the thermal cross section with the resonance

integral for the

A comparison of achievable specific activities of several radioisotopes

for thermal and

target isotope.

fast reactors are shown in Figure 2.5.4. As seen, _4C,SSFe, 6°Co, and n6SDyare produced very
cffcctivcly
whereas

in the predominantly

thermal systems, such as the HFIR,

ATR, and MURR,

153Sm,n86Re, naaW and _'_4Os,are produced better in the "hydride" assemblies in the

FFTF and EBR2, and the HFIR-PTP.
_SSm in the FFTF

and EBR2

Fast spectrum

core positions.

production

is enhanced

for IS3Gd and

Finally, 1°9Cd and lZSl are about evenly

produced about equally in ali reactor systems.
In conclusion, the yields and the specific activities of radioisotopes
reactors

vary significantly

Generally,

depending

medical radioisotope

Experimental

on the specific target/product

in fast and thermal

isotope

production yields for fast reactors, such as the FFTF and the

Breeder Reactor (EBR2), complemented

in the ATR, HFBR, HFIR, and MURR.

thermal reactor production

Some radioisotopes

are produced

The results presented

here, although

strategies,

lt is believed

that such comparative

used to more efficiently plan and optimize radioisotope

advantages

not covering reactor target

volume availability or ali possible core positions, should help in determining
production

estimates

more efficiently

in thermal reactor systems, while fast reactor systems offer significant production
for other specific isotopes.

combination.

production

production

U.S. radioisotope
calculations

can be

in the limited available

fission reactor facilities.
2.6. Radioisotopie

Purity

In the production
of crucial importance
to be addressed.

of almost every medical radioisotope,

and co-production

of undesirable

In most cases, the radioisotope

2.!2

the radioisotopic

radioisotopes

purities arc

or "impurities" needs

impurities need to be chemically separated.

In the production of _4SSm,for example, several unwanted isotopes of Eu are also coproduced
primarily from neutron transmutations of 147"lS4Smwhich are present in a small amounts in
the enriched _"Sm target. Table 2.5.3 gives the relative activities of _S2Eu,_S4Eu,and lSSEu
produced in four reactors/irradiation positions.

Burn-in and burn-out effects play a very

important role, since most of these europium and samarium radioisotopes have very large
capture cross sections.
Other examples of co-production of radioisotope impurities include production of
unwanted _92Irfrom _9°Ostargets in the production of

191Os

and _94Os,and the _9_Osimpurity

detected in reactor-produced _SSW.

2.7. Radioisotopes from Both Accelerators and F'tssionReactors
There are a number of medical radioisotopes which can be effectively produced in
either accelerator or fission reactor systems.

Copper-67 is a good example, where its

production in both the Brookhaven Linac Isotope Producer (BLIP), the HFBR and HFIR
were studied in detail (14). A list of radioisotopes which can be produced in either a fission
reactor or an accelerator (Linac or cyclotron) include 1SF,47Sc,t_Cu,

67Cu,

l°9Cd

and 125I.

In addition to the neutron reactions discussed earlier, "dual projectile" reactions can
also be used to access the some neutron deficient nuclei. In this approach, the secondary
light charged particles (tritium nuclei, alphas, protons) produced in the neutron capture or
neutron induced reactions are used as projectiles in a second reaction. The neutron striking
the primary target produces the charged particle, and the charged particle striking the
secondary target produces the desired radioisotope. This method has been examined tbr the
production of 18F(50). The process is following sequence:

2.i3

1)

6Liln,al_H (Q=+4.78

MeV)

2)

l_'Olt,nllSF (Q= +1.27 MeV)

where an i_aorganic compound of lithium such as lithium carbonate
material.

This process takes advantage

section of 6Li for production

was used as the target

of the very large thermal and epithermal

of tritium nuclei which are used as the projectile

cross

in the 2nd

reaction.
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Primary nuclear
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Saturation
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(mCi/mg)

"tSn
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(n,y),(n,n'y),(n,2n)

0.55

"tSn

V-15b

(n,y),(n,n'y),(n,2n)

1.27

11_n

V-14

(n,y)

2.3

117Sn
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2.2

ll%n
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5.0

l!TSn

V-15
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ll_n

HT_
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4.0
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_,, n.sl-cm2

_t, n.sl-cm'2
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8.25 x 1014

9.0 X 1013

b)HFBR in-core

1.95 X 1014
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Table 2.5.3. Relative Activities of Eu Isotopes Produced as Impurities in the
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Relative activities of Eu isotopes
to the saturation activity of 14SSm

Reactors-lrradiation

Positions

Isotope

FFTF-Core
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MURR-FT

lS2Eu

4.0x10 -7
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5.0x10 s

3.0x10 "s

IS4Eu
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2.Ox10.2

2.Ox10.2

lSSEu
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1.0x10 .3

l.Oxl0 .2

1.0x10 .2

'4SSm

1.0

1.0

1.0

1.0

'_Elemental composition
144Sm 96.47 (atom
147Sm

1.08

14gSm

0.56

149Sm
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tS°Sm
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'S4Sm
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lS4Sm

0.46
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percent)
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3.0.
3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

ATR:

FFTF:

GTRR:

HFBR:

HFIR:

MITR-II:

Introduction

3.0.1-3.0.7

Advance Test Reactor, Idaho National
Engineering Laboratory.

3.1.1-3.1.11

Fast Flux Test Facility, Westinghouse
Hanford Company

3.2.1-3.2.12

Georgia Institute of Technology Research
Reactor

3.3.1-3.3.8

High Flux Beam Reactor, Brookhaven
National Laboratory

3.4.1-3.4.14

High Flux Isotope Reactor, Oak Ridge
National Laboratory

3.5.1-3.5.27

Massachusetts Institute of Technology
Research Reactor

3.6.1-3.6.11

3.7.

MURR:

Missouri University Research Reactor

3.7.1-3.7.11

3.8.

OSTR:

Oregon State University Triga Reactor

3.8.1-3.8.21

3.9.

OWR:

Omega West Reactor, Los Alamos
National Laboratory

3.9.1-3.9.10

3.0

Introduction
In this chapter, we have compiled information regarding nine U.S. research nuclear

reactors.

Some of this information which includes a brief description of each reactor and

their capabilities was supplied by the staff of these reactors. This material has been directly
incorporated into the survey, with the exception of editing in order to have a consistency in
format and syntax. Among the reactors which are discussed here are the Advanced Test
3.0.1

Reactor (ATR) at the Idaho National Engineering
(FFFF)

at the Westinghouse

involved

in defense

accessible.
research
convert

related

Hanford
research

Laboratory

Company,

and the Fast Flux Test Facility

both of which until recently, have been

and breeding

reactor

programs

and were not easily

However, in the past two years there have been serious efforts to allow other
to be conducted

in these reactors, and most recently, attempts

have been made to

the FFTF to an "open" research reactor.
In describing

the above reactors, some aspects of each reactor have been discussed

in more detail than others in order to provide the potential
the aspects

of "production

of radioisotopes

engineering

design and the irradiation

available services, we refer the potential
discussion

in a nuclear

target

discussed in more detail than other reactors.

example.

A detailed

irradiation

of material in a nuclear reactor

user with a broader view of ali
reactor."

facilities of HFIR,

For example,

Section

3.5, has been

For detailed estimates of irradiation

users to section 3.7 describing

of the general

limitations

and safety

the

costs and

the MURR

as an

requirements

for

are given in Sections 3.4 and 3.8, describing the

HFBR and OSTR, respectively.
A comparison

of the maximum operating

power of nine reactors

evaluated

in this

report is given in Table 3.0.1. This table also includes the maximum total neutron flux values
available from these reactors

and the thermal, epithermal,

hydraulic rabbit tubes, if this information
A key parameter
for production
position.

is the effective

the differences
neutron

between various reactors

flux spectrum

Both the magnitude and shape of the spectrum are important.

values for several irradiation

fluxes at the

is available.

that primarily determines

of radioisotopes

and fast neutron

at the irradiation
In Table 3.0.2, flux

positions of the reactors are given for three energy groups;

"Thermal" (E, <0.25 eV, Maxwellian distribution),

3.0.2

"Epithermal"

or resonance

neutrons (0.25

< E0 < 100 keV), and "Fast" (0.1 < E° < 16 MEV). The flux values represent
averaged fluxes over the corresponding
among various

reactors

with epithermal

energy groups [_}° = (_gER._}n)/_Eo]. As indicated,

these flux values vary over a wide range from lx1012 to 6x1015

n.cm2.s 1. From a standpoint
from intermediate

the energy-

of the type of interaction, fast neutrons are usually distinguished

energy, or epithermal
neutrons.

neutrons,

because most resonance

This distinction between

fast and epithermal

reaction occur

neutrons

is rather

vague. However, from our standpoint, we consider fast neutrons as those above 100 keV, for
which individual resonances

are not observed in a "typical" nuclei.

In Figure 3.0.1, the flux density
irradiation
thermal

curves are given for five reactors

and seven

positions for a broad energy range of 1.0x10"2eV to 10 MeV. As seen, the highest

flux is obtained

in the HFIR.

At the epithermal

region, highest

n.cm2. _ can be found in the Hydride position of FFTF (Figure 3.0.1).

flux of 2x10 _4

In this reactor, the

epithermal

spectrum

at the Hydride

facility is enhanced

by the use of a metal hydride

moderator

(Schenter

and Myjak, 1988). This characteristic

of FFTF is similar to that of the

EBR2 (description

of the EBR2 is not included

providing large epithermal

in the report).

The irradiation

fluxes are most suitable for production of radioisotopes

capture process with large contributions

from resonance

integrals.

A comparison

facilities

via neutron
of the fast

neutron fluxes are shown in Figure 3.0.2. The core of the FFTF has the highest fast neutron
flux (En>0.1
peripheral

MeV, fission spectrum shape).

of radioisotopes

via threshold

reactions [e.g. (n,p), (n,a), and (n,n'v) reactions] which are dominated

energy contribution,
HFBR-V14

or -V15.

good example
neutrons

Production

or

by the high

are best achieved in the following order, core of FFTF, HFIR-PTP,
As discussed in section 2.3, production

of this type of reaction,

where essentially

with energy greater than 2 MeV.

3.0.3

of °7Cu from 67Zn targets is a

ali of the production

occurs at

Table 3.0.2 Group Neutron

Fluxes for Various Reactor/Irradiation

Group Neutron
Reactor/Irradiation

Positions.

Flux (n.cm2.s l)

position
Thermal
(0-0.25eV)

Epithermal
Fast
(0.25 eV-1 MeV) (1-16 MeV)

Total
Flux

ATR

A1 1
B4
BI0

3.6x10 14
4.5x10 14
1.9x10 14

6.7x10 14
5.3x10 14
1.7x10 14

4.1x10 14
1.5x10 14
3.0x10 13

1.4x1015
1.1xl0 15
3.9x10 14

EBR2

Core
Hyd/Core

0.0xl0 12
9.0x10 13

1.9x10 is
1.lxl0 15

7.6x10 TM
6.0x10 13

2.6x10 is
1.3x1015

FFTF

Core
Hyd/Core
Hyd/MOTA

0.0xl0 12
5.2x10 TM
1.0xl0 13

6.6x10 15
3.8x10 Is
3.3x10 15

1.4x10 TM
2.0x10 14
3.7x10 14

7.8x10 t5
4.5x10 15
3.8x1015

GTRR

H1

2.4x10 13

-

HFBR

V14
V15

4.2x10 14
1.0xl0 TM

3.8x10 TM
1.3x10 15

4.5x10 13
1.5x10 13

8.5x10 14
1.5x10 15

HFIR

TP
HT
PTP
RB4

2.2x10 15
2.2x10 15
1.6x1015
5.3x1015

1.5x10 Is
6.9x1014

1.lxl0 TM
1.7x10 14
5.8x1014
1.1x1014

2.3x10 15
2.4x10 15
3.8x1015
1.3x10 Is

MITR-II

Core
RH
GV

3x1013
6x1013
8x1012

3x1013
1.5x1011
7x10 l°

""lxl013
3.3x1012
-

-" 7x10t3
6.3x1013
8.7x1012

MURR

FT
RF

4.2x1014
1.5x1014

1.6x1014
7.0x1013

7.0x1013
1.0x1013

6.5x1014
2.3x1014

OWR

Core
SVP

9.0x1013
1.6x1013
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3.1.0. ADVANCED

TEST REACTOR-

3.1.1.
3.1.2.
3.1.3.

General
Reactor Description
Irradiation and Experimental Facilities

3.1.1.

General

ATR !

The Idaho National Engineering Laboratory's Advanced Test Reactor (ATR) was
designed to study the effects of intense radiation on samples of fuel and other reactor
materials. The ATR is located at the Test Reactor Area (TRA) of the Idaho National
Engineering Laboratory in addition to three low-power reactors, several hot cells, and other
support facilities. The DOE operating contractor for the Test Reactor Area is EG&G Idaho,
Incorporated. Sponsors of the tests are industrial firmsand national laboratories carryingout
atomic energy development contracts for DOE.

A few tests not connected with DOE

contracts are also accepted when space for them is unavailable in privately-owned test
reactors.
The ATR is an evolution in test reactors which followed its predecessors, the
Materials Testing Reactor (MTR) and the Engineering Test Reactor (ETR). The high power
density in the ATR, aided by the efficient arrangement of fuel and loops, results in intense
irradiation, which saves time in testing. Effects of radiation over years in a power reactor can
be duplicated in months or weeks in the ATR.

3.1.2.

Reactor Description
Details of the ATR reactor vessel and internal statistics are summarized in Table 3.1.1.

When viewed from above, the ATR fuel region resembles a four-leaf clover (Figure 3.1.1).
3.1.1

The four loop positions within the four lobes of the clover are almost entirely surrounded by
fuel, as is the loop position at the center. Four other loop positions between the lobes of the
clover each have fuel on three sides.

The curved arrangement

means that the fuel

approaches the loop pipes more closely on ali sides than is possible in a rectangular grid
design.
The ATR is unusual in having a solid stainless steel reactor vessel rather than carbon
steel clad with stainless. The solid stainless steel vessel was chosen for its freedom from the
possibility of brittle fracture after very long exposure to intense irradiation. The top head of
the vessel is an elliptical dome bolted to the vessel through a 15-inch-thick flange which does
not have to be removed during routine shutdowns for refueling. Instead, cover plates are
removed from five elliptical ports in the top head, each about 2 by 3 1/2 feet. Operators
reach down through the ports with long-handled tools to change fuel, samples, and core
components.
An intermetallic compound of uranium and aluminum, UAIx, is currently used in the
ATR fuel in place of U30 s. This material is also fabricated into plates by a powder
metallurgy technique.

Boron may be put in the fuel to serve as "burnable poison," since it

absorbs some neutrons while the fuel is fresh but gradually "burns up"4and loses its ability to
absorb neutrons as the fuel is consumed. The boron can, thus, help compensate for fuel
burnup, while minimizing control drum movement necessary to maintain steady power.
The power level (or neutron flux) can be precisely controlled at the various loop
positions to meet test requirements, and then held steady during the reactor operating cycle.
Nominal ATR power distribution would be 50 megawatts in each of the five lobes, but power

_Boron-10, the boron isotope that strongly absorbs neutrons, is converted to boron-11, a
weak absorber that quickly splits into lithium-7 and helium-4.
3.1.2

shifting allows a maximum lobe power of 60 megawatts, a minimum lobe power of
approximately 17 megawatts, and other lobes at intermediate powers. Total power is 250
megawatts. Whereas older test reactors use vertically movabl_ control rods which distort the
vertical power distribution as they are slowly withdrawn to compensate for fuel burnup, the
ATR uses a combination of control drums and "neck shim" rods to adjust power and hold
distortion to a minimum. The control drums are 16 beryllium t.ylinders in the beryllium
reflector surrounding the core. The cylinders have plates of hafnium (a neutron absorber)
on 120 degrees of their outer surfaces. When power is raised, by rotating the hafnium away
from the core, the effect is uniform along the vertical dimension of the core, and no vertical
power distortion occurs.
Coolant water flows down through the channels between ATR fuel plates at the rate
of 47.8 feet per second. Although the average coolant temperature after passing through the
core is 167°F, certain channels in the "hot spots" of the core are at a considerably higher
temperature. The fuel is designed for a surface temperature of about 330°F at beginning of
core life. Higher temperatures would cause excessive production of an aluminum oxide film,
resulting in an increase in fuel temperature and a corresponding decrease in the structural
capabilities of the fuel plates.

Water enters the vessel through two 24-inch lines at the

bottom, flows up outside cylindrical tanks that support and contain the core, passes through
concentric thermal shields, and enters the relatively open upper part of the vessel. From
there the water flows down through the core to a flow distribution tank below the core, and
leaves the vessel through four 18-inch lines. There are four primary coolant circulating
pumps. Two or three pumps are operated, depending on the peak to core average power.
The three pumps yield a flow rate of approximately 47,000 gallons per minute whereas two
pumps yield approximately 43,000 gallons per minute.

3.1.3

The ATR control cylindcrs arc located within the beryllium rcflcctc_r that surrounds
the core.
reactor.

Beryllium reflector

is used to maintain

the high neutron

flux essential

to a test

The ATR beryllium reflector (51" high x 51" O.D.), consists of eight fitted segments

that rest on flanges in the reflector support
space tbr the control cylinders.
drive shafts entering

tank.

Two vertical holes in each segment allow

The control cylinders are driven in pairs by eight horizontal

the reactor vessel through

nozzles in the side.

The drive motors are

located in a service corridor acccssible when the reactor is shutdown.

The hafnium sections

of the cylinders can be rotated toward or away from the core at the rate of 20 degrees pcr
minute.

The cylindcrs are used primarily to shift neutron

individual

loop positions.

Programming
interaction
computer

they are used to compensate

for fuel burnup.

of control drum and neck shim movements in the ATR is complicated
these control elements

dedicated

powcr pattern.

by the

have on each other and their effect on the reactor.

to the ATR aids in planning

the movements

that maintain

A

the desired

Thi ,-,, omputer can scan 512 analogue inputs from the reactor at the rate of

2500 bud per second
information

Secondarily,

flux, that is, to adjust power at the

and can calculate

about conditions

and report

the power

distribution

with other

in the reactor.

The ATR has six tubular safety rods that slip down around the outside of six of the
in-pile loop pipes for fast shutdown

of the reactor.

the core beh_re the reactor

is taken to power.

compresses

to each horizontal

a spring attached

helps accelerate
Protective

the rods when they are dropped.

The safety rods are always cocked above
The action of driving the rods upward
drive shaft, and the energy in the springs
A "scram" signal from the reactor Plant

System disengages magnetic clutches between the drive motor gear boxes and the

drive shafts, leaving the shafts free to spin. The springs act on the shafts at the same time
the rods are accelerated

downward by the forces of gravity and coolant flow. The rods drop

3.1.4

the first 12 inches into the core in 150 milliseconds with 3 primary coolant pumps operating
and 170 milliseconds with 2 primary coolant pumps. The remaining 24 inches of fall are
slowed by fluid action in snubber tubes in which the drive racks travel, thus preventing
mechanical damage at the bottom of the drop.

3.1.3.

Irradiation and Ex_rimental Facilities
The major test spaces in the ATR are the nine loops. Eight are pressurized water

loops through which water circulates at pressures up to 2200 pounds per square inch. The
ninth loop is used for increased temperatures and pressure - to 680°F and 3400 pounds per
square inch. Sample capsules are irradiated in vertical holes in the neck shim housing, center
flux trap baffle, the beryllium reflector, and in racks that hang on the outside of the reflector.
Dozens of holes of various diameters are available for capsules in and near the ATR core.
Many holes are contained in two capsule irradiation tanks that hang on the outside of the
core-reflector tank (see Figure 3.1.3).
A capsule experiment can be very simple and consists of a bundle of metallurgical
specimens in an aluminum tube open to the flow of water in the reactor vessel. More
commonly, capsules are sealed, especially if they consist of target materials for the production
of fuel. Some capsules have "lead tubes" attached for carrying instrument wires outside the
reactor vessel. A capsule may contain a number of postage-stamp-size fuel samples, each with
thermocouples attached for monitoring temperature. A capsule experiment may also consist
of radioisotopes to meet the needs of medicine, industry, and research.
Much heat is generated in fuel samples by fission and gamma-ray heating, so the
temperature of samples is controlled by regulating heat leakage from the capsule.

If the

sample must run cool, the space between sample and capsule wall is filled with a good heat-

3.1.5

transfer medium, such as sodium-potassium liquid metal. If the sample must run hot, the
space is filled with gas as insulator. The temperature of some capsules is controlled with a
flowing mixture of helium and argon. The ratio of the two gases, which have different heat
transfer rates, is regulated to maintain the desired temperature.
Capsule tests cost much less than loop tests but provide much less flexibility. A fucl
development program commonly starts with testing of many samples in capsules, then
proceeds to loop tests of the designs that performed best. Capsules may be any length up to
48 inches and the capsules with instrument leads are typically 2 or 3 feet long.
Uninstrumented capsules are typically 6 inches long and are stacked in aluminum tubes, called
baskets, for ease of handling.
Irradiation capsule diameters, peak neutron flux, and gamma heating values are given
in Table 3.1.2. Typical capsule designs are shown in Figure 3.1.4.

Table 3.1.1. Details of the ATR Reactor Vessel and Internal Statistics

Outside dimensions

12 feet in diameter by 35-feet high.

Wall thickness

Minimum 2 inches, maximum 5 inches.

Material

"

Type 304 stainless steel (<0.06% carbon).

Coolant flow rate

47,000 gallons per minute (see discussion
below).

Coolant pressure (pounds per square
inch gauge)

Operating: 355 inlet, 255 outlet, design: 390

Coolant temperature

Operating: 125"F inlet, 167"F average outlet,
Design: 240*F.

Core location

Top of core is 18-feet below top of vessel.

3.1.6
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Figure 3.1.2. Vertical cross-section of the ATR vessel, showing
the control drives and part of the sheilding
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3.2.1.

General
The Fast Flux Test Facility (FFI'F) is a 400-MW, sodium-cooled, low-pressure, high-

temperature,

fast neutron flux reactor.

This reactor was designed and constructed for

irradiation testing of breeder reactor fuels and materials. The FFTF reactor core generates
up to 7 x 1015n.sl.cm 2 of neutron flux ('" 65% >0.1 MeV) at a power level of 400 MW.
The reactor provides extensive capability for in-core irradiation testing, including eight core
positions that may be used with independent instrumentation for the test specimens. Four
of these positions may be used for independently cooled test loops. In addition to irradiation
testing capabilities, the FFTF provides long-term testing and evaluation of plant components
and systems for Liquid Metal Fast Breeder Reactors.
The term FFFF includes the reactor itself, as well as equipment and structures for
heat removal, containment, core component handling and examination, instrumentation and
control, and for supplying utilities and other essential services. The FFTF is a complex array
of buildings and equipment arranged around a reactor containment building. The reactor is
located in a shielded cell in the center of the containment. Heat is removed from the reactor
by liquid sodium circulated through three primary loops (including primary pumps, piping and
intermediate heat exchangers) also located in cells in containment.

3.2.1

Figure 3.2.1 shows the

reactor location within containment, and Figure 3.2.2 is a cutaway of the containment building
showing the locations of primary pumps and intermediate heat exchangers. Secondary sodium
loops transport the reactor heat from the intermediate heat exchangers to the air-cooled
tubes of the dump heat exchangers. Heat from the closed loops will be removed by similar
but much smaller heat transport systems when they are activated.

3.2.2.

Reactor Description
The reactor is located in a shielded cell filled with nitrogen. A cutaway of the reactor

is shown in Figure 3.2.3. This complex array consists of the following major components:
•

Reactor vessel, reactor guard vessel and reactor head

•

Reactor core

•

Above-core in-vessel components

•

Ex-vessei neutron flux monitors and surveillance equipment

The reactor vessel is constructed of type 304 stainless steel and is approximately 43
feet high with an inside diameter of 20 feet. The wall thickness varies from 2 3/8 in to 2 3/4
in. A pool of liquid sodium fills the reactor vessel from the bottom to the argon cover gas
zone near the top. Sodium coolant enters the reactor vessel through three 16-in. nozzles in
the lower part of the vessel, flows through the core and other equipment, and then flows out
through three 28-in outlet nozzles located approximately at vessel mid-height. The reactor
vessel is suspended from its upper section and nested in a bottom-mounted type 304 stainless
steel reactor guard vessel whose purpose is to assure that the reactor vessel nozzles remain
submerged in sodium in the event of a leak. The reactor head is the closure for the reactor
vessel and is 25 ft in diameter, about 22 in thick and weighs 214 tons. Equipment mounted
on the head includes drive mechanisms for in-vessel components, seats and shielding for

3.2.2

openings providing access to the vessel interior, and coolant piping for independently cooled
test loops.

3.2.3.

Irradiation and Experimental Facilities
The core of FFFF consists of 199 core assemblies. The design includes 74 positions

for PuO2-UO 2 driver fuel assemblies, which generate the nuclear flux, nine boron carbide
control rod absorber assemblies, and eight positions that may be used for independently
instrumented tests of fuel specimens or reactor core materials.

Ali eight independently

instrumented positions may be used for open tests cooled by the reactor primary coolant
system. In addition to the testing capabilities of the open test assemblies, the 74 positions
designed for driver fuel may be used for testing of fuels. These positions are cooled by the
main reactor coolant. For each of these positions, coolant outlet flow and temperature are
measured by instrumentation suspended above the position.
Nonfissioning materials may be tested in the fueled portion of the core and also in
some of the 108 core positions surrounding the fueled zone.

The neutron flux in these

peripheral positions varies from 0.5 x 1015 to 4 x 1015n.sl.cm 2. (Nominally, these 108
positions contain Inconel reflectors).
The core periphery positions may also include a variable number (up to 15) absorber
assemblies, which remain fixed in the core periphery for reactivity adjustment during a
particular fuel cycle. The other peripheral positions are occupied by Inconel reflectors, which
are surrounded by radial shielding contained in a core barrel. The core barrel supports six
core restraint mechanisms, which hold the core assemblies in proper orientation during
nuclear operation. The core barrel is supported by a core support structure, which is welded
to the reactor vessel.

3.2.3

3.2.3.1. Core Arrangement
Since FFTF is an irradiation test reactor, the composition and arrangement of the
core are subject to change to meet varying testing requirements. A typical core arrangement
is shown in Table 3.2.1 and Figure 3.2.4. The core is arranged in the form of concentric
hexagonal rings of assemblies surrounding a central assembly, and the central assembly is
known as "Row 1." The first ring surrounding the central assembly is known as "Row 2," and
so on for a total of nine rows. The first four rows are known as the "inner enrichment zone,"
and Rows 5 and 6 are known as the "outer enrichment zone." These first six rows constitute
the fueled (active) zone of the core, which is 3 ft in axial length and 47.2 in. in equivalent
diameter. The first six rows contain the driver fuel assemblies, nine control rod assemblies,
and up to eight independently instrumented test assemblies. The active zone of the core is
surrounded by three rows (Rows 7, 8, and 9) of assemblies (108 total) consisting of reflectors
and fixed shim absorber assemblies. Rows 7, 8, and 9 are surrounded by segmented radial
shielding.

3.2.3.2. Materials Open Test Assemblies (MOTA)
The highly instrumented Materials Open Test Assembly (MOTA) (Figure 3.2.5) is
designed to eliminate many problems associated with evaluating the irradiation behavior of
structural materials. The MOTA provides detailed temperature control and measurement
during irradiation as well as density and dimensional measurements on test specimens during
reactor shutdown. The MOTA contains 48 specimen canisters, 30 of which have independent
temperature control.

In its current configuration, the MOTA contains up to 2500 cm 3 of

specimen space for in-core irradiation.

Eighty-two leads for pressure, temperature

electrical connections may be used.

3.2.4

and

_

(_I

The MOTA is limited to nonfissioning materials.

The MOTA test section is a

standard FFTF duct with a "stalk," or upper assembly, mechanically attached to the duct
assembly. This arrangement permits the direct removal of the entire assembly from the
reactor. The MOTA is designed so that the experiment can be removed from the core at the
end ot' an operating cycle, the test specimens can be examined and the experiment can be
reinserted into the core for the start of the next cycle. This rapid turnaround capability
further enhances the value of the large irradiation test volume. (Note: The fuels open test
assembly provided similar capabilities).

3.2.4. Operation Schedule

As of summer of 1992 FFTF has been placed on a stand-by status.

3.2.5. Supporting Services and Facilities
The FFTF includes facilities for receiving, conditioning, storing, installing in and
removing from the core ali routinely removable core components and test assemblies, and for
storing irradiated fuel. Limited examination and packaging capabilities (tor offsite shipment)
are also provided. Instrumentation and control equipment provides monitoring and automatic
control of the reactor and heat removal facilities, automatic reactor shutdown (scram) if preset limits are exceeded, and computerized collection, handling, retrieval and processing of
operating and test data.

Utilities and services include onsite emergency generation of

electrical power (which drives critical equipment to cool the reactor during shutdown
conditions and to operate critical control systems), heating and ventilation, radiation

3.2.6

monitoring, fire protection, auxiliary cooling systems for cell atmospheres and other basic
components.

3.2.6. Administrative and Sgrvic¢ Contacts

For additional information contact
Dr. Rober: g Schenter
Westinghouse Handford Company
MSIN: HO-36
P. O. Box 1970
Richland, WA 99352
(509) 376-3935
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1.9:

ROW NUMBER FOR CORE ASSEMBLY. ROWS 1-6 ARE THE FUELEDZONE; ROWS 7-9 ARE THE
REFLECTORZONE.

CL - CLOSED LOOP POSITION.
SCR • SECONDARY CONTROL ROD ABSORBER POSITION. SIX ASSEMBLIES WERE INSTALLED INITIALLY.
OT - OPEN TEST ASSEMBLY POSITION.
PC • POSITIONS IN WHICH CONTROL RODS MAY BE INSTALLED.
PFS " PERIPHERAL FIXED SHIM ABSORBERS.
PCR- PRIMARY CONTROL RODS. THREE RODS WERE INSTALLED INITIALLY.

Figure 3.2.4. A typical arrangement of the FFTF core map
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3.3.0 GEORGIA

TECH RESEARCH

REACTOR--GTRR

3.3.1. General
3.3.2. Reactor Description
3.3.3. Irradiation and Experimental Facilities
3.3.4. Operating Schedule
3.3.5. Supporting Services and Facilities
3.3.5.1. Hot Cell Laboratory
3.3.6. Administrative and Service Contacts

3.3.1.

General
The Georgia Tech Research Reactor (GTRR) and the Hot Cell Laboratory constitute

the two major facilities of the Neely Nuclear Research Center of the Georgia Institute of
Technology.
The GTRR is a heterogeneous, heavy-water moderated and cooled reactor, fueled
with plates of aluminum-uranium alloy, lt is designed to produce a thermal neutron flux of
greater than 10TMn.sl.cm 2 at a power of 5 MW and an exit moderator temperature of 137"F.

3.3.2. Reactor l)eseription
A cutaway perspective view of the GTRR is shown in Figure 3.3.1 and cross
sectional view of the reactor showing the vertical and horizontal beam ports is shown in
Figure 3.3.2. The reactor core is approximately two feet in diameter, two feet high, and when
fully loaded, contains provisions for up to nineteen fuel assemblies spaced six inches apart in
a triangular array. Each assembly contains sixteen fuel plates. The total 23SUcontent of a
full loading is about 3.2 kg. The fuel is centrally located in a six foot diameter aluminum
reactor vessel which provides a two foot thick D20 reflector completely surrounding the core.
3.3.1

3.3.3. Irradiation and Exl_rimental Facilities
The reactor is equipped with numerous horizontal and vertical experimental facilities
to be used for the extraction of beams of fast and slow neutrons and for the performance of
irradiations within the facilities. Measured neutron fluxes in some of these facilities are given
in Table 3.3.1 and Figure 3.3.3. A thermal column, 5 feet square, is provided as an extension
of the graphite reflector, lt is fitted with a shutter and with heavy shielding located at the
outer face. The shutter opens horizontally giving a port 4 inches by 4 inches or 16 inches by
16 inches. A number of removable graphite stringers which extend up to the reactor tank
wall are provided.
A shielded room for biomedical research is located in the side of the reactor opposite
the thermal column.

This facility is designed to allow accurate exposures of biological

specimens to a wide-angle beam of thermal neutrons with a relatively low background of fast
neutrons and gamma rays. The facility is fitted with a bismuth gamma shield, water tanks for
neutron attenuation, a collimator, shutter, and provisions for a converter plate system. The
opening in the reactor is surrounded by the shielded room. The use of a converter plate will
permit the fast flux to be increased to about 101°n.cm'2.sl with a corresponding decrease in
thermal flux and increase in gamma rays.
There are two rabbit systems for hydraulically sending and retrieving samples from the
GTRR.

3.3.4.

Operating Schedule.
The GTRR is operated on an as needed basis. Generally the reactor is operated 5-7

hours every day of the week. Extended, around-the-clock operation is possible for short
periods with the present crew of operators.

3.3.2

3.3.5.

Supporting Services and Facilities
Technical support is available to provide nuclear, electrical, and/or mechanical
support.

3.3.5.1. Hot Cell Laboratory
The design of the Hot Cell Laboratory is unique and very appropriate for qualification
testing and major features include the following:
•

Quality assurance program that meets the highest standards; ionization
chambers calibration traceable to the NIST.

•

700,000 Ci Co-60 sources.

•

Master-slave manipulators for remote handling.

•

Wall penetrations

to allow electrical and/or mechanical monitoring for

irradiated objects.
•

15-ton crane for handling heavy objects.

•

Large hot cell to accommodate large objects: 7 feet wide x 13 feet high and
23 feet long.

•

Water, air, and gas supplies are available.

•

Electrical power with the following line voltages:
120 V, 60 Hz, 19 15 amps, 220 V, 60 Hz, 10 20 amps, 440 V, 60 Hz, 30 60
amps

_

•

A 3-ton crane inside hot cell with remote operation capability.

•

The cell has adequate shielding for dose rates up to 1 x 10 7 rads/hour air.

•

A vertical pipe irradiation facility located in the Cobalt storage pool for
irradiation of small components (3"x 3" x 12" or cylindrical 6" diameter x 12").

3.3.3

3.3.6. Administrative

and Service Contacts

For additional

information,

contact

Dr. R. A. Karam, Director
Neely Nuclear Research Centcr
Georgia !nstitute of Technology
900 Atlantic Drive
Atlanta, GA 30332-0425
(404) 894-3620.
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view of the GTRR
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Figure 3.3.3. GTRR neutron flux at 1 MW power
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3.4.1.

General

HFBR

Tbc..Brookhaven High Flux Beam Reactor (HFBR) was designed to provide a total
flux of 1.6 x 101_n.s4.cm2 at a power of 40 megawatts. The HFBR first achieved criticality
on October 31, 1%5, approximately four years after construction began, and became available
for general experimental use at full power several months later. The initial construction cost
of the HFBR was $12.5 million, and its current annual operating cost is approximately $25
million (including associated overhead cost distributions).

In 1982 the power level at the

HFBR was increased to 60 megawatts, in order to enhance its research capabilities. However,
in March 1989 the HFBR was not restarted after a scheduled shut down, when it was
concluded

that the Safety Analysis Report

failed to assess the operator

consequences of a postulated beam tube rupture accident.

exposure

After safety analyses, reactor

modifications, training, and other safety improvements were completed, HFBR resumed
operation in May 1991. The reactor will be operated at a nominal power level of 30 MW
(35.4 MW limit). An out of core test program using a thermal hydraulics test loop is planned
to support future operation above the preset 35.4 MW power limit.
In contrast to most reactors, which are designed to minimize the escape of neutrons
from the core, the HFBR has been expressly designed to maximize the number of neutrons
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available in external beams. This is accomplished through the choice of coolant material and
core configuration. Heavy water, rather than light water, has been selected as the coolant
and moderator in this reactor. The volume of D20 flowing through the core to cool the fuel
elements does not provide sufficient moderation to thermalize ali the neutrons within the
core. A large number of fast and epithermal neutrons thus escape from the region of the fuel
and are subsequently moderated in the large volume of D20 reflector surrounding the core.
The resulting thermal neutrons are reflected back into the core where they help to sustain
the nuclear chain reaction. This choice of materials and configuration results in a unique
neutron distribution in which the useful thermal neutron population peaks in the reflector,
where the neutrons are directly accessible to the beam tubes (Figure 3.4.1). The higher
energy neutrons, which are normally not desirable in the beams, are greatest in population
within the core. Power density is peaked at the periphery rather than at the center of the
core as in most other reactors.

3.4.2. Description of the Reactor
The HFBR uses highly enriched U-235 fuel and a heavy water moderator to sustain
a controlled nuclear reaction.

The core consists of 28 elements (Figure 3.4.2), each

containing 18 curved fuel plates (of the Materials Testing Reactor Type). Each fuel element
is a U3Os-AI cermet with _aluminumcladding. The fuel elements are placed in a roughly
cylindrical arrangement inside a spherical-shaped aluminum reactor vessel.

The core is

approximately 53 cm high and 48 cm in diameter, has an active volume of about 97 liters and
contains a maximum of 9.8 kilograms of U-235. The HFBR vessel is shown in Figure 3. The
D20 moderator is pumped downward through the spaces between the fuel element plates at
a pressure of 200 psi, carrying away the thermal energy developed in the core during normal
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reactor operation. The D20 is circulated through a pair of heat exchangers where the heat
is transferred to an H20 secondary loop which dissipates the heat into the air through a set
of cooling towers. The HFBR statistics are summarized in Table 3.4.1.
Outside the reactor vessel is :_water-cooled thermal shield of steel and lead 23 cm
thick. This secondary vessel protects the surrounding outer shield from excessive heating by
radiation from the reactor and provides containment to keep the core covered with heavy
water in the event of a leak in the reactor vessel. An outer shield, known as the biological
shield, protects the reactor operators and experimenters from the radiation produced in the
reactor. The biological shield, which has a minimum thickness of 2.4 meters, is a combination
of heavy concrete and steel.
Sixteen control rods containing dysprosium and europium oxides act as neutron
"poisons" to absorb thermal neutrons and control the rate at which the nuclear reaction takes
place. These rods are located just outside the core and are arranged into two groups, a main
bank which can be raised above the core, and an auxiliary bank which can be lowered below
the core. Shutdown of the chain reaction is accomplished by masking the core from the
return of thermal neutrons from the reflector by covering the sides of the core with the
control rod blades. During normal operation, the neutron flux is maintained constant at the
core midplane by withdrawing the control rods approximately symmetrically from the top and
bottom of the core as fuel burnup,

ogresses.

The reactor, its auxiliary equipment, and its experimental facilities are contained in
a welded steel hemisphere 53.6 meters in diameter. While the reactor is in operation, the air
pressure inside the building is kept slightly lower than the atmospheric pressure outside to
ensure that any air leakage is inward rather than outward. Access to the building is provided
by a system of air locks. This building provides the final containment barrier against the
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escape of radioactive material into the environment. Ali ventilation air leaving the building
is processed through high efficiency particulate filters and charcoal absorbers before being
discharged from a 100 meter stack.
There are three basic floor levels in the building (Figure 3.4.4). The bottom floor is
known as the Equipment Level. The main features of this level are a shielded cell in the
center of the floor, containing the primary coolant system pumps and heat exchangers, and
the fuel storage canal. The highly radioactive spent fuel elements are discharged into the
canal through a chute passing down from the top of the reactor vessel through the concrete
shielding. The canal's total storage capacity is 980 elements. The canal is 6 meters deep for
most of its length, with a 9 meter deep pit at the end of the fuel discharge chute. The spent
fuel elements are stored under the shielding water of the canal until most of the radioactivity
has decayed, and the elements can be shipped offsite to a fuel reprocessing plant for recovery
of the unused U-235.

Other auxiliary equipment located on this floor includes heat

exchangers and pumps for the coolant for the thermal shield and the biological shield,
purification systems for the D20 coolant and canal water, as well as the equipment supplying
the building with electrical power, steam, hot water, and compressed air.
The Operations Area is on the top floor of the building.

The reactor shielding

structure rises 2.3 meters above floor level in the center of the area. The reactor control
room, the pumps and heat exchangers for the cooling system for the vertical irradiation tubes,
the D20 storage tank for the primary coolant system, offices, work rooms, and the fuel
storage vault are located on this floor. An 18,000 kg overhead crane services the reactor top
and the adjacent area in which replacement of spent fuel elements takes place.
Experimental Area occupies the middle floor with the reactor in its center.

3.4.4

The

3.4.3.

Irradiation and Ext_rimental Facilities

The experimental facilities at the HFBR include nine horizontal beam ports external
beam experiments (Figure 3.4.2.). Irradiation experiments at the HFBR play an important
role in the overall research program. Seven vertical thimbles provide a variety of neutron
energy spectra for sample irradiations.

Thermal or slow neutrons are used primarily for

neutron activation analysis and for the production of special purpose radioisotopes. Due to
the high neutron flux available, it is possible to produce highly radioactive samples from small
quantities of material (high specific activity), and to produce certain isotopes in quantities
unattainable by any other practical means. Fast neutron irradiations are vital to the study of
radiation damage in materials and are playing an important role in the program to develop
a fusion reactor.
As shown in Figure 3.4.2, three of the irradiation thimbles (V10, VI 1, and V12) are
located in the reflector portion of the reactor, while the others are positioned at the core
edge (V14) and at the core center (V15 and V16). The thimbles are fitted with a set of
reentrant tubes connected to a separate D20 cooling system which circulates a flow of 45
liter/min downward through the center and upward through the outer annular region of each
tube. Samples are placed in aluminum capsules which are immersed in the DeO for cooling.
Each capsule is attached to the end of a 10 meter length of 6 mm diameter aluminum tubing
which is used to lower the sample capsule into the reactor and to withdraw it after the
irradiation. In addition, this tubing can be used to vent the capsule, to fill it with gas for heat
transfer, and to bring out a pair of thermocouple leads, if desired. A hydraulic "rabbit" is also
available at Facility V11 which permits rapid insertion and retrieval of samples for preciselytimed irradiations of short duration.
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Table 3.4.1. HFBR Statistics

Reactor power
Total fast neutron flux, fuel region
Maximum thermal flux, reflector
Activc core volume

30 million watts"
1.2x1015 n.cmZs 1 "
5.2x1014 n.cmZs _ "
97 liters

Active hcight of core
Diameter of core (equivalent cylinder)
Number of fuel elements in core
Dimensions of fuel element
Cross section (19 fuel plates)
Length of 2 outer fuel plates
Length of 17 inner fuel plates
Total length of fuel element
U-235 content of fuel element
Total U-235 loading
Reactor coolant
Total coolant flow rate
Maximum operating coolant pressure
Maximum operating coolant temperature
Maximum temperature at fuel element surface
Number of control rods
Dimensions of control rod cross section
(rods are right angle shape)
Length of main rods
Length of auxiliary rods
Neutron absorber in rods
Diameter of spherical portion of reactor vesscl
Diameter of neck of reactor
Thickness of thermal shield (lead and steel)
Minimum thickness of biological shield
(heavy concrete)

52.7 cm
47.8 cm
28

"Current power at 30 MW with t.,,tal neutron
of 5.2x10 _4n.cm2.s _ at the reflectc.'.

8.113x7.163 cm
58.4 cm
52.7 cm
154.4 cm
351 g
9.8 kg
Heavy water (D20)
1150 iiters/sec
250 psig
65°C
=175°C
16
7.6x7.6xl.78 cm
102.9 cm
31.8 cm
Dy203 and EuzO 3
208.3 cm
121.9 cm
22.9 cm
243.8 cm

flux of 1.2x10 is n.cmZ.s _ and thermal neutron
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3.3.3.1 Safety Requirements for Experiments
Ali proposed irradiations are reviewed by the Research Coordinator for their potential
impact on reactor safety. Proposed irradiations of samples which might cause large reactivity
changes or present unusual hazards, such as those involving fissionable materials, or materials
which can decompose and react with vessel components or reactor coolant, must be reviewed
and approved by the Reactor and Critical Experiments Safety Committee before they can be
placed in the reactor.
The safety limits on experiments to be inserted into the reactor vessel experimental
facilities (beam tubes and irradiation thimbles) are based upon two essential considerations.
The first two of these is that the maximum reactivity associated with any material to be
inserted or removed from the reactor must not be so large that the instantaneous insertion
or removal of the material could cause a nuclear transient which would damage the reactor.
The second basic consideration is that ali experiments to be inserted into the reactor vessel
experimental facilities must be of such a nature and constructed in such a way that in no
circumstances will the containing beam tube or thimble in the vessel be damaged.
In general, experiments to be conducted at the HFBR shall be designed and operated
in such a manner that:
1.

The safety of personnel working in the area is not compromised.

2.

Reactor safety can be maintained under ali credible conditions created by the
experiment (whether normal or abnormal), such that the reactor is not damaged and
radioactive releases to the environment are always kept below acceptable limits.

3.

Each experiment does not interfere with the operation of any of the others.

4.

A preplanned procedure exists for decommissioning each experiment and removing
the equipment from the reactor building.
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Experiments in beam tubes, irradiation thimbles or elsewhere around the reactor,
which potentially could exceed the envelope of reviewed conditions discussed above, or which
might present new and unique hazards, will be regarded as "unreviewed hazards." Under the
general terms of the prime contract between Associated Universities, Inc. and DOE, and in
accordance with pertinent sections of the DOE Manual, such "unreviewed hazards" must be
referred to DOE for concurrence before they are permitted at the HFBR.

Ali types of

experiments that have been placed in and around the reactor have been reviewed by the BNL
Reactor Safety Committee (RSC), and each new experiment proposed which falls outside the
envelope of conditions previously approved will also be reviewed by the Safety Committee.
The DOE Brookhaven Office is kept informed on a continuous basis of the experimental
program and of the reviews and actions of RSC.
Safety is a line responsibility from the Director of the Laboratory to Department
Chairmen.

Each investigator at the HFBR is directly responsible to the Chairman of the

Department

with which he is associated to conduct his experiment in accordance with

prevailing safety regulations.

In general, the investigator has the prime responsibility for

planning, designing, fabrication, testing, operation, maintenance, and ultimate disposal of ali
equipment required exclusively for his experiment.

The investigator is responsible for

conforming to appropriate safety standards, and for furnishing ali information required for
safety review by others.
lt is the responsibility of the Reactor Division Research Coordinator to work with the
investigators to assure that the HFBR facilities are used to the best advantage and in such
a manner to guarantee the safety of the reactor. The Coordinator will aid the investigators
in obtaining safety approval for their proposed experiments, seeking expert opinion where
necessary to substantiate

recommendations made to the RSC.
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For this purpose the

Coordinator

will generally call upon an Experiments

Review Team

consisting of

representatives from the Reactor Operations Group, Safety and Environmental Protection,
and others from the Reactor Division wb._ aic familiar with experimental facilities and reactor
characteristics.

3.4.4.

Operating Schedule.
The HFBR is normally operated 24 hours per day for approximately 18 days. At the

end of that time, the reactor is shut down for a period of 7 to 10 days for refueling and
maintenance. Seven of the 28 fuel elements are normally discharged from the core and are
replaced by fresh fuel during each shutdown period.

3.4.5. Supporting Services and Facilities
The experimental facilities also include laboratories, a computing room and health
physics office.

A radial 18,000 kg traveling beam crane serves this area. A hot cell for

opening irradiated target capsules is currently under construction in the Operational Area.
Truck and fork lift access is provided by two separate air locks. A balcony above the main
floor is available for observation and accommodates washrooms, offices, and air conditioning
equipment. A machine shop is located adjacent to the main level outside the containment
building.

3.4.6.

Administrative and Service Contacts
Irradiations can be scheduled by contacting
Dr. David Rorer, Deputy Head
Reactor Division
Brookhaven National Laboratory
Upton, NY 11973 (516) 282-4056 or 4436
3.4.10

Dr. Norman Holden,
HFBR Research Coordinator
(516) 282-5204

Figure 3.4.1. Calculated neutron flux distributions (at 40 MW power) as a function
of radial distance from the center of the HFBR core.
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3.5.1.

General
The High Flux Isotope Reactor (HFIR) is a versatile 85-MW radioisotope production

and test reactor with the capability and facilities for performing a wide variety of irradiations.
The HFIR is unique in the sense that it provides the highest steady-state thermal neutron
fluxes available in any of the world's reactors, and neutron currents from the four horizontal
beam tubes are among the highest available. Although the primary purpose of the HFIR was
(and is) the production of transuranium isotopes, many experimental irradiation facilities were
provided for in the original design, and several others have been subsequently added.
Construction of the HFIR was completed in 1964 and criticalitywas achieved in August 1965.
Low-power operation began in January 1966, and full-power (100 MW) operation was
achieved in September 1966.

In November 1986, HFIR was shut down for safety

considerations; it resumed routine operation in July 1990.

The concern over vessel

embrittlement has resulted in reduction of the reactor power to 85 MW. Accordingly, ali
neutron flux values and nuclear heating rates in this document should be reduced by a factor
3.5.
!

of 0.85, except where otherwise noted. The recent improvements during the extended
shutdown have significantly enhanced the capability of the HFIR to perform material
irradiation testing by providing the capability to accommodate up to 2 instrumented target
capsules and eight large diameter irradiation capsules in the removable beryllium section.

3.5.2.

Description of Reactor
The HFIR is a beryllium-reflected, flux-trap type reactor. It is cooled and moderated

by light water, and it uses highly enriched _3SU(93%) as the fuel. The reactor core assembly
is contained in a 2.44 m diameter pressure vessel located within a pool of water. Figure 3.5.1
shows the location of the pressure vessel within the reactor pool and sora

:d the

experimental facilities. The top of the pressure vessel and the reactor horizontal midplane
are 5.18 and 8.38 m below the pool surface, respectively. The control-rod drive mechanisms
are located in a subpile room beneath the pressure vessel. These features provide the
necessary shielding for working above the reactor core as well as greatly facilitating access to
the pressure vessel, core, and reflector regions. The vertical cross-sectional view of the HFIR
pressure vessel and core are shown in Figure 3.5.2. The reactor core, illustrated schematically
in Figure 3.5.3, consists of a series of concentric annular regions, each approximately 61 cm
high, with a 12.7 cm in diameter cylindrical cavity (flux trap) at the center. The fuel region
is composed of two concentric fuel elements as shown in Figure 3.5.4. The inner and outer
elements contains 171 and 369 fuel plates, respectively. The fuel plates are 13 mm thick and
are curved in the shape of an involute, thus providing a constant coolant channel width. A
typical fuel (U3Os-AI) cermet contains 9.4 kg of 23SUand 2.8 g of I°B. The average core
lifetime is approximately23 days at 85 MW.
The fuel region is surrounded by a concentric ring of beryllium reflectors
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approximately 30 cm thick. This in turn is subdivided into three regions: (1) the removable
reflector, (2) the semipermanent reflector, and (3) the permanent reflector, as shown in
Figure 3.5.5. The beryllium is surrounded by a water reflector of effectively infinite thickness.
In the vertical direction the reactor is reflected by water. The control plates, in the form of
two concentric cylinders, are located in an annular region between the outer fuel element and
the beryllium reflector. These plates are driven in opposite directions. Reactivity is increased
by downward motion of the inner cylinder, which is used only for shimming and regulation;
that is, it has no fast safety function. The outer control cylinder consists of four separate
quadrants, each having independent drive and safety release mechanism.

Reactivity is

increased as the outer plates are raised. Ali control plates have three regions of different
poison content designed to minimize the axial peak-to-average power-density ratio throughout
the core lifetime.

3.5.3. Irradiation and Experimental Facilities
In addition to the central flux trap, which at present is used primarily for production
of transplutonium isotopes, there are several other irradiation facilities, ali of which are
located in the beryllium reflector. Figures 3.5.6 and 3.5.7 show the HFIR irradiation facilities
which include the following:
1. Hydraulic Tube Facility (HT)
2. Target Positions (TP)
3. Peripheral Target Positions (PTP)
4. Facilities at the Beryllium Reflector (RB, CRAP and VXF)
5. Neutron Activation Facilities
6. Beam Tubes

3.5.3

7. Engineering Facilities
The neutron flux values for various facilities are given in Figures 3.5.8 and 3.5.9, and
Tables 3.5.1 and 3.5.2. These unperturbed values were obtained prior to the November 1986
shutdown at 100 MW, primarily from one-dimensional 33-group diffusion theory calculations
supplemented

by a limited number of two-dimensional

four group diffusion theory

calculations. The calculated unperturbed fluxes are accurate to within 15% of the actual
values in regions away from the control rods. The accuracy of calculated values near the
control region is probably somewhat more uncertain, especially with regard to the thermalneutron flux values at the beginning of the fuel cycle when the control rods are partially
inserted. Therefore, prot;pectiveusers of experiment facilities located near the control region
would be well advised to give appropriate consideration to the accurate assessment of neutron
flux values therein if accuracy is a program requirement.
that experiments

in one facility can perturb

Further, it should be recognized

the fluxes in closely adjacent facilities.

Prospective experimenters should give appropriate consideration to these factors.

Three

standard capsule designs are available which are adaptable to a wide variety of requirements
for the irradiation of both fuels and materials.

3.5.3.1. Hydraulic
Tube Facility
(Irl')
The hydraulic
tubefacility
whichislocated
intheveryhighfluxregion
oftheflux
trap
allows
forinsertion
and removalofsamples
whilethereactor
isoperating.
Thesepositions
areallocated
toresearch
conducted
byORNL Nuclear
Medicine
Group.The hydraulic
tube
facility
consists
ofninevertically
stacked
capsules
centered
just
adjacent
tothecorehorizontal
midplane.
Thisfacility
was originally
located
in thecenter
of fluxtrap(Figures
3.5.6
and
3.5.7).
DuringtheHFIR upgrade,
however,
thehydraulic
tubefacility
was movedoffcenter
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from location D-4 to B-3, see Figure 3.5.7. The water-pressure-drops that exist in the primary
coolant system are utilized as the driving forces for moving the capsules through the system.
The most recent design of HT capsule is shown in Figure 3.5.10. Capsules 1 and 9 have a
different design and are not used for target materials, but track the stringer entry and exit by
monitoring of the Cherenkov glow. Normally, the heat flux at the surface of the capsule, due
to neutron and/or gamma heating of the capsule and its contents, is limited to 2.52 x 105
W/m2. Furthermore, the neutron poison content of the facility load is limited such that the
reactor is not subjected to a significant reactivity change during the insertion or removal of
capsules. The absolute and relative thermal and fast neutron fluxes in HT array are shown
in Figure 3.5.9.

3.5.3.2. Target Positions (TP)
Thirty target positions in the flux trap are provided (see Figure 3.5.7). Normally these
positions are occupied by target rods used for the production of transplutonium elements, but
other targets can be irradiated in any of these positions. The targets in these positions are
cooled by primary system water at a velocity of about 12.80 m/s under normal full flow
conditions. Excessive neutron poison loads in experiments in target positions are discouraged
due to their adverse effects on both transuranic production rates and fuel cycle length. Such
experiments require careful coordination with and accommodation to the requirements of the
transuranium production program. During the recent upgrade of the HFIR, provision was
made for accommodating access tubes or instrument leads for three target positions. A
relatively inexpensive target capsule for the target region has a dimension of 1.35x50.8 cm
(dia. x length), a typical design is shown in Figure 3.5.11-A. At 85 MW power, the perturbed
peak total neutron flux in the target region is 4.4 x l0 ts neutron.cm2.s t with the perturbed
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peak fast-neutron flux (En > 0.183 MeV) of 1.0 x 1015n.cm2.s1. The variation with time of
the horizontal midplane thermal-neutron fluxes throughout the flux trap region is shown in
Table 3.5.1. These values apply to the condition wherein no peripheral target position
experiments are installed. Installation of six "typical" peripheral target position experiments
depresses the thermal-neutron flux to the extent of 7 to 15% within the flux trap, depending
on the particular location. However, the corresponding effect on the fast-neutron flux (E >
0.183 MeV) is insignificant (see Reference 1 for details). Calculated y-heating rates in Al
for the TP facilities are given in Table 3.5.3 (y-heating rates are symmetric about the
horizontal midplane).

3.5.3.3. Peripheral Target Positions (PTP)
Six peripheral target positions are located at the outer radial edge of the flux trap (see
Figure 3.5.7). Fast-neutron fluxes in these positions are the highest accessible in the reactor
although at this location there exists a steep radial gradient in the thermal-l,eutron flux. At
normal full system flow, a pressure drop of 36 psi (2.48 x 105 Pa) is available to provide
coolant for the experiment. A typical experiment contains a neutron poison load equivalent
to that associated with 200 g of aluminum and 35 g of stainless steel distributed uniformly
over a 50.8 cm length. The PTP experiments containing neutron poison loads significantly
in excess of that described above are discouraged due to their adverse effects on transuranium
production rates, fuel cycle length, and fuel element power distribution. Ali PTP experiments
are noninstrumented.

The irradiation capsule used in the PTP facilities are typically 1.27x61

cm (dia. x length). Specimen temperatures are controlled by controlling the widths of gasfilled heat conductive gaps between the specimens and the specimen holder.
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V

3.5.3.4. Irradiation Facilities in the Beryllium Reflector
Numerous vertical irradiation facilities of various sizes are located throughout the
beryllium reflector. These facilities include large and small removable Beryllium Reflector
facilities (RB), Control-Rod Access Plug Facilities (CRAP) and Vertical Experiment Facilities
(VXF).

These facilities can accommodate either

instrumented

or noninstrumented

experiments with the exception of the CRAP and small RB facilities which can not provide
instrumentation.

When not in use, these facilities contain Be plugs. A pressure drop of 10

psi (6.89 x 104Pa) at full system flow is available in these facilities for primary cooling of the
targets. The variation with time of the horizontal midplane thermal-neutron fluxes in the
various experiment facilities in the beryllium reflector is shown in Table 3.5.2. Axially, these
fluxes are approximately cosine-shaped and, with the exception of those in the RB facilities,
which are essentially symmetric about the horizontal midplane. At the start of the fuel cycle,
the axial shape of thermal-neutron

flux in the RB facilities is slightly skewed toward the

bottom of the core; however, at the end of the cycle it becomes essentially symmetric about
the horizontal midplane. Table 3.5.2 also gives the fast-neutron flux (E,>0.183 MeV) values
at the horizontal midplane for the facilities. Axially, these fluxes are cosine-shaped and are
essentially symmetric about the horizontal midplane.

Removable Beryllium Facilities (RB)
Eight large removable beryllium facilities (designated RB-lA&B, RB-3A&B, RB5A&B, and RB-7A&B) are located in the removable beryllium near the control region (see
Figure 3.5.6). The vertical centerline of these facilities is located 27.31 cm from the vertical
centerline of the reactor. These facilities are lined with a permanent aluminum liner having
an inside diameter of 4.60 cre. Either instrumented or noninstrumented experiments can be
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irradiated in these facilities.

Instrument

leads and access tubes are accommodated

removable plugs in the upper shroud flange and through special penetrations

through

in the pressure

vessel upper cover. When not in use, these facilities contain beryllium plugs. To date, these
particular facilities have been used primarily for HTGR fuel irradiations

and production

of

radioisotopes.
Four small removable beryllium facilities (designated
are located

in the removable

vertical centerline
reactor.

These

noninstrumented
radioisotopes,

beryllium near the control

RB-2, RB-4, RB-6, and RB-8)
region (see Figure 3.5.6).

of these facilities is located 26.35 cm from the vertical centerline
unlined

facilities

experiments.

The
of the

have an I.D. of 1.27 cm and can accommodate

These

facilities are used primarily

only

for the production

and when not in use, these facilities contain beryllium plugs.

Experiments

of
in

RB facilities are carefully reviewed with respect to their neutron poison content.

Control-Rod
The

Access Plug Facilities (CRAP)
semipermanent

beryllium

contains

four

Figure 3.5.6), which provides

access to the coupling

associated drive mechanisms.

Each standard control-rod

I.D., unlined

irradiation

other configurations

between

access

plugs

access plug contains two 1.27 cm

standard irradiation

(designated

in them.

The vertical centerlines

rod access plug facilities are located 32.2 cm from the vertical centerline
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CR-1

target rods of the

used in small RB positions, although, in principle, experiments
can be accommodated

(see

the safety rods and their

facilities, making a total of eight in the reactor

through CR-8). Normally, these facilities accommodate
type and configuration

control-rod

having

of ali control-

of the reactor.

Vertical Experiment Facilities {VXF)
The permanent reflector is penetrated by sixteen vertical holes, referred to as the
small vertical experiment facilities, which extend completely through the beryllium. Each of
these facilities has a permanent aluminum liner having an inside diameter of 4.02 cm. The
facilities are located concentric with the core on two circles of radii 39.2 cm and 44.1 cm,
referred to as inner and outer small VFXs, respectively (see Figure 3.5.6). VXF-7 (Figure
3.5.6) contains a pneumatic irradiation facility and is unavailable for other use.

Either

instrumented or noninstrumented experiments can be irradiated in these facilities. Instrument
leads and access tubes to experiments in these facilities are accommodated through special
penetrations in the pressure vessel upper cover.
The permanent reflector is penetrated by six vertical holes referred to as the large
vertical experiment facilities (see Figure 3.5.6). These facilities are similar in ali respects to
the small VFXs facilities described above except for location and size and neutron fluxes.
The aluminum liners in the large VXFs have an inside diameter of 7.20 cm, and the facilities
are located concentric with the core on a circle of radius 46.3 cm. These facilities can be
provided with temperature and pressure instrumentation as well as a sweep gas system which
provides a means of temperature control using adjustable mixtures of high purity inert gases.
Large neutron poison loads in these facilities are of no particular concern with respect to fuel
element power distribution perturbations or effects on fuel t.Tcle length because of their
distance from the core.

3.5.3.5. Neutron Activation Analysis Laboratory and Pneumatic Tube Facilities
"lhc HFIR pneumatic tube facilities are designed for irradiation of small samples in
plastic or graphite capsules for accurate time intcn,als of a few seconds to 10 minutes. The

3.5.9

pneumatic facilities are in the permanent beryllium reflector, the capsule loading and
unloading station is located in the experiment room of the neutron activation laboratory. The
capsules are inserted into the reactor and returned to the laboratory using compressed air.
The neutron fluxes and thermal to fast ratios for the two NAA facilities are given below.

Neutron Flux, n.st.cm 2
Facility
Thermal

Thermal/Fast (> 1 MeV)

A

2.3 x I0 t4

40

B

5.5 x 1013

200

3.5.4. Operating Schedule
Fuel cycles for the HFIR operating at full 85 MW power have ranged from 21 to 23
days (depending on the experiment and radioisotope load in the reactor) followed by an endof-cycle outage for refueling.

A typical end-of-cycle refueling outage lasts "4-6 days;

however, outages are occasionally extended as required to allow for control plate changeout,
calibrations, maintenance, and inspection.

Experiment insertion and removal may be

accomplished during any end-of-cycle outage. Interruption of a fuel cycle for the purpose of
experiment installation or removal is strongly discouraged. Deviations from the schedule are
infrequent and are usually due to periodic changeout of major reactor components, reactor
and experiment component malfunctions, etc.

3.5.4.6. Beam Tubes: Four horizontal beam tubes which originate in the beryllium reflector.
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3.5.4.7. Engineering Facilities: Four slant access facilities located adjacent to the outer edge
of the beryllium reflector.

3.5.5.

Supporting Services and Facilities
Several hot cell facilities available at ORNL include the High-Radiation-Level

Examination Laboratory (HRLEL), the Segmenting Cells, and the Physical Examination Hot
Cells.

HRLEL is used for post-irradiation

mechanical disassembly and physical and

metallurgical examination of highly radioactive materials. The quantities of Pu that can be
handled are limited only by criticality considerations.

Installed examination equipment

includes complete metallography equipment, shielded electron microprobe analyzer, a shielded
scanning electron microscope (SEM), and _n SEM with nondispersive X-ray detection
capabilities. The disassembly equipment includes a mill, hacksaw, bandsaw, and abrasive saws.
Supporting photographic darkrooms, labs, shops, and change rooms are provided.
The Segmenting Cells are used for the post-irradiation mechanical disassembly of
nuclear fuel elements and experiments up to 6.10 m long and 50.8 cm in diameter; some tests
(tensile, bend, dimensional measurements, and others) are made in them, but most of the
experiment parts are transferred to other cells for detailed examination.
The Physical Examination Hot Cells are used mainly for mechanical property testing
of irradiated materials. Other services available to reactor experimenters at ORNL include
engineering and maintenance services, instrumentation services, and chemical analysis and
activation analysis services.

3.5.11

3.5.6. Administrative and Service Contacts
R. W. Hobbs, HFIR Experimental Coordinator
Building 7910, MS 6387
Oak Ridge National Laboratory
P.O. Box 2008
Oak Ridge, TN 37831
(615) 574-8789, (FTS) 624-8789
For service irradiations and availability of radioisotopes contact
E. D. Collins
Building 7930, MS 6385
(615) 574-6928, (FTS) 624-6928
R. L. Cline, ORNL Isotopes Distribution Office
Building 3037, MS 0204
(615) 574-6995, (FTS) 624-6995
For advice on the production and availability of medical radioisotopes contact
F. F. (Russ) Kr,app, Nuclear Medicine Group
Building 3047, MS 6022
(615) 574-6225 (FTS) 624-6225
FAX: (615) 574-6226
S. Mirzadeh, Nuclear Medicine Group
Building 3047, MS 6022
(615) 574-8399 (F'I_) 624-8399
FAX: (615) 574-6226
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Figure 3.5.2. Vertical cross-section of the HFIR pressure vessel and core
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Figure 3.5.7. Irradiation positions in the HFIR Flux Trap
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3.6.0.

MASSACHUSE'VI'S INSTITUTE OF TECHNOLOGY
RESEARCH REACTOR--MITR-II
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Reactor Description
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Supporting Services and Facilities
Administrative and Service Contacts

3.6.1.

General
The Massachusetts

serving

the research,

Technology

(M.I.T.)

Institute of Technology

teaching,

and radioisotope

and the surrounding

July 21, 1958. The MITR-I was operated
until May 1974, when it was shutdown
in 1976. The MITR-II

is also an M.I.T. design.

(MITR)

of Massachusetts

has been
Institute

of

since criticality was first achieved on
from July 1959

for modification and overhaul which were completed

was performed

The MITR-II

needs

Reactor

routinely on a three-shift schedule

is now in routine three-shift

The original construction
on a design by M.I.T.

community

Research

operation.

by ACF Industries,

Inc., in 1956-58, based

has the same 5 MW power level as its predecessor

The principal change is the adoption

improve the intensity and the thermalization

and

of a compact core in order to

of the beam tube fluxes in the D20 moderator.

The new core design also provides a relatively good capability for fast neutron irradiations incore.

These and other facilitics for irradiation

and experiment

purposes

enable the MITR

to continue even more effectively its role in supporting the research and teaching programs
of the many departments

at M.I.T. including

Nuclear Engineering,

Materials Sciences, Earth and Planetary Sciences, Nutrition
Engineering.

3.6.1

Physics, Metallurgy and

and Food Science, and Chemical

Since July 1976, the MITR has been part of a new interdepartmental laboratory, the
Nuclear Reactor Laboratory.

This change in the administration of the major facility is

expected to facilitate the use of this facility by ali M.I.T. departments and to provide a center
for research related to the Reactor.

Of particular interest to those outside the M.I.T.

community is that the Institute welcomes and encourages use of the numerous, and in some
cases unique, facilitie_ by local industry, hospitals, and other universities.
The neutron and gamma fluxes of the MITR exceed those of most large research
reactors found on university campuses and are comparable to ali but a very few of the special
reactors found in national laboratories.

This makes possible a great variety of research

activities, such as the following:
• Neutron and nuclear physics
• Reactor physics and engineering
• Cross-section measurements
• Solid-state studies based on neutron scattering
• Physics of neutron-capture process
• Activation analysis and radiochemistry
• Radiation-induced biological effects
• Research with short-lived radioisotopes
• Radiation-catalyzed chemical reactions
• Radiation effects (electronic, physical, and mechanical)
• Radiation therapy
Research in ali of these areas has been, or is now being, carried out. In addition to
the use of ports and other facilities for such activities, large quantities of radioisotopes are
pioduced for medical applications and other purposes.

3.6.2

3.6.2.

Reactor Description
The MITR-II is a tank-type reactor, having in fact two tanks. The inner tank is for

the light water coolant-moderator, and the outer tank for the heavy water reflector. As may
be seen in Figure 3.6.1, the fuel elements of fully-enriched (93%) uranium are positioned in
a hexagonal core structure, 15" across, at the bottom of the core tank. Power is controlled
by six shim blades and an automatic regulating rod. The two-foot-thick graphite reflector and
most other features of the original MITR-I external to the core have been retained. The
pressure in the system is nearly atmospheric, and the temperature just slightly over 100*F.
An exterior shield of dense concrete makes it possible for research workers and students to
conduct experiments and training with minimal radiation hazards.

3.6.3.

Irradiation and Exl_rimental Facilities
The arrangement of most of the experimental facilities of the MITR-II is shown in

Figure 3.6.1 These facilities include:
1. Horizontal Neutron Beam Porls
2. Thermal Column
The 5'_' thermal column conducts a stream of neutrons to special facilities (breeder
blanket, cold neutron source, and positions for irradiation with fast or well-thermalized
neutrons).
3. Vertical Thimbles in the Graphite Reflector
Vertical thimbles in the graphite reflector are of special design which permit insertion
of samples into the core.
4. lh-core Vertical Thimbles

3.6.3

5. Horizontal-radial Vertical Beam Ports
These facilities include a pneumatic rabbit facility.
6. Medical "l'herapy Facility
The Medical Therapy Facility located below the Reactor is a shielded surgical room
for the use of neutron beams in medical therapy, in biomedical research, and in other
experiments requiring a minimum of gamma radiation and/or large volumes.
The facilities which are most useful for radioisotope production are the in-core
vertical thimble, the horizontal-radial beam ports 6RH1 and 6RH2, which include the
pneumatic rabbit facility - 2PH1, and the vertical thimbles in the graphite reflector, 3GV1-6.
The first two provide high fluxes of fast, epithermal, as well as thermal neutrons.
the 3GV facilities, provitte primarily thermal neutrons.

The third,

A summary of neutron fluxes and

other basic information regarding these three irradiation facilities is given in Tables 3.6.1 to
3.6.3. In these facilities oae or several samples may be irradiated for the desired time. The
user usually furnishes the sample materials in a suitable inner irradiation container and also
an approved carrying or shipping container for transportation of the radioactive products.
If necessary, a few such containers are available for short-term loans at a nominal charge.
When items require instrumentation, controlled atmospheres, temperature regulation, etc.,
during irradiation, a reasonable amount of space for this equipment is included in the
irradiation charge. Gamma irradiations may be carried out either in the reactor or in the
spent fuel storage tank.

Irradiation by charged particles is also possible by means of

appropriate nuclear reactions such as (n,p) and (n,a).

3.6.4

3.6.4.

Operating Schedule
Currently, the MITR-II operates 24 hours per day with three shifts for 90-100 hours

pcr week, normally shutting down on weekends. Scheduling of irradiationscan generally be
timed to suit the convenience of the experimenter.

3.6.5. Supporting Services and Facilities
Utilization of the M.I.T. Reactor may be classified into two general categories, each
of which is effectively supported as needed by a broad range of services and facilities.
Various research projects are continually in progress at the MITR. Such work is customarily
supported by contracts or grants, and these may be submitted and administered either by the
Nuclear Reactor Laboratory or by other departments/programs of M.I.T. A limited amount
of funding is usually available to help defray the costs of utilization by M.I.T. and non-M.I.T.
researchers who do not have financial support for this purpose.
Reactor users may benefit from a variety of excellent services and facilities available
in the Nuclear Reactor Laboratory. lt is the purpose of the professional and technical staff
to provide ali necessary assistance to participants, whether associated with the Institute or not.
Such aid would extend to use of other M.I.T. facilities as weil, such as the computers,
research equipment, stockrooms, etc. Within the Nuclear Laboratory is a professionally
staffed trace analysis laboratory for instrumental and/or radiochemical activation analysis. The
facilities also include a well-equipped machine, electronics and welding shops, local
stockrooms, a hot cell, a low-level counting room, and a health physics laboratory.
While the Reactor is use ,_ primarily to serve the research and teaching needs of
M.I.T., the Institute recognizes an obligation to help meet the requirements of industry,
hospitals, and other universities in the area, and welcomes the opportunity to do so. Charges
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are made to help defray costs of salaries and wages for the 25-person
insurance,
Nuclear

and other expenses for operating
Reactor

Laboratory

advance of the intended

Headquarters

irradiation

(a)

"M.I.T. Reactor Irradiation

(b)

An M.I.T. Radioisotope
Byproduct
authorization

(c)

Material

the reactor.

date.

Potential

users should contact the

Office (see address

in Section

The following must be submitted

Request" giving details of the intended

Procurement

License

(Form

Reference

Number,

NRC374)

from

to receive the amount of radioactivity

An M.I.T. Requisition

staff, and of supplies,

3.6.6) well in
in ali cases:

irradiation.

or a copy of the user's

the

user,

showing

NRC

requested.

to cover the estimated costs, or a company purchase order for

the same purpose.

3.6.6.

Administrative and Service Contacts
Otto K. Harling, Director
MIT Nuclear Reactor Laboratory
138 Albany St.
Cambridge, Massachusetts 02139.
(617) 253-4201
FAX
(617) 253-7300

Potential users should contact the Nuclear Reactor Laboratory
at the address below for additional information.
Nuclear Reactor Laboratory, M.I.T.
Attention: Headquarters Office
138 Albany St.
Cambridge, Massachusetts 02139.
(617) 253-4199
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Headquarters

Office

Table 3.6.1. MrI'R In-Core Vertical Thimbles

Neutron Flux:
Thermal
Fast (E > 1 MeV)
Epithermal (0.4 ev -5 keV)

2-3 x 1013n.cm2.s "1
- 1013n.cm2.s "l
";x 101_n.cm'2.s"1

Target Dimensions:
Up to -2" diameter x 24"long.
Target Handling Systems:
At present, insertion and removal are done manually with the reactor shutdown.
Remote movement with the reactor operating could be designed for some specimens
providing they meet the safety requirements.
A 2-bay hot cell and a cask for transferring specimens from the reactor top area is
available on the main reactor floor.
Target Requirements:
Cooling needs to be provided for up to 2.4 w/g. Heat may be removed with the core
cooling water by conduction through the thimble wall.
Irradiation Periods:
Maximum - no limit up to "1 year.
Minimum - a practical limit of a few days because reactor shutdown is required to
remove the specimen. Automated handling could be designed for shorter irradiation
periods.
Costs:
Our facility costs are based on a one time usage primarily. Costs for extended or
routine use of a facility are negotiable.

3.6.7

Table 3.6.2. Horizontal-Radial Beam Ports (6RH l* and 6RH2) including
Pneumatic Rabbit Facility (2PH1)* at the MITR
Neutron Flux:
Thermal
3-6 x 1013n.cm2.s "1
Epithermal (Gold Measurement)
1.5 x 1011n.cm2.s "1
Epithermal Gold-Cd ratio
15-33
Fast (E > 1 MeV)
3.3 x 1012 n.cm2.s 1
The fluxes in 6RH2 and 2PH1 are comparable.
Target Dimensions:
Pneumatic rabbit (2PH1) 1.3" O.D. x 6" long
Beam Port - 6RH2 2" O.D. x 6" long
Target Handling Systems:
Pneumatic Rabbit - Samples inserted and removed by a fast ( ""1 second) pneumatic
system. The samples eject into a hot cell with a maximum capacity of a few curies.
Remote handling for repackaging and loading into a cask is provided.
Beam Port- 6RH2 - No handling facilities are installed. Space is available externally
for a shielded handling facility.
Target Requirements:
Cooling needs to be provided for approximately 1 Watt/gm. The Pneumatic Rabbit
is limited to a sample mass of -"30 gm maximum.
Irradiation Periods:
Maximum - the pneumatic rabbit requires that the sample be ejected and the
polyethylene rabbit changed every 8 hours, otherwise no limit. A metal rabbit could
be used which would not require replacement.
Minimum - a few seconds for the pneumatic rabbit. An irradiation period of less than
-5 s would have a relatively larger uncertainty.
Costs:
The irradiation costs for the pneumatic rabbit are $30/hour with a 6 hour minimum
and a handling charge of $60 for the first rabbit, $40 for the second, and $20 for
subsequent ones. No costs for the 6RH2 facility have been developed and would
depend on use.
*Note that the Pneumatic Rabbit Facility 2PH1 is installed in the 6RH1 Beam Port. This
precludes other irradiations in 6RH1.

3.6.8

Table 3.6.3. Vertical Thimbles in Graphite Reflector (3GV2, 4, 5 and 6) at the MITR
Neutron Flux:
Thermal
Epithermal (cobalt measurement)
Epithermal
Au-Cd ratio

4-8 x 1012 n.cm2.s q
7 x 10l° n.cm2.s "1
220

Target Dimensions:
Maximum

3.25" O.D. x 30" long (without cooling jacket)
2.75" O.D. x 30" long (cooling jacket installed)

Target Handling Systems:
Manual insertion and removal at present
Automatic changing could be accommodated
Target Requirements:
Four of the 3GV facilities have a water cooled jacket with cooling temperatures
" 50°C. However, cooling jackets may be removed for larger irradiation volumes.
The 3GV facilities without cooling may have temperatures of 100-200°C.
Irradiation Periods:
Maximum - Polyethylene vial limit -48 hours. No limit if in metal container.
Minimum - -one min with manual handling. Removal only with reactor shutdown.
Costs:
The irradiation costs for the vertical thimbles (3GV) are $300/day with a half day
minimum for the facility and $180 for each sample insertion and removal.
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Figure 3.6.2. Expanded

view of the horizontal
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cross-section

of the MIRT-II
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3.7.1.

General

REACTOR

--

The University of Missouri Research Reactor (MURR) is the highest power, highest
neutron flux reactor at a university in the United States.

The reactor is a light water

moderated, flux trap design with 10 MW at peak power. The facility is operated by the
University of Missouri for the four campus system and is located in the University Research
Park in Columbia, Missouri. The reactor was licensed by the Atomic Energy Commission on
October 11, 1963. Criticality was attained on October 13, 1966, and a power level of 5 MW
was attained on June 30, 1967. The present licensed power level of 10 MW was attained on
July 18, 1974.
The University of Missouri-Columbia Research Reactor Facility is a service facility.
Services are available to ali that have the need in the following priority:
•

University of Missouri

•

Other Missoari educational institutions

•

Out-of-state educational institutions

•

Federal and state agencies

•

Out-of-state industry

3.7.1

The Facility is supported by the people of the state of Missouri and the federal
government. In addition, some operating expenses are offset by service provided to industry.
3.7.2.

Reactor Description
The reactor core is a cylindrical annulus having an inside diameter of approximately

150 mm, an outside diameter of 300 mm and an active fuel height of 600 mm, Figure 3.7.1.
The core is fueled with eight plate-type fuel elements containing 6.2 Kg of fully enriched U235. This annulus of fuel is enclosed in the reactor pressure vessel and water-cooled by
forced circulation.
The reactor is reflector-controlled by four boron-eluminum shim blades and one
stainless steel regulating blade forming a segmented cylinder between the core and beryllium
reflector. The reactor reflector consists of a 70 mm thick beryllium cylinder followed by 230
mm of graphite.

The reactor pressure vessel and reflector assembly are situated near the

bottom of a 9 meter deep by 3 meter diameter pool of demineralized light water. The pool
is lined with aluminum and surrounded by a heavy aggregate concrete biological shield. The
reactor facility is housed in a dual purpose building having in excess of 4,700 square meters
of floor space. One section contains the reactor and its equipment areas, and the other
section houses the administrative offices, shops, laboratories, and laboratory associated
facilities.

3.7.3.

Irradiation and F_,xperimentalFacilities
The reactor core and reflector experimental facilities include three 152 mm and three

101 mm diameter beam tubes, numerous graphite reflector irradiation positions, pneumatic
tube systems, and the flux trap as shown in Figure 3.7.2. There are two main regions where
samples are irradiated for radioisotope production.

3.7.2

There is a reflector region that is

accessible at any time for inserting or removing samples. The flux in this region varies from
about lx1012 to lx1014 n.cm'2.st. There is also a flux trap region that is accessible once a
week for inserting or removing samples during the scheduled refueling shutdown. The flux
in this region varies from about lx1014 to 4.5x1014n.cm'2.s"t. A summary of thermal neutron
fluxes at various irradiation facilities of MURR is given in Table 3.7.1. The information
regarding the size of samples and dimension of irradiation capsules is also given in the above
table.

3.7.4.

Operating Schodul¢
The reactor operates 24 hours per day with a scheduled shutdown once a week for

refueling and maintenance, lt operates at 10 MW an average of 150 hours per week. Flux
trap samples may be inserted or removed only on Mondays. Reflector and bulk pool samples
may be inserted or removed at any time. Ali sample positions require advanced reservations.

3.7.5.

Supporting Services and Facilities
Other reactor associated facilities available for experimental use are a thermal column,

the bulk pool, a thermal neutron radiographic facility, and a spent-fuel gamma-irradiation
facility.
The following lists the facilities available and the cost associated with the service. These
provide a general guide only. Users should request a firm price for services for any specific
project.
Costs for reactor services are generally based upon the amount of space, time,and
service position used. The cost for small sample irradiation service will generally be based
upon the number of irradiation units (I.U.) used.

3.7.3

I.U. =_xVxTx(lO
where

n4)

_ = unperturbed

thermal neutron

V = volume of experiment
T = Irradiation
The current
containers

flux in units of neutron/cm2"sec

in cubic inches

time in hours

I.U. cost is $0.716 per I.U.

Most irradiations

are made in standardized

and the cost per unit of fluence are given in Table 3.7.2.

Other Services
Continuous

Irradiations for Isotopes with Half-Lives less than 72 Hours

Neutron

charges for continuous

back-to-back

totalling six (6) hours or less shall be $175. Irradiation
per hour rounded tc, the next highest hour.

short-lived

(<72

hours)

irradiations

time over six (6) hours shall be $10

Ali other charges shall be per the normal charge

schedule.

S_pccial Isotopes
Sodium-24 lhr power plant testing is $5,(X)0 per shipment.
Sulfur-35 is $42.48 pcr Curic calibrated
Phosphorus-32

at reactor discharge.

is $60.82 per Curie calibrated at reactor discharge.

Copper-64

(including production

Copper-64

(including only production)

Coppcr-67

(including

prcxluction

and separation)

is $263 per mCi delivered.

is $57 per mCi delivered (25 mCi minimum).

and separation)

minimum).
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is $2800 per mCi delivered

(0.5 mCi

Shipping
Small disposable DOT 7A container is $27 each (36 x 40 x 35 cm).
Large disposable
Disposable

DOT ',.-_ container

is $60 each (62 cm3).

2" lead shield is $38 each.

Use of DOT-6M

is $65 each.

Rental of uranium shipping cask is $150 for the first 3 weeks and $55 for each subsequent
week.
Rental of tungsten

Encapsulation

insert is $50 for the first 3 weeks, and $35 for each subsequent

week.

Charge

A charge of $60 is made for each standard irradiation capsule which requires welding
and leak testing. The cost for special encapsulations

will be determined

for each special case.

Handling Charge
A handling charge of $65 is made for each shipment or release of samples.

Machine Shop, Electronics Shop and Health Physics
Labor charges are $30 per man-hour,

and materials

are cost plus 10%.

Reactor Shutdown
A charge of $500 will be made for each unscheduled

3.7.5

shutdown

for sample removal.

Bulk Pool Irradiations
Bulk pool experiments

are practically unlimited in size up to dimensions of 20" x 36" x 36".

The available flux and cost will be furnished
irradiation experiment.

on request

The minimum irradiation cost is $1.50 per hour and the maximum flux

is 1.0xl0 _3n.cm2.s "l.

3.5.6.

and is based upon the proposed

Administrative and Service Contacts
Paul D. Miller, Reactor Services Project Specialist
Research Reactor Facility
University of Missouri
Columbia, Missouri 65211
(314) 882-5220
FAX (314) 882-3443
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Table 3.7.2. MURR, NAP Charge Schedule: 1-Jul-89 to 30-Jun-90 °
Dollars per inch per
unit of lxl0 ]7n.cm 2

Sample can diameter

0.400"

$0.025

1.125"

$0.198

1.350"

,0.285

2.35O"

$O.863

3.350"

$1.750

4.350"

$2.950

5.350"

$4.470

"The minimum irradiation charge for the flux trap, reflector, or bulk
pool positions will be $175.00. Charges for service work including
handling will be additional.

Table 3.7.3. MURR, NAP Charge Schedule: 1-Jul-89 through 30-Jun-90
Charges for Pneumatic-tube Irradiations
Cost per single irradiation, $
.UM/Federal General/Industry
10
20
20
40
40
80

Irradiation Period, s
1 to 60 sec
61 to 600 see
601 to 3600 sec
Charges for Neutron Activation Analysis

No. of Samples
Cost per Sam_pie.,$_
a) Full multi-element INAA: (combined short & long irradiations)
1-10
10-24
25-49
50-99

350
250
200
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Total, $

700
500
400

Table 3.7.3.(cont.) NAP Charge Schedule: 1-Jul-89 through 30-Jun-90
No. of Samples
Cost per Sample, $
b) Partial multi-element INAA: (by long irradiation)
10-24
250
25-49
175
50-99
120
c) Partial multi-element INAA: (by short irradiation)
10-24
150
25-49
125
50-99
100
Single element INAA/RNAA
by quotation

Total, $
500
350
240

300
250
200

Charges for Multi-Elemental Analysis of Silicon by Long INAA
No. of Samples
Cost per Sample, $
Total, $
Fewer than 5
charged as 5
1700
5
340
1700
6
305
1830
7
285
1995
8
275
2200
9
265
2385
10
250
2500
N
250/each
N x 250
Note: An extra charge of $75 per sample is made for those experiments requiring
double counting (i.e., counting before and after an etch).
Charges for Boron Analysis in BPSG F'dms
\

No. of Samples
1 through 6
7 through 20
21 or greater

Cost per Sample, $
900 (charged as 6 samples)
135
125

Charges for Labor, Equipment & Supplies
Technical assistance
20/hr
Laboratory usage
50/day
Ge detector/changer
60/day
Nal detector
25/day
Expendable supplies
(includes ordering, cleaning, etc.)
cost + 20%
Note: The charges listed above are given as a general guide only. Actual charges
per sample will depend on the number of samples submitted, suite of elements to be
measured and requested response time.
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3.8.1

General

- OSTR

The initial construction of the OSU Radiation Center was completed in June 1964
consisting of 32,397 square feet of office and laboratory space. The second phase of the
facility was completed in March 1967 and consisted of the TRIGA nuclear research reactor
housed in a 9,956 square foot building adjacent to the existing Radiation Center. Currently,
the OSTR is licensed by the U.S. Nuclear Regulatory Commission to operate at a maximum
steady state power of 1 MW, and can also be pulsed up to a peak power of about 3,000 MW.
In 1975, additional space for teaching, computing, and offices totaling 1,600 square feet was
added to accommodate the rapidly expanding nuclear engineering program, and in 1977
similar additional facilities equaling another 1,600 square feet were added. The Radiation
center complex at present totals 45,553 square feet.
The Radiation Center is a unique institutional facility which serves the entire OSU
Campus as well as other universities in Oregon and throughout the nation.

The center

provides permanent office and laboratory space for the OSU Department

of Nuclear

Engineering, the OSU Radiation Safety Committee, and for the OSU nuclear chemistry,
radiation chemistry, and geo- and cosmochemistry programs. There is no other university
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facility with the combined capabilities
the United States.
the

center

associated

In addition to the 1 MW TRIGA

is currently

measurements

equipped

and nuclear

Ge(Li)

of the OSU Radiation

with

studies, including

detectors

and a Compton

calibration facility for radiation protection
major computer

a great

Center

in the western half of

research reactor with pulsing capability,
variety

of instruments

state-of-the-art
suppression

instrumentation,

for

multichannel

detector

analyzers

both national and international

with

system, an instrument

an X-ray facility, a 6°Co irradiator,

facilities, and a high speed (20,000 frames per second) neutron

facility. The Center is also equipped

radiation

to package radioactive

radiography

materials for transportation

to

destinations.

3.8.2. Reactor Description
The Oregon State University TRIGA

Reactor (OSTR)

pool type of reactor which uses uranium/zirconium
array. The reactor core is surrounded

is a water-cooled,

hydride fuel elements

structural

support

main concrete

by a concrete

(Figures 3.8.1 - 38.3).

for neutron

tank,

shield and

The beam ports are tubular penetrations

shield of the reactor which enable neutron

configured

water-filled

monolith which acts as a radiation

from the core when the beam port shield plugs are removed.
are permanently

in a circular grid

by a ring of graphite which serves to reflect neutrons

back into the core. The core is situated near the bottom of a 22-foot-deep
and the tank is surrounded

swimming

and gamma radiation

into the
to stream

Two of the OSTR's beam ports

radiography, while the other two may be used for a

variety of experiments.

3.8.3.

Irradiation and Experimental
The OSTR

has a number

Facilities
of different
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irradiation

facilities including

a pneumatic

transfer

tube, a rotating rack, a thermal column, four beam ports, a cadmium-lined

irradiation

tube, and sample-holding

The pneumatic

(dummy) fuel elements for special in-core irradiations.

transfer facility enables samples to be inserted and removed from the core in

a few seconds.

Consequently,

involving short-lived
longer irradiation

this facility is normally used for neutron

radionuclides.

activation

analysis

On the other hand, the rotating rack is used for much

of samples (e.g., hours).

40 tubular positions,
ensures

in-core

The rotating rack consists of a circular array of

each of which can hold two sample tubes.

The rotation

of the rack

that each sample will receive the same amount of irradiation.
The thermal column of the reactor consists of a large stack of graphite

blocks which

slow down neutrons from the reactor core in order to increase thermal neutron

activation of

samples.

Graphite

positioned

blocks are removed

within for irradiation.

from the thermal column to enable samples to be

For samples that would best be irradiated

energies greater than about 0.4 to 0.5 ev, a cadmium-lined

by neutrons with

in-core irradiation tube is available.

This tube is placed into one of the inner grid positions of the core which is normally occupied
by a fuel element.

If samples to be irradiated require large neutron

involving higher ener_
element.

neutrons,

fluxes, especially fluxes

then such samples may be inserted

into a dummy fuel

This device is then placed into one of the inner grid positions normally occupied

by a fuel element.
Table 3.8.1 and 3.8.2 give neutron

flux values at 1 MW for the principal irradiation

facilities, while Table 3.8.3 gives the usable dimensions of these facilities.
not fit within the sizes given, investigators are encouraged

Limitations

requirements

which

and Safety Requirements."

are addressed

do

to discuss various alternatives with

the OSTR staff. In assessing the available space, consideration
encapsulation

If experiments

in Section

_hould also be given to the
3.8.5.3 entitled

"General

Two-dram polyvials are often used by investigators

3.8.3

as the primary encapsulation.

The volume inside a two-dram vial is 7 cm3 with an O.D.

0.60"x2.15" (dia. x length). The encapsulated sample in turn is placed in a TRIGA tube or
a pneumatic transfer tube (Table 3.8.3).
The methods of encapsulation detailed in the Table 3.8.4 has been found by testing and
experience to provide satisfactory containment for the specified sample forms and for the
radionuclides produced in samples irradiated in the OSTR.

Specified containments are

applicable only to the physical forms of materials shown in the table. Ali polyethylene vials
and ali Naigene liquid scintillation bags must be heat-sealed, and ali other vials must be sealed
according to the specifications given in the table. Various other methods of encapsulation
may also be suitable. However, before other methods may be used by investigators they must
be approved by the OSTR Reactor Supervisor and the Senior Health Physicist. This approval
will be based on actual testing or close similarity to previously approved encapsulation
methods found to be satisfactory. The Reactor Supervisor will maintain records of tests or
other evaluations when such methods are used to determine the containment capability and/or
general suitability of encapsulations.

The approval of encapsulations

by the Reactor

Supervisor and the Senior Health Physicist will be documented by their signatures on the
applicable Irradiation Request.

3.8.4. Operating,Schedule
The reactor normally operates on a one shift per day basis for 7 hours per day, but
longer running times can be arranged.
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3.8.5. Supporting Services and Facilities
The Radiation Center is prepared and equipped to carry out the following:
•

Accommodate ali types of internal and off-campus instructional programs involving
nuclear science, nuclear engineering, nuclear and radiation chemistry, radiation
protection

and related

areas. (Approximately

30 different

OSU classes are

accommodated during a typical academic year).
•

Support research, development, and service programs i_wolving nuclear science and
engineering, radiation protection, and related disciplines.

•

Provide a place especially designed for the use and handling of radioisotopes and
other sources of ionizing radiation.

•

Provide a variety of sources of ionizing radiation including fast and thermal neutrons,
beta, X-rays, and gamma radiation.

•

Perform instrumental and radiochemical neutron activation analysis._

•

Produce a wide variety of radioisotopes. _

•

Conduct neutron radiography and neutron diffraction.

•

Perform special irradiations involving X-rays, gamma-rays, and neutrons.

•

Perform special measurements of radiation and/or radioactive materials.

•

Calibrate a wide variety of nuclear instrumentation and radiation survey equipment
used in radiation protection.

•

Perform certain types of bioassays to determine human uptake of radioactivity.

_During a normal year, approximately 5000 samples are irradiated in the OSU TRIGA reactor
in support of teaching, research, and service programs in these areas.
3.8.5

•

Perform special measurements to assess radioactivityin the environment. (During the
Chernobyl accident, the Radiation Center performed about 130 special environmental
measurements of grass, milk, air,water, etc., and provided this information to federal
and state agencies as well as to the local and national news media).

•

Provide packaging of radioactive materials for transportation to both national and
international destinations.

•

Provide emergency response training :,hd personnel to respond to accidents involving
radioactive materials. (Over the past several years, the Radiation Center has assisted
the Oregon Department

of Energy in training over 1000 emergency response

personnel throughout the state of Oregon).
•

Provide consultation on research applications of radiation and radioactive materials
and accommodate exploratory programs of this type.

•

Provide tours and public instructional programs involving radiation and radioactive
materials. Each year the Center hosts between 600 and 1,000 visitors plus numerous
special tours. The two main uses of the OSTR are for instruction and research.

3.8.5.1. Instructional Capabilities
Instructional use of the reactor is largely twofold. First, it is used significantly for
classes in nuclear engineering, radiation protection, and chemistry at both the graduate and
undergraduate levels to demonstrate numerous principles which have been presented in the
classroom.

Basic neutron behavior is the same in small reactors as it is in large power

reactors, and many demonstrations and instructional experiments can be performed using the
OSTR which cannot be performed with a commercial power reactor.

The reactor is also

available for shorter-term demonstration experiments for graduate and undergraduate students

3.8.6

in areas such as physics, chemistry, and biology, as well as for visitors from other universities
and colleges, from high schools, and from public groups.
of the OSTR involves education

of reactor operators,

The second instructional
operations

managers,

capability

and radiation

health physicists.

3.8.5.2.

Research Capabilities
The OSTR is a unique and valuable tool for a wide variety of research applications,

and serves as an excellent source of neutrons
experimental

technique

requiring reactor use is neutron

a particularly sensitive method of elemental
a wide range of neutron

outline

important

encapsulation

activation analysis (NAA).

This is

flux qualities, which are sut_'ficient to meet

(See Tables 3.8.1 and 3.8.2). This is true not only for NAA,

but also for other experimental
materials.

The most popular

analysis. The OSTR's irradiation facilities provide

flux levels and neutron

the needs of most researchers

anthropological

and/or gamma radiation.

techniques

such as fission track dating of geological

To assist potential

considerations

and

users of the OSTR, Tables 3.8.3 and 3.8.4

for experiments

using

the

reactor,

including

sample

requirements.

Analytical Equipment
The Radiation

Center has a great variety of equipment

radioactive

materials.

technology.

Twelve gamma ray spectrometers

intrinsic germanium
classroom

Much

detectors

of this equipment

for analyzing radiation and

is state-of-the-art

radiation

with their associated computers

are available.

Much additional

and an extensive inventory of portable

also available.
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radiation

equipment

monitoring

counting

and Ge(Li) or
for use in the

instrumentation

are

Radioisotope Irradiation Sources
The Radiation Center is equipped with a cobalt-60 gamma irradiation facility which
is capable of delivering high doses of gamma radiation to a wide variety of materials.
Typically, the irradiator is used by researchers wishing to perform mutation and other
biological effects studies, studies in the area of radiation chemistry, radiation dosimeter
testing, sterilization of food materials, soils, sediments, and other media, gamma radiation
damage studies, and other such applications.

In addition to the cobalt-60 irradiator, the

Center is also equipped with a variety of smaller sealed radiation sources of various curie
levels which are available for use.

3.8.5.3. General Limitations and Safety Requirements
The following general limitations and restrictions apply to al_liapproved experiments
involving use of the OSU TRIGA reactor. The description of a specific experiment may
include additional limitations and more severe restrictions than those enlisted here.

The

investigator is obligated to be familiar with and comply with ali limitations on a given
experiment in addition to these general limitations. Any variations from these limitations on
experiments must be approved by the Reactor Operations Committee, including the Reactor
Supervisor and the Senior Health Physicist.

Irradiation Request Limitations
1.

Ali individual items or samples to be irradiated shall be clearly and accurately listed
on the Irradiation Request (IR).

2.

No items or samples can be irradiated unless they are listed on the Irradiation
Request.
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3.

No changes can be made to an IR after one or more of the required approval
signatures has been obtained.

4.

Ali major radionuclides to be produced as a result of the irradiation must be listed on
the lR even though they may be of no importance to the investigators's project.

License Limitations
1.

The radionuclides and quantities to be produced for ultimate release must not exceed
the types and amounts authorized to the investigators on an applicable license.

2.

The steady state power level of the reactor may not exceed 1000 kW (thermal).

3.

The reactivity worth inserted for pulse operation will not exceed $2.55.

4.

In-core experiments cannot occupy more than a single fuel element position.

5.

The reactor cannot be operated at power levels exceeding 1 kW with a core lattice
position vacant, except for positions on the periphery of the core assembly.

6.

Non-secured experiments shall have reactivity worth less than $1.00.

7.

The reactivity worth of any single experiment will be less than $2.55.

8.

The total reactivity worth of ali experiments will not exceed $3.00.

9.

Explosive materials in quantities greater than 25 mg shall not be irradiated.
[EXCEPTION: Explosive materials not exceeding 0.014 lbs. equivalent of TNT may
be irradiated at the end of beam port #3].

10.

Explosive materials in quantities less than 25 mg may be irradiated provided the
pressure produced upon detonation of the explosive has been calculated and/or
experimentally demonstrated to be less than the design pressure of the container
housing the explosives.
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11.

Fueled experiments
experiment

12.

Where

shall be limited such that the total inventory of 1311351in the

is not greater than 1.5 curies.

the possibility

experiments)
unrestricted

exists that

the failure

could release radioactive

of an experiment

gases or aerosols

to the reactor

area, the quantity and type of material to be irradiated

such that the airborne concentration

of radioactivity

(except

fueled

bay or the

shall be limited

averaged over a year will not

exceed the limits of Appendix B of 10 CFR, Part 20, assuming 100% of the gases or
aerosols escape.
13.

Irradiation

of the following materials will require specific prior review and approval

by the Reactor Operations

Committee

(ROC), including the Reactor Supervisor,

Senior Health Physicist, and the Reactor Administrator,

the

even when such an irradiation

appears to fall generally within the scope of an approved reactor experiment.
a) Highly flammable organic solids and solvents, or other highly flammable materials.
b) Any substance

known or likely to exhibit characteristics

would require special safety precautions.

due to irradiation

Such characteristics

limited to, excessive gas buildup in sample containers,

which

include, but are not

unusually high radiation

dose

rates, and the release of airborne radioactivity.

Encapsulation Limitations
1.

Specifically-Approved

Minimum Encapsulation Methods

The methods of encapsulation
experience

detailed in Table 3.8.4 have been found by testing and

to provide satisfactory

Designated containments

containment

for the specified

sample

forms.

are applicable only to the specific irradiation facilities, the

physical forms of materials, and the corresponding
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irradiation times shown Table 3.8.4.

Proposed use of encapsulations not specified in the tables will be evaluated under
Section 2, "Other Encapsulation Methods."

Ali polyethylene vials, except those

designated as "vented," and ali Nalgene liquid scintillation bags must be heat-sealed.
Other containments must be closed according to the specifications given in Table
3.8.4. Except for the thermal column and beam ports, containments specified in the
tables are in addition to the containment provided by the TRIGA tube or rabbit tube
used to hold encapsulated samples during irradiation.

2.

Other Encapsulation Methods
Various other methods of encapsulation may also be suitable. However, before other
methods may be used by experimenters, they must be approved by the Reactor
Supervisor and the Senior Health Physicist. This approval will be based on actual
testing of the proposed containment, or on other documented evaluations with
conclude that a proposed encapsulation will provide an acceptable degree of
containment when compared to encapsulations currently approved for the type of
material involved, the irradiation time, and the irradiation facility. The Reactor
Supervisor will maintain records of tests or other evaluations used to determine the
containment capability and/or general suitability of proposed encapsulations.

The

approval of encapsulations by the Reactor Supervisor and the Senior Health Physicist
will be documented by their signatures on the applicable Irradiation Request.

3.

Reactor Operations Committee Approved Reactor Experiments
If a specific experiment has been approved by the ROC, then that experiment and its
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requirements regarding encapsulation, or lack of it, will take precedence over the
encapsulation requirements described here.

4.

Generic Statement on the Relative Adequa_ of Various Encapsulations
The above procedures provide guidance on the minimum acceptable encapsulations
for each of the various OSTR irradiation facilities and required documentation for
deviations from the standard encapsulations given. The purpose of this statement is
to allow a more rigorous encapsulation to be used in any of the OSTR irradiation
facilities without further approval other than the signatures of the Senior Health
Physicist and the Reactor Supervisor on the Irradiation Request Form.

A more

rigorous encapsulation is defined as the use of flame sealed quartz or sealed
aluminum containers instead of polyethylene containers.

Many years of experience

and actual use have shown that there are no limitations to the use of sealed quartz
containers or aluminum containers for irradiating samples in the OSTR. Therefore,
substituting these containers in cases where polyethylene is allowed only increases the
level of confidence in the containment integrity.
3.8.6.

Administrative and Services Contact
Professor Arthur G. Johnson, Director
Radiation Center - Al00
Oregon State University
Corvallis, OR 97331-5902
(503) 737-2341
or
Professor S. E. Binney
Oregon State University
Corvallis, OR 97331-5902
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Table 3.8.1. Neutron Fluxes at the OSTR Irradiation Facilities

Neutron Flux at 1 MW ['n. cm'2.s"l)
Facility

Thermal

Epithermal

Cd-Au
Ratio

Pneumatic transfer tube (PTr)

1.0 x 1013

4.0 x 10I1

2.6

Rotating rack (RR)

3.0 x 1012

1.2 x 10I!

2.6

Thermal column
Center position at inner face
At 16.25' from inner face
At 32.35" from inner face

1.0 x 10I_
2.5 x 10l°
5.8 X 10 9

5.0 x 10s
3.4 X 10 7
2.0 x 106

Beam port 1

1.8 x 10 7

Beam port 3

1.5 x 10s

"

Central thimble
(on top of plug)2
Top of reactor core 2

1.4 x 1012

NM

N/A

""1.0 x 10s

NM

N/A

In-Core dummy fuel element

1.0 x 1013

""1.0 x 1013

Cadmium-lined In-Core
Tube (CLICT)

N/A

See Table 3.8.2

1Variable depending on filters and shutters in beam.
2Not a normal irradiation position for this reactor.
NM = Not Measured.
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Variable, see note 1

14
48
196
2
2

2

N/A

Table 3.8.2. Neutron Spectrum in Cadmium-Lined In-Core Tube (CLICT)

i

iiiiiii

i ii

Group midpoint energl/,
MeV
t

3.325e-07
5,485e-07
9.065e-O7
1.495e-O6
2.46Oe-O6
4,050e-06
6.675e-06
I .I01e-05
1.815e-05
2.99Oe-05
4,930e-O5
8,120e-05
1.340e-04
2.210e-O4
3.645e-04
6.t_I 5e-O4
9,895e-04
1,630e-03
2,215e-03
2,620e-03
3,095e-03
4,440e-03
7,325e-03
1,206e-02
1,745e-02
2,270e-02
3,320e-02
5,415¢._02
8,920e-02
1,470e-01
2,425e-01
3.450e-01
4.430e-01
5.685e-01
7.300e-01
9.655e-01
1.230e + O0
1.545e +00
1.985e + O0
2.550e +00
3.275e + O0
4.325e +00
5.520e + O0
6.740e + O0
8.010e +00

irl

i

i

i

,

• i

ii

iii

ii

i

i

iiiii

Neutron flux per unit lethargy,
n/cm2-s-_u

Neutron flux per unit
energy, n/cm=-s-MeV

1.623e . 11
9.530e + 11
1.439e + 12
1.500e + 12
1.637e + 12
1.558e . 12
1.522e . 12
1.576e + 12
1.627e . 12
1.613e . 12
1,760e + 12
1.727e + 12
1.791 e + 12
1.765e + 12
1.864e + 12
1.867e + 12
1,876e + 12
1,891 • + 12
1,939e + 12
1,944e + 12
2,060e . 12
1,971 • . 12
1,983e . 12
2,122e + 12
2,177e . 12
2,193e -I-12
2,379e + 12
2,673e + 12
3,061e + 12
3,732e + 12
4,583e + 12
5.d27e + 12
5.585e + 12
7.280e + 12
8.583e + 12
8.173e + 12
9.185e + 12
9.236e + 12
8.375e + 12
8.121e + 12
5.994e + 12
4.093e + 12
2.463e + 12
1.212e + 12
5.844e + 11

4.983e + I
1.774e + 18
1.621 e + 18
1,024e + 18
6.793e + 17
3.926e + 17
2.327e + 17
1.461e + 17
9.153e + 16
5,506e + 16
3.644e + 16
2,170e + 16
1.364e + 16
8,149e + 15
5.220e + 15
3. 168e + 15
1,935e + 15
I, 184e + 15
8.773e + 14
7,439e + 14
6,673e + 14
4,533e + 14
2,764e + 14
1.796e + 14
1,256e + 14
9,709e + 13
7,299e + 13
5,038e + 13
3,502e + 13
2,592e + 13
1.929e + 13
1.640e + 13
1.267e + 13
1.287e + 13
1.182e + 13
8.529e + 12
7.492e + 12
6.010e + 12
4.241e + 12
3.202e + 12
1.840e + 12
9.535e + 11
4.477e + 11
1.804e + 11
7.309e + 10

t l,ltl

lt
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Table 3.8.3. Usable Dimensions of the OSTR Irradiation Facilities t
Irradiation
Facility

Inside Dimensions, inches
(Diameter x Length)

Comments

Rotating Rack
Aluminum TRIGA Tube
Polyethylene TRIGA Tube*

0.9 x 4.1
0.9 x 3.2
or 0.7 x 4.0

(This will be a tight fit)

In-Core Cadmium-l_ned IrradiationTube
Special Aluminum TRIGA Tube

0.9 x 3.7

Pneumatic Transfer System
Short Polyethylene Tube (ID)

0.75 x 1.80
or 0.60 x 2.15

Long Polyethylene Tube (ID)

0.60 x 4.40

Thermal Column
Sample irradiation space in the thermal column is created by pulling out graphite
stringers. Removing a graphite stringer leaves a space 4 inches square and 4 feet
long. (The neutron flux gradient over the 4-foot length is about 3% reduction per
centimeter of horizontal movement away from the innermost position).
Dummy Fuel Element
This device is an aluminum tixture machined to the same dimensions as a normal
OSTR fuel element but contains no fuel. It has a void space inside for samples, with
dimensions as given below, and separates in the middle using a threaded and gasketed
joint. It can be placed in any core grid position desired, but is usually used in the
innermost B-ring position to achieve a maximumneutron flux. OSTR has two such
dummy elements with inner void dimensions as follows:
D.E. No. 1:

1.0 x 21.5
or 1.125 x 6.0

D.E. No. 2:

1.125 x 9.5

1Two-dram polyvials are often used by experimenters as the outer encapsulation for many
samples. These vials in turn are placed in a TRIGA tube or a pneumatic transfer tube. The
volume inside a two-dram vial is 7 cm3 and O.D. are 0.60 x 2.15 inches.
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Table 3.8.4. Methods of encapsulation

of target material at the OSTR

Encapsulation Requtrumentsfor Rotating Rick
.......

Facility:
'"'

,,,,,,,

,,

PhysicalForm

i

Irradiation

MinimumContainment
i

of Material

(MWh)

..
fm-

S13

0

>
Q
t_

Secondary

i

i

,'i

Villi
, ,,,

i ,,

m

•

ii

i

Flamesealed quartz or
weldedalumlnumcontainer
i

ilmlll

n

•

Solid

.

i

LooseSoltd
Matertal
(1) See footnote No, (!),

iiiii

i

sl

$2/S dram polyethylene
vtal

p;13

Flame sealed quart _: or
_lded aluminumcontainer

or other

.......

.....

_;35

Flare sealed quartz or
welded alumtnumcontainer

Table 3.2.

3.8.16

Not Requt red
__

S 4 dram polyethylene
vial

,oly

Nomally 2 dram
ethylenevial;but
I0
mL Nalgeneliquid
scintillation
bag is
ok when2 dramvial
is primarycontainer
2 drampolyethylene
vlalor sealedalumtnum container. Vented 4 drampolyethylene
vialwithmaximumuse
of 21 I_h

I

Flare sealed quartz or
sealed alumtnumcontainer
.
lumtnumlot1 wrap nstde
cadmiumcover inside
sealed alumtnuucontainer

_35

Liquid, Powder

i

S 2/5 drumpolyethylene
vtal, or alumtnumlot1
wrap inside cachutUm
cover
inside S 4 drampolyethylene vtal
*_

sl

Not Requtred

i

S 2 drumpolyethylene
vial,$ half
full
(Normally
1/5drum
polyethelene
vial)

$35

Stable

!

........

Material

ii

| i

*

S13

Not Required

i

S 2 drumpolyethylene
vial
ml

=ik_ Liquid, Powder
"'
C:
5)
_,
or other
.
=
LooseSoltd
4-)

__

,,

Flume-sealedqulrtz or
sealed alumtnum¢ontatnee

_1

,,,

m

_; Z drumpolyethylene
i

_;35

"
8

"

mm

q

S

A
"
"__.
>
e
(.A
o
§
m
u"

,,,

' Primary

......

Soltd

|

S 4 drm_polyethylene
vial

$1

Stable

__

Rotattng Rack(Lazy Susan)

Hot required
i

Vented 4 drampolyethylene vial to hold
cadmium
covers
with
maximum
use
of 21
MWh
Not required
i

4 drampolyethylene-vial
Vented4 dram polyethylene vtal
Sealed aluminum
container

Table 3.8.4.

Methods

of encapsulation

of target material

Encapsulettofl Requtre_ts

Facility:
' ",' '

,,

Pneumatic Transfer Tube (Rabbit)
, ,i

Phystcal Form of
Matert al

Zrradiatton
(kWh)
,,

_ lOO0

i,,,,

Stable
Solid

B_
_
_.._

L

i, i
,,
vtal
_; 2/S dram polyethylene vial

,

_; lOO0

,,

,

Not required
,,,,

,,

$ 2 dram polyethylene vtal

,,,

....

_; IOO

_; 2/5 dram polyethylene
vtal, or alumtnum foil
wrap tnstde cadmium
cover tnstde _; 2 dram
polyethylene vtal

Not required

S 100

S 2/S dram polyethylene vial

s 2 dram polyethylene vial

__

_ Ltquid, Powder or
_ other Loose Solid
Materi al

, .......

,,.

_ 2 drill po|yethylene

i

_A

,,

MinimumContainment
.....
Prtmry
Secondary

'""

Stable

Cont.

for Pneumttc Transfer Tube

.,,,,,,,

,
y.t_i
Soltd
) Liquid, Powder or
Oma other Loose $o1|d
Materi al

at the OSTR.

Footngtes:
(1)
A standapd cadmiumcover referenced tn Table 3.1 consists of a small cadmium box and
cover which is capable of holdtng a conventional 2/5 dram or 2/27 dram polyethylene
vtal.
(2)

Cadmium covers referenced tn th_ above table have no specific
shape or form
requirements other than those tmpo_,_ by the dimensions of the prtmary and secondary
contatnment.
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Table 3.8.4.

Methods

of encapsulation

of target material

Encapsulation Itequtremnts

Facility:
"'

'"

for Thereto1 tolan

""

,

Cont.

and Ilem Ports

Themal Colunm and Bem Ports

"'

Phystcal Fom of
Hatertal

at the OSTR.

'

,,,, m

Hlntmum Containment

...........
Primary

'|"'

i

ii., ,,

stbio
Solld

""-"
_
_

i

iii

or other equivalent
plmsttc containment

,,

.

_*_ _

Secondary

Pli.thyi,.i TRX'tu

.....

Ltqutd Powder or other
Loose Solid Hatertal

" -

* m ,.|

Not required

,

......

,. --

Sealed polyethylene
container
.... ,

Polyethylene
container

Footnote:
(1)

Cadmtum covers referenced tn the above t&ble have no specific
shape or fom
requirements
of the primary and secondary
conta|nment. other than those imposed by the dtlnstons

Encapsulation Requtredents for
Cadmium-Lined In-Core Irradiation Tube
k

Facility:
•"

......

CacLetun_LtnedIn-Core I_'radtatton
,,,

,,

,,

|,, i

Phystcal Fom of
Hatertal

m

Tube (CLICIT)
, ,

,,

Htntmal Containment
........
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I_

Flame sealed quartz or
sealed aluminum

Liquid, Powder or other
Loose Solid Matertal

conta,ner
Flame sealed quartz or
alumtnum
ciont_tner
.......

,,,,,.

_

_

Secondary

Stable Sol td
_

,

.-

Hot required
Sealed alumtnum
container

,,.

, .....

Encapsulation Requirements for SaunpleHoldtng Fuel Element

,''

Facility:
L

""'

' "

Phystcal Fom of
Matertal

i

I_.
I__
L--......_

Solid
_
Ltqutd, Powder or other
Loose Sol td Matertal

_

,

.............

,,

NtntmumContainment
.....

Primary
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__

Sample Holdtng Fuel Element (Dummy)

Flame sealed
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Flame sealed quartz or
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,.
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Figure 3.8.1. Cutaway view of OSTR c.orcarrangement (standard TRIGA Mark II)
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3.9.0. OMEGA

WEST REACTOR--OWR

3.9.1.
3.9.2.
3.9.3.
3.9.4.
3.9.5.
3.9.6.

General
Description of Reactor
Irradiation and Experimental Facilities
Operating Schedule
Supporting Services and Facilities
Administrative and Service Contacts

3.9.1.

General
The Omega West Reactor (OWR)

is operated

by the Los Alamos National

Laboratory (LANL) primarily to serve the need of the in-house staff. However, because
LANL has a commitment to a broad range of scientific collaboration with universities and
industry, the DOE and Laboratory management encourage the use of OWR by other
qualified users. Because the reactor is in an unclassified area, it is quite accessible to nonLaboratory users. The OWR is a thermal, heterogeneous, closed-tank research reactor which
is light-water moderated and cooled and utilizes aluminum-clad plate-type fuel elements. The
OWR is normally operated at a power level of 8 MW for approximately 7.5 hours per day,
5 days per week. Four shutdowns of a week duration are typically scheduled annually. The
OWR is supported by a technical staff of 10 full-time employees and has an annual operating
bUdget (FY 1990) of approximately $1.3 M.

3.9.2. Reactor Description
The OWR uses an assembly of Materials Testing Reactor (MTR)-type fuel elements
supported inside a stainless steel tank.

The core support structure and grid plate are

aluminum. Light water circulated downward through the core at 3,500 gal/min serves as
moderator and coolant.

The reactor is controlled by eight blade-type poison rods. The

reactor tank is covered with a stainless steel lid that supports the control-rod drive
3.9.1

mechanisms and also contains two large hatches to provide access to the core. A biological
shield of heavy concrete in an irregular octagonal shape surrounds the tank and thermal
column. Experimental ports open on ali of the shield faces, and a large thermal-column door
opens on the east side. Instrumentation ports extend underneath the core from a recess at
the bottom of the south face. Figure 2.9.1 is a cutaway illustration of the reactor.
The reactor core consists of a 4 row (numbered 1-4) by 9 column (numbered A-I)
array of fuel elements and experiment or sample, elements supported vertically in the
aluminum grid plate. Eight boron-stainless-stcel control blades move in slots between the fuel
elements. A beryllium reflector abuts the west face of the core, and a lead gamma-ray shield
is positioned against the east face. The north and south faces of the core are water reflected.
A plan view of the reactor throughout the vertical center of the core is shown in Figure 3.9.2.

3.9.3.

Irradiation and Experimental Faeiliti_
Facilities for the irradiation of small samples in the Omega West Reactor include a

number of pneumatically operated rabbit systems, a hydraulic rabbit system to transfer rabbits
into the reactor core, and in-core sample holders for longer term irradiations. Larger samples
may be irradiated in the vertical ports adjacent to the reactor core or in removable graphite
stringers in the thermal column.

Several of the pneumatic rabbit systems are computer

controlled to provide elemental assays by Neutron Activation Analysis (NAA) or Delayed
Neutron Counting (DNC) techniques.
At the present time, there are 12 pneumatically operated rabbit systems in the thermal
column. Of these, five automated rabbit systems on the north face of the thermal column are
dedicated to the NAA and DNC systems. Rabbits for use in the thermal column range in
capacity from 4 to 40 cm3. The 4-cm3 rabbits are made of aluminum or ethylene-butylene
plastic, and the large sizes are available only in plastic. The aluminum rabbit body and cap
3.9.2

are swage-closed, and t.be plastic rabbits are closed by screw lids. The rabbit systems on the
south side of the OWR will accommodate only the 4-cm3 size, which measures about 1/2"
O.D. and 2-3/8" in length. A description of OWR irradiation facilities, which are summarized
in Tables 3.9.1 and 3.9.2, follows:

In-Core Sample Holders
Small samples can be irradiated in the reactor core for long periods (a few days to
several months) in one of the two available sample elements. The samples are usually sealed
in aluminum cans identical to those used in the hydraulic rabbit facility and are placed in a
dummy fuel-element holder equipped with spring clips. The holder is then placed in one of
the empty fuel positions (4D and 4F). The sample cans are cooled by water flow through the
sample element. The thermal flux and gamma heating in positions 4-D and 4-F are the same
as those for the hydraulic rabbit facility.

In-Core Experiment Facilities
The term "slanted-tube" ports is used at the OWR to describe the provisions made
for in-core irradiations of instrumented-capsule experiments. Experiments that can be built
into capsules 2" or less in diameter can be inserted through ports in the reactor lid and can
extend downward through clearance holes in the support bridges into empty sample positions
in the core. The capsule extension tubes are sealed at the lid by gland and chevron-seal
assemblies. There are nine access ports in a single row across the lid cover plate. These
ports are offset to avoid interference with the control-rod mechanism, with the result that the
tubes slant down into the core at an angle of 1°.

3.9.3

End-Port

Rabbit (_EPR) System

The active end of the End-Port Rabbit system is in the South End-Port,
the south face of the reactor core.
remove the heat generated

A water-cooled

jacket surrounds

this end of the tube to

in the samples by fission and gamma-ray absorption.

heating is about 0.32 w/g in this rabbit system. Aluminum

about 1" from

The gamma

rabbits must be used in the EPR

except for very short irradiations.

Epithermal

Rabbit (EpiB) System

The active end of the EpiB system tube is approximately
line in the North Upper Thru-Port,

is water cooled, and is shielded from thermal neutrons

by a 1" absorber made of Al and l°B (89/11%, respectively).
this design is estimated

at the east-west core center

to be 400 eV.

The neutron energy cutoff in

The gamma heating is less than that in the EPR

system, and plastic rabbits have been successfully used for exposure
Those materials requiring quartz sealing or longer exposures

times up to 7 hours.

must be irradiated

in the 4-cm 3

Al rabbits.

Hydraulic Rabbit System
The active end of the Hydraulic

Rabbit system tube is about 7.5" below the core

center line in a sample element in core position 3E. Samples are sealed in Al rabbits by coldwelding the lids to the Al body, making a rabbit approximately

1.6" long by 8.75" O.D.

rabbits are loaded in and discharged from a shielded, eight-position

rotor.

The

Since the hydraulic

rabbits are pumped into the core, strict limits on the change in reactivity must be observed.
Because of the high rate of gamma-heating

for materials placed in the core (about 4.8 w/g),

care must be exercised in packaging samples in the rabbits to assure good thermal contact
3.9.4

between sample and rabbit. If good thermal contact is not provided, materials having low
melting points and/or high cross section (e.g., Cd) may melt in spite of the fact that the
exterior of the rabbit is water-cooled. Up to 100 mg of fissionable material may be irradiated
in the Hydraulic Rabbit if sealed in quartz.

Cadmium Rabbit (EpiCd) System
The Epithermal Cadmium Rabbit system is located in the North Vertical Port. The
cadmium surrounding the rabbit is two layers of 0.016" Cd foil on the sides and bottom. The
active end of the tube is located about 2.4" below the center-line of the core. A water filled
space (outer wall is the North Vertical Port) surrounds the rabbit to remove heat generated
in the samples by y-ray absorption. Gamma-ray heating is about 0.5 w/g in this rabbit system.
Plastic rabbits suffer severe radiation damage in this system and irradiation in plastic are
limited to two hours or less. Aluminum rabbits are used for ali irradiations over 2 hours.

South Vertical Port
Because the vertical port is normally open to the atmosphere, requests for irradiation
of materials that produce toxic, explosive, corrosive, or radioactive fumes or gases as a result
of decomposition under irradiation and/or high temperatures cannot be approved without
assurance that containment and/or cooling is adequate.

This port is used h_r large sample

irradiations, for investigations of the dynamic response of various materials, instruments, and
instrument components to large doses of radiation, and for radiation-damage studies.

Thermal Column Stringers
Several of the ports in the thermal column contain easily removable horizontal
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graphite stringers with vertical holes at their inner ends iri which samples of varying sizes may
be placed for irradiation.

Following is a list of these facilities and their characteristics:

Stringer

Sample Holder

Maximum Flux (n.crn2.s_
_)

TC-5S

Three 3" dia. x 3" deep vertical holes

1.5x1012

TC-8N

Two 3" dia. x 3" deep vertical holes

5xl0 x°

TC-4E

Four 0.625" dia. x 3" deep vertical holes

3.8x1011

Samples must be loaded in and removed from these facilities during shutdown,
irradiations

are usually scheduled

so requested

for an integral nmnber of days in order that radioactive

samples may be removed in the morning prior to start-up.

3.9.4.

Operating

Schedule

The OWR is normally operated at a power level of 8 MW for approximately
per day, 5 days per week. Four week-long maintenance
year.

3.9.5.

Supporting

Services and Facilities

3.9.6. Administrative

and Service Contacts

Michael M. Minor and Terry W. Smith
Los Alamos Naqonal

Laboratory

Los Alamos, NM 87544

3.9.6

7.5 hours

shutdowns are typically scheduled

per

II

°

Figure 3.9.1. Cutaway view of OWR

Figure 3.9.2. Plan view of the OWR through the vertical center of the core
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4. Projection

of Availability and Capabilities in 1990's

4.1. Advanced Neutron Souree-ANS
Construction of the ANS is expected in the late nineties. The new facility will be
located near the High Flux Isotope Reactor (HFIR) in the Melton Valley area at the Oak
Ridge National Laboratory in Oak Ridge, Tennessee.

The ANS is being designed to offer

unique opportunities for neutron scattering, materials testing and irradiation, nuclear physics
and radioisotope production. Operation of the ANS will provide an opportunity for the U.S.
to regain its international leadership role in neutron scattering research. The initial design
for the ANS is now complete.

The ANS will have about 40 neutron beams for materials

research and other neutron scattering experiments.

A diagram of the preliminary ANS

reactor Assembly is shown in Figure 4.1.
In addition, hydraulic tube assemblies are also being planned in the ANS design which
will provide an important capability for radioisotope production in the high neutron flux
regions.

Four hydraulic tubes (HT-1 to HT-4) are currently planned in the heavy water

reflector region.

Four vertical hole positions (VH-1 to VH-4) are also planned for target

positions and the transuranic isotope production pofitions will be located inside the upper
fuel element.

Estimates for the unperturbed neutron flux values are given in Table 4.1.

ANS Technical Contact
John B. Hayter
ANS Technical Director
Oak Ridge National Laboratory
Building 7962
Oak Ridge, TN 37831-6393
(615) 574-5239
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Table 4.1. ANS Conceptual Design and Scientific Goals Required by User
Communities for an Advanced Neutron Source

Parameter a

Goals
Conceptual Design
(Neutron Flux in 10is n.cm2.s "l)

Radioisotope Production
Transuranium production
Epithermal flux
___0.6
Epithermal/thermal flux ratio
>-0.25
Allowable peak heat flux (MW/m 2)
4
Annual production capability _2Cf(g)
1.5
2S4Es(lag)
40

1.1
0.3
[TBD]
1.7
60

Hydraulic rabbit tube at epithermal peak
Epithermal/thermal flux ratio
Allowable peak heat flux (MW/m 2)

_>_0.25
1.75

0.24
1.75

Other isotope production facilities
Thermal flux
Number of reflector positions

1
__,4

0.05-0.9b
4

Number of hydraulic rabbit tubes

3

3

Nuclear ar,d Fundamental Physics
Number of thermal through tubes
Number of slant thermal beams
Number of very cold beams

1
1
2

Materials Irradiation
In-core facilities
Fast flux
Fast/thermal flux ratio
Total number of positions
Number of instrumented pooitions
Damage rate [displacements per atom
per year (dpa/y) in stainless steel]
Nuclear heating rate (w/g in stainless steel)
Axial flux gradient over 200 mm
Available diameter (mm)
Available length (mm)
Reflector facilities
Fast flux

4.2

1
1
2

Testing
_>1.4
_>0.5
10
2
___30

3.1
1.1
10
2
[TBD]

___54
_<30%
->17
___500

55
5%
48
500

>__0.5

0.4

Table 4.1. Continued

Parameter ''b

Goals
Conceptual Design
(Neutron Flux in 1015n.cm'2.s_)

Materials Irradiation Testing (cont.)
Fast:thermal ratio
Number of instrumented positions
Damage rate (dpa/y in stainless steel)
Nuclear heating rate (w/g in stainless steel)
Axial flux gradient over 200 mm
Available diameter (mm)
Available length (mm)

__.0.33
>8
_>8
___
15
<30%
>48
___500

0.1
8
8
18
10%
48
300

Materials Analysis
Activation analysis rabbit tubesc
Pneumatic tubes
PT1 (2 cc)
Flux
Heat load, w/g

>__0.2
_<0.2

0.3
0.1

0.2_____<0.4
-<0.4

0.4
[TBD]

Flux
Heat load, w/g

__.0.5
Min. possible

0.09
0.04

Flux
Heat load, w/g

0.01-<___.0.04
_<0.2

0.03
0.2

Flux
Heat load, w/g

0.005_<__<0.008
_<0.1

0.006
0.16

PT2,3 (40 ce) Flux
Heat load, w/g
PT4,5 (40 cc)
Light water tubes
PF1 (120 cc)

PF2 (120 cc)

Prompt-gamma activation analysis cold neutron stations
Low-background (multiple beam) guide system
1

1

Neutron depth profiling
Number of slant cold beams

1

1

1

Gamma irradiation facility

__.1

1

1

Positron production position

1

1

1

4.3
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Table 4.1. Continued

Parameter ''b

Goals
Conceptual Design
(Neutron Flux in 1015 n.cm2.s "l)

Neutron Scattering
Cold neutrons
Thermal flux at cold sources
2-4
Number of cold sources
2
Number of horizontal cold guides
14
Number of slant cold beams for scattering
instruments
1

4
2
14
1

Thermal neutrons
Peak thermal flux in reflector
Thermal/fast flux ratio
Number of thermal tangential tubes

5-10
>__80
7

7.4
_>200
7

Hot neutrons
Thermal flux at hot source
Number of hot sources
Number of hot beams

_>1
1
2

1
1
2

,|

aNeutron spectra terms as used in this table are defined as follows:
Thermal -<0.625 eV
0.625 eV -< epithermal -< 100 eV
fast > 100 keV
bCan be increase if needed.
_These performance goals have not yet been endorsed by NSCANS.

4.4

Figure 4.1• PreliminaryDesign of the ANS Reactor Assembly.
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