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HISTORICAL

In 1963 an investigation of promising major future
research projects in the field of atomic energy was undertaken
with a view to carrying forward the very successful research and
development made possible by Chalk River's NRU reactor. This
soon concentrated on the intense neutron generator. The basic
idea of such a machine was first investigated in the early 19501s,
but at that time accelerator techniques were not sufficiently
developed to make it attractive. Also, through the years, the
emphasis has changed from the production of fissile material to
the production of neutrons.

Detailed study of an intense neutron generator (ING)
commenced at Chalk River in 1964 and has resulted in a number of
publications, commencing with report AECL-2059, August, 1964.
This current document provides an outline of the project as it is
now visualized and reports advances and changes occurring as a
result of continued study over the past year.

In the summer of 1966 report AECL-2600 was issued giving
full technical details of the study, which at that time concen-
trated on the new and untried separated orbit cyclotron (SOC as
the accelerator for producing the required continuous beam of
protons at 65 mA and GeV. A linear accelerator design was also
included, but as a back-up for the SOC. By the time report
FSD/ING-67 was produced to give cost estimates and recommen-
dations, the linear accelerator had been chosen for the reference
design (see Chap. 4 for further discussion) and work on the SOC
concept halted. These documents covered the "basic" machine, to
result from a seven-year design and construction program, and also
provided an outline of the likely expansion of its ancilliary
research and development facilities over the following six year
period to the "full" facility.

Over the past year the study has continued and the
experimental program has grown. Work has been concentrated on the
difficult features of the accelerator and basic experimental
facility with only planning effort being expended on additional
facilities required for the "full" machine.

This -report then includes concise versions of the infor-
mation provided in AECL-2600 and FSD/ING-67 on the linear acceler-
ator basic facility with revisions to take account of progress
over the past year. References have been made to interim internal
reports in order to complete the AECL documentation, but these
references do not imply that the reports themselves can be made
generally available.

All technical developments concerning machine feasi-
bility have been encouraging. In addition, world wide interest is



growing in those isotope energy sources and other radioisotopes
which ING is specially suited to produce in commercial quantities.
Canadian interest has been reinforced by the possibility of a
chemical separation plant being established in Canada in the 1970's
to process on a commercial basis irradiated uranium fuel from
Canada's power reactors. Such a plant could produce, as a by-
product, special target material for irradiation in ING.

The research and development necessary to construct ING
and improve its operation would have a significant technological
impact on Canada. However, both this impact and the value of the
research to be done with ING facilities are time dependent. A
lengthy delay in te completion of ING would reduce its usefulness.

Cost estimates ade a year ago have been reviewed and
revisions made i accordance with results of the study since that
time. A slight decrease in capital cost, due to design improve-
ments, has been more than offset by escalation over the year.
Escalation, plus rectification of some errors, has increased es-
timated operating costs. It should be realized that a number of
significant elements of cost are site dependent. Until an actual
site has been chosen and investigated in considerable detail, true
costs cannot be established.
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CHAPTER 

THE ING PROJECT IN SUMMARY.

1. Introduction

Evolution of ING from initial concept to advanced
systems and the interplay between participating disciplines are
illustrated in Fig. 12. Anticipated requirements for intense
continuous fluxes of thermal neutrons set the initial goal and
dictated the scale and other guide lines of the system including
the desired completion date. While eutron applications were
given prime consideration in conceptual planning, much wider fields
of research, both pure and applied, would benefit from the facility
now being studied.

2. Scope of the Project

The areas of fundamental science deriving greatest be-
nefit will be solid state physics, nuclear physics and nuclear
chemistry. In applied science ING will provide powerful tools
for materials research and would provide many useful radioactive
isotopes. In engineering and technology new developments will
be stimulated in advanced accelerators and associated systems,
liquid metals, reactors, and other systems functioning in high
radiation fields. Of potentially great significance in the long
range power outlook, NG should open the door to methods of elec-
trical breeding of fissile materials.

3. Scale of the Project

In assessing research capabilities of continuous-flux
thermal-neutron facilities, a useful guide is the thermal flux
at the inner end of a beam-tube. The rate of increase of this
flux with tim-, as delineated by the NRX and NRU reactors at
CRNL and the recently-commissioned, American high flux research
reactors, 9FBR and HFIR, is shown in Figure 13. One sees by
extrapolation that an urgent need for a flux of 1016 cm-' may
be expected by about 1975. The fluxes available for isotope
irradiation show a similar trend. (AECL-2600 ChaV. I.B.)
These considerations influenced the choice of 101 cm- 2 sec-1
as the goal of the high flux facility and 1974-5 as the date
for commencing operation.

The NG system (accelerator plus target-moderator assem-
bly, see below) chosen to provide the required high flux of thermal
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neutrons, exceeds conventional parameters in many other respects.
For example, te proton current is several orders of magnitude
greater than that previously available at GeV and as a source of
energetic nucleons to I GeV and of mesons to a few 100 MeV, ING
will provide intensities up to 6S times greater than those from
the projected Los Alamos Meson Pysics Facility. Furthermore, con-
tinuous output is a unique feature not possessed by other proton
accelerators raching I GeV.

4. Choice of System

important considerations in choosing a system providing
continuous high fluxes of neutrons are the efficiency of the
source for neutron production (in neutrons per MW-second) and the
capability of dissipating the heat generated i the target.
Table 1.1 compares source efficiencies for various nuclear re-
actions. Consideration of these fundamental arguments and an
appreciation of the wide possibilities for future development rsee
AECL-2600 Chap. I.C. for details) led to selection of the proton
spallation reaction in a Pb-Bi target as the ING system for
neutron production. Absence of criticality, small losses of
neutrons by source self-absorption, and good heat disposal capa-
bility, are further advantages. The first affects consideration
of hazards (see Chap. 6 and the others the detailed design of the
target assembly (see Chap. 5).

TABLE 1.1

EFFICIENCIES OF NEUTRON-PRODUCING REACTIONS

Reaction Source Properties Efficiency in Source

n MW-1 sec-'

T(dn) E d = 200 keV 2.4 x 1011

9Be(dn) E d = 1S IvIeV 5 x 1015

W(en) E e = 35 MeV 3 x 10"

fission Thermal reactor, 115U 3 x 10"
Bare fast reactor , 239pU 6 x 1016

spallation E I GeV, Pb-Bi target 2.1X 1017

p as in Chapter VII*

AECL-2600
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S. Summary Description

5.1 Plant

Fig. 1.1 shows the main structures of the ING complex.
The exclusion area required is roughly estimated to be 9000 ft.
x S280 ft. The overall length of the plant itself is about 6500
ft. The principal areas are:

- electrical-mechanical systems (areas 12,3)
- experimental facility buildings, (areas 4,S)
- beam transport system and shield between

accelerator and targets (sand-mound structure
not numbered)

- laboratories and offices (area 6 and various
utilities and services (not numbered).

S.2 Schedule

If project and site approval were received in mid 1967
and detailed design begun then; commissioning of the accelerator,
targets, experimental areas and utilties of the basic machine
would be scheduled for late 1974 or early 1975.

5.3 Cost (in 1967 dollars at Chalk River site) Basic Machine

Construction (direct costs, contingencies,
engineering, management) $128,000,000

Annual operating costs, including manpower
at 7SOP materials and electrical power 16$000,000

Prospective annual revenue to ING from 400000000 
isotope production to 1510000000

6. Summary of Reference Design

6.1 Accelerator

The linear accelerator consists of injector (ion source,
DC accelerator, and uncher), Alvarez linac section, and waveguide
linac section. Principal design parameters are given in Table 12.
Provision is made in the injector and by appropriate choice of
frequencies for eventual acceleration of an H- beam concurrently
with the protons. Further details appear in Chapter 4.

t See Chapters 3 and also.
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TABLE 1 2

ACCELERATOR PARAMETERS

Ion Source DC Duoplasmatron, current 120 mA

DC Column DC voltage 750 kV

Buncher Harmonic type, 34 kV fundamental,
15 kV 2nd harmonic

Alvarez Section Waveguide Section

Length (m) 110 1430

Energy (MeV) 106 1000

Frequency (MHz) 268.3 80S

RF Power (MW) 10.0 8 0 . 5

6.2 Beam Applications Layout, Basic Machine

The layout of the Basic Machine, Figure 14, is changed
little from that shown in Fig. II.4 of AECL-2600. After leaving
the linac, the proton beam is bent through two consecutive magnets,
1S' left and a further 60' left., into the High Activity Tunnel,
following which, after a second bend of 20', it passes through the
Thermal Neutron Facility Tunnel to the Thermal Neutron Facility.
A thin meson-producing target is placed in the beam in the High
Activity Tunnel and a meson channel is provided to guide mesons,
via a zig-zag path, to the eson Experimental Facility.

6.3 Experimental Facilities for Basic Machine

Thermal Neutron Facility

The thermal-neutron facility is a vertical cylindrical
reactor-like structure with vertical irradiation tubes and with
horizontal beam tubes emanating from a central D20 moderator ves-
sei. An annulus for cobalt irradiation surrounds the vessel.
Neutrons are produced at the center of the moderator by spallation
from a lead-bismuth target by the 6S-mA proton beam. The target
is molten and circulates through a vertical Zircaloy tube passing
axially through the moderator vessel. A beryllium annulus sur-
rounding the target provides some neutron multiplication. The
proton beam is guided by the beam-transport system to the top of
the shield and thence downward into the target. The liquid metal
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is circulated through a heat-exchanger located below floor level.
Fig. 1.S shows a section near the midplane of the vessel; Fig. 16
shows the target, moderator vessel, shield, and proton beam trans-
port system in elevation. Principal dimensions and other parameters
of the thermal-neutron facility are given in Table 13. More de-
tails are given in Chapter V and in Chapter VII of AECL-2600.

TABLE 13

CHARACTERISTICS OF THERMAL-NEUTRON FACILITY
(reference design)

Facilities (for experiments and irradiations)

5 tangential beam tubes 4 with vertical access) 10 cm dia.
1 through-tube with vertical access 20 cm dia.
1 radial beam tube 10 cm dia.
2 pneumatic carriers 10 cm dia.

45 hydraulic carriers 4cm dia.
S vertical thimbles IS cm dia.
1 cobalt blanket

Maximum available flux 10" n CM-2 sec-1

Target Pb-Bi eutectic in
20 cm dia. Zircaloy-2
tube, Nb liner

Beryllium Multiplier thickness 20 cm
D20 moderator thickness 10 cm
Shield Iron,, heavy concrete
Shield thickness at beam tube

elevation 450 cm iron
Pb-Bi inventory 105,00 lb
Pb-Bi flow rate 4560 lb sec
Pb-Bi temperature 4SO'C max... 32S'C min.

Proton beam 65 mA, GeV, CW
Beam power 65 MW

Experimental floor area 180 ft x 180 ft
Ceiling height 78 ft
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Meson Facility

A thin target of flowing molten lithium intercepts the
main proton beam in the High Activity Tunnel, Fig. 14. The
continuous flux of 7-mesons produced by the target is accepted by
a secondary transport system (pion-channel) and conducted through
the shield to the meson experimental area. Details of this
facility are given in Table 14.

TABLE 14

MESON AND ENERGETIC NUCLEON FACILITIES

Basic Machine

CW Target (Beam-1) 0.1 g cm-' Li

Pion Channel 2 quadrupole doublets, 3
bending magnets, length 40 ft

Pion Yield 198 - 109 sec-' 300 ± 14) MeV
TT- at 40 ft

Shield 35 ft sand

Experimental Floor area 20,200 ft2

6.4 Full achine Additional Facilities

Commencement of operation of the Basic achine will be
followed in due course by the installation of additional facili-
ties making use of secondary beams, split from the main beam in
the High Activity Tunnel.

The IS' bending magnet following the linac provides a
means of magnetically splitting off the H- beam that will be co-
accelerated with the protons. The H- ions would be deflected 15'
right into a channel running perpendicular to the High Activity
Tunnel (see dotted lines labelled Future H- Beam in Fig. 14).
This beam would be used for energetic-nucleon and meson experi-
ments and the beam dump would provide opportunity for radiation
damage and other irradiation experiments. The beam supplants
Beam No. 2 in AECL-2600 except that it is continuous, not pulsed.

Arrangements permitting stripping of some of the H beam
to neutral hydrogen may make available a low current beam for
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application in advanced power technology experiments or may pro-
vide a means of injecting ions into a pulsed storage ring for
resonance neutron time of flight work.

In principle, the H beam can also be extracted part
way along the linac to provide an intermediate-energy beam at,
say, 600 MeV. This beam would be used for experiments with
stopped 7- and �i-mesons.

The High Activity Tunnel can accommodate a second trans-
mission meson target downstream and the size of the meson experi-
mental area can be extended as indicated in Fig. 14.

Space is provided in the High Activity Tunnel for instal-
lation of a fast pulsed splitter for fast neutron or other time
of flight experiments if incorporation of such a device becomes
feasible. Satisfactory pulsed splatters are, at present, beyond
the limits of technology.

6.S Possible Future Additions

On a somewhat longer time scale, the following additions
are considered possible:

A pulsed splitter in the High Activity Tunnel discussed
above could be used to supply a fraction of the I GeV proton beam
for injection into a synchroton or other high energy accelerator.

Space is available for installing a second tunnel for-
ming a Y with the Thermal Neutron Facility Tunnel. This tunnel
could supply the full 6S mA beam to a second target which could
be used for power-breeder applications (AECL-2600 Chap. XIII.D),
isotope production, or in conjunction with a full current stora. e
ring, for pulsed thermal neutron experiments (ibid Chap. XIII'.B�.
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CHAPTER 2

ORGANIZATION AND LOCATION!

Preamble

The concept of an intense neutron generator originated
as an appropriate extension of the sequence of the NRX, NRU
reactors, which, in turn, have provided the Chalk River Labora-
tories with the best existing neutron flux facilities. It soon
became apparent that the proposed achine would be a major
research facility with which university scientists could make
outstanding advances in science. Consequently, if the full
potentialities of the machine are to be realised, there must be
good participation of university scientists at all stages of
progress.

This wider field of application suggests an organization
separate from AECL, probably an institute, and has brought into
question the original assumption tat the location would be in
the Chalk River area.

Organization

There already exist patterns giving guidance for the
institute type of organization. Canadian universities are, like
others., moving towards establishment of research institutes in
which major research facilities are associated with groups of
universities. The Rutherford High Energy Laboratory and the
high-energy-physics institutes at CERN and Brookhaven have operated
very successfully with combinations of university and institute
staff members. Because an intense neutron generator laboratory
would involve scientific research, engineering and industrial
development, and commercial production, all these aspects will have
to be taken into account, but the precedents mentioned will be
useful.

These topics were reviewed in FSD/ING-67, chapter 3 which was
written by Dr. W.B. Lewis with the participation of the ING
Study Advisory Committee. As the situation has not changed
materially, only a brief summary is given here.
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Many disciplines would sare te relationship between
the institute and the universities: physics, chemistry, materials
science, metallurgy, biophysics, engineering, computer science,
electronics, information exchange.

The institute might be set up as a Crown Company with a
board of directors made up of scientists and engineers from uni-
versities and other institutes, representatives of industry and
government, etc. It is expected that for some time the develop-
ment, construction and financing responsibility would be carried
by AECL.

Although the institute would not need to function until
some time after construction has begun, the organization required
during development and early construction should be planned for a
smooth transition to the final arrangement. On this account, and
to keep the universities involved at all stages, it is necessary
to cons'der the ultimate organization, even while work is still in
the study phase.

Location

A site for the Intense Neutron Generator has not yet
been chosen. The origin of the project pointed to Chalk River as
the obvious location but this has been questioned on account of
the close ties foreseen to universities. As yet no other specific
site is under study.

The matter should be resolved soon if delays in technical
progress are to be avoided, since site characteristics will affect
the choice of optimum machine parameters. It is inappropriate
under present conditions to review at this time detailed considera-
tions bearing on the choice of site.
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CHAPTER 3

PLANNING

STATUS OF PROJECT

A year ago it was recommended (in FSD/ING-67) that:

(a) The Chalk River exclusion area be chosen as the site
for ING and that detailed surveys begin in 1966-67.

(b) Research and development continue.

(c) Engineering design studies continue.

(d) A project group be set up in 1967-68 to commence de-
tailed design and actual site work.

(e) Major construction commence in 1968-69, after resub-
mission of estimates.

Two very important reasons behind these recommendations
were the desire to reduce overall costs to the lowest practicable
figures and to bring the facility into operation as soon as pos-
sible. If the ING project is implemented in a different way, both
scheduling and costs will be affected to a greater extent than
can be readily predicted. This is due to the close interdepen-
dence of all phases of the program.

In the past year research and development (item b) has
continued but only a very minor effort has been put on item (c -
engineering design studies. No action has been started on items
(a), (d) and (e).

At present the Applied Physics Division at CRNL, inclu-
ding 10 engineers attached from Canadian industries, is the centre
for a vigorous research and development program which also encom-
passes the efforts of a number of staff -from other divisions at
CRNL. The program includes currently eleven research contracts
with seven Canadian universities and eight development contracts
with Canadian industry.

The federal government has not yet made a decision on
the future of the ING proposal. In the meantime the study con-
tinues.
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PLANNING DATA

Over the past year data have been collected for a number
of submissions on ING. As these data assume that the recommenda-
tions given above would be implemented, they tend to be in error
for the first few years of the project. However they may be of
interest to outline trends.

1. Cost-Benefit Analvsis

Allowing $18 million for escalation, the capital cost
of ING is estimated at 146 million by 197S. Some of this money
will begin to go mmediately into developing the industrial
technology that must be available before the machine can be built
and operated. Other benefits, such as those for pure research
and isotope production will not become available until the machine
is in operation. It is difficult, therefore, to break down the
various areas of science and technology and to indicate to what
extent each will benefit from the 146 million. The following
is no more than a crude analysis; there are, of course, no sharp
boundary lines between the different items.

PURE NUCLEAR RSEARCH

Meson physics - Beams primarily for university
research ....................................... $15 million

Nuclear physics - ntense neutron fluxes for
ATCL and university research ................... $15 million

MATERIAL SCIENCE

Solid-state physics, metal physics, nuclear
chemistry Intense radiation fluxes and new
isotopes for AECL and university research ...... $30 million

Reactor materials, shielding, liquid-metal
technology, superconductors - Applied research
and development by AECL and industry ........... $30 million

NUCLEAR POWER

Reactor data - Results to support AECL studies
of future systems (high-flux reactors, sub-
critical power reactors, electrical breeding) ... $12 million

ENGINEERING PRODUCTION

HV DC Generators, RF Generators, high-vacuum
technology, cryogenics, superconductors, applied
�Iasma hysics - Development work to support
industrial technology ........................... $IS million
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Isoto�e production - New isotopes and enhanced
capacity for AECL commercial program ........... $29 million

TOTAL BENEFITS $146 million

2. Cash Flow

The data in Table 31 can be used to indicate trends.
It will be noted that, exclusive of basic machine costs to 1975,
considerable discretion can be exercised over cash requirements.
That is, the timing of expenditures for the full machine can be
varied and net operating costs can be influenced by the emphasis
given to revenue. Here are some explanatory notes on the table.

Column (a) - Early research and development (R D expendi-
tures are strongly influenced by project design and
construction rates - delay will increase R & D. The
largest item of machine operating expense is the
electric power bill at 5300,000, which is site
dependent and negotiable and should be capable of
significant reduction. Site operation will require
some expenditures not included in the figures shown,
e.g. travel costs, continuing outside contract costs
for R & D, costs for amenities.

Column (b) - Based on a staff increase (including unpaid
visiting scientists) from 750 to 1000 plus 1700,000
for additional electric power.

Column (c) - Costs at CRNL site.
Note assumption for 1967-68.

Column (e - "Co production alone might only total 4000,000/
year, but other isotopes should be more profitable.
Also includes some revenue from rental of irradiation
facilities.

3. Manpower

Figure 31 illustrates the projected growth of ING staff.
In the early years the staff is centred around applied science
groups and project design and engineering. After construction
reaches a peak, some design staff are replaced by operating and
services personnel. Thus there is no construction "bulge" in ING
personnel.

Table 11.1 in chapter eleven also give a breakdoi�.,n of
staff when the basic facility is in operation. Additional manpower
required for the Basic Machine may be less than the figures in-
dicated if some staff are allocated from existing CRNL strength.
The optimum division between visitors and ING staff and the sup-
porting facilities required for visitors are not known sufficiently
well to estimate accurately at this time. Complete exploitation
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of the machine may engage more than the suggested staff of 1000.

As it is proposed that most of the detailed design for
the project will be undertaken by outside engineering firms, their
manpower requirements are also of interest. Figure 32 provides
a rough indication of these.

4. Schedule

A logic bar chart showing estimated time scales for
each component is included in chapter eleven. The seven 'year
period quoted for construction and commissioning from the date
of commencement of site work and project design was established
a year ago. It is not known whether or not this period will be
shortened due to the increasing amount of R D being done prior
to project approval. Also it is not known what effect a non-
CRNL site would have on scheduling.

S. Estimates

Completely adequate construction cost and site operating
estimates should be made available about a year after the site
has been chosen and project engineering work starts.



TABLE 31

ANNUAL ESTIMATES FOR ING

Total Operating Including Initial R & D Construction Revenue
(1967 Prices with no escalation included) (4% escalation included)

Fiscal Additional For Additional For Basic or
Year Basic Facility Full Facility Basic Facility Full Facility Full Facility

$M (a) $M (b) $M c) $M (d) $M (e)

9 6 7 - 6 2 5 0 - 1.00 -
68-69 4.00 - 6.50 - -
69-70 5.00 - 19.30 - -
70-71 5.30 - 23.80 - -
71-72 5.80 - 31.40 - -
72-73 5.80 - 34.00 - -
73-74 6.60 - 26.00 - -
74-75 12.40 0.60 4.00 - -
75-76 15.90 1.60 - 3.00 up to 1.00
76-77 15.90 3.10 - 7.50 1.00 to 6.00
77-78 is.90 4.50 - 9.50 3.00 to 10.00
78-79 1S.90 5.60 - 9.30 3.00 to 12.00
79-80 15.90 7.30 - 6.30 S.00 to 15.00

Total TT6-.U- T7-. T(T-
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CHAPTER 4

ACCELERATOR AND BEAM TRANSPORT

A. INTRODUCTION

This chapter outlines the current "reference design"
accelerator and beam transport system. While considerable work
is still needed to complete details of the specifications and
further study may lead to improved design, the system appears
feasible.

Since AECL-2600 was published a linear accelerator
based on the LAMPF 1) design has been chosen for the reference
design instead of the Separated-Orbit Cyclotron 21. The com-
parative cost studies reported in AECL-2600 showed that, -within
the accuracy of the estimates, there was no clear advantage to
choosing either machine: the choice was dependent on an assess-
ment of the technical and engineering problems that had to be
solved.

Further study of the linear accelerator has not revealed
any serious technical problems that cannot be overcome. A trans-
verse instability causing beam-blowup seems unlikely provided
suitable precautions are taken in design of the machine structure
{31. Continued progress in ion source and injection systems
promises satisfactory injection 4 Tests of crosse -fiel
amplifiers have also given very encouraging results 5 a high
efficiency klystron does not appear out of the question as an
alternative.

1. "A Proposal for a High Flux Meson Facility", Los Alamos
Scientific Laboratory document (unnumbered) Sept., 1964.

2. F.M. Russell, "A Strong Focusing Cyclotron with Separated
Orbits". ORNL 3431 1964).

3. See for example W.M. Visscher, "Simple Models for Beam-
Blowup", proc. 1966. Linear Accelerator Conf. p. 284, Oct.
1966.

4. Ibid, pp. 344-402.

S. Ibid, p. 449.
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Civil and mechanical engineering advantages of a linear
accelerator outlined in AECL-2600 still appear valid. These were:

(a) Civil Engineering Aspects

The linac has a low ground loading, and so sets far less
stringent restraints on site selection. It is almost essential
that the heavy SOC structures should be set on bedrock.

The linac beam tube is supported by a mechanical
structure which is easily adjustable in any direction. The linear
accelerator is much more tolerant of settlement and movement of
the civil structure because it can be so easily realigned. The
SOC places very fine tolerances on the civil works, so that even
unavoidable effects such as concrete shrinkage are a real cause
for concern. The relative lightness of the linac beam tunnel also
helps to minimize settlement.

The linac civil structure may be made uniform throughout
its length, which greatly simplifies construction. A continuous
overlapping construction programme may be developed so that the
structure may be built quickly with a minimum labour force.

In the event of a major design change taking place during
or after construction of a linac, it would not be an impossible
task to shorten or lengthen the machine. Once construction begins
on a SOCP its size is irrevocably fixed. Construction work could
begin on a linac before all design details are completed, but this
would not be true for a SOC.

(b) Mechanical Aspects

For the greater part of its length a linear accelerator
consists of a number of identical components. These components
lend themselves to automatic production, with easy control of the
close manufacturing tolerances necessary and with scope for
reducing costs. The SOC components are all virtually "hand made"
because of the variations between them.

A linear accelerator may be set up to a high order of
accuracy by purely optical means. It may be checked for linearity
at any time during ts life with little difficulty, and the degree
and the location of the misalignment may be identified. Even more
important, the entire process of identifying and correcting a
misalignment may, if desired, be carried out remotely using
television and servo-actuated jacks.

It would almost certainly be impossible to align the
beam tube of a SOC to the same order of accuracy. A spiral would
have to be set out from a central reference point by radial and
azimuthal measurements. The time necessary for full alignment of
the machine is impossible to estimate at this time.
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What is most alarming, however, is the situation that
would arise if a fault or misalignment developed in a SOC which
had become seriously activated. If in the course of time a
portion of linac structure became highly active due to beam spill,
one can envisage a repair being feasible, by sectioning off the
affected part. The problem of access to the SOC would be very
serious. In other words, activation (whose magnitude is not
known, although it usually tends to be underestimated) could spoil
the feasibility of a SOC, but could be tolerated in a linac.
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B. REFERENCE DESIGN

The accelerator is a "standing-wave" machine, necessarily
so because the proton beam is not relativistic (i.e. its velocity
is not equal to and radio frequency voltages and their distri-
bution must be maintained independent of beam loading. The
accelerating structure is divided into a number of resonant "tanks"
fed with RF power. The machine consists of two main parts, first
a so-called "Alvarez" section and then a Waveguide" section as
described in AECL-2600 in which different acclerating structures
are used. The transition energy between the two parts and their
operating frequencies are determined by technical requirements,
engineering design problems and minimum cost.

An injection system consisting of an ion source, a low-
voltage" DC accelerator, and buncher prepares the initial proton
beam for the main accelerator. Provision is made for later in-
stallation of a low current negative ion source whose output can
be combined with that of the main ion source and simultaneously
accelerated (see Fig. 41). This feature dictates choice of an
odd-multiple of operating frequencies between the two sections of
the main accelerator. The negative and main positive beams will
be separated at the output end by a simple magnet, the negative
ion beam providing many of the extra facilities of the "full
machine" 161.

Within limits imposed by technical requirements, the
gross design parameters of the machine are determined by seeking a
minimum cost. For the purpose of this design the "cost" is taken
as the sum of initial installation costs plus the present value of
five years of operating cost (at 5% interest rate).

The main design parameters are listed in Table 41; and
shown in Fig. 42; more details may be found in FSD/ING-90 f7}.

See Ch. XIV ACL-2600 for a more detailed discussion of the
design and operation of a proton linear-accelerator.

6. "A Variant for ING Beam Splitting using H- Ions", C.H. Westcott,
FSD/ING-77, December, 1966.

7. "Second ING Accelerator Reference Design Parameters, Parts A
and B, B.G. Chidley, FSD/ING-90.
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TABLE 41

LINEAR ACCELERATOR DESIGN PARAMETERS

Output energy 1000 MeV
it 71 spread - t 3 MeV

Output current, positive ions 65 mA
(basic machine)

it it negative ions -O.S mA
(full machine)

Length 1540 m

Injection (basic machine)

Positive ion source type Duoplasmatron
current 120 mA 70% protons)

DC accelerating voltage 750 kV
Buncher (harmonic type) 34 kV fundamental

15 kV 2nd harmonic
0.78 metre drift space

Capture efficiency into linac 86%

Alvarez Section

Injection energy 750 keV
Output energy 106 MeV
Operating frequency 268.3 MHz
Length 110 m
Input admittance invariant 7.6r mm mrad
Input energy spread ± S keV max
Number of tanks 9

Tank 2�X design, length 6 metres
Energy gain 4 MeV
Quadrupole magnets in every drift
tube, gradients to 2 kg/cm

Cos Os 0.82
Tanks 2-9 �X design, length - 12 metres

Quadrupole magnets in alternate
drift tubes, gradients 4 to 2 kg/cm
in tank 2 others kg/cm

Tank diameter - 70 cm
Drift tube diameter - 12 cm
Drift tube bore 1.5 to 30 cm
Cos Os 9
Tank separation (2�X) 22 to 82 cm

RF power requirements 0.4 MW tan I
(beam loss) 1.2 MW tanks 29

RF generators 1.2 MW/unit (one/tank)
(tank - special)

Total RF power 10.0 W
Total RF losses 3.5 MW
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TABLE 41 (Cont'd)

Waveguide Section

Injection energy 106 MeV
Output energy 1000 MeV
Operating frequency 805 MHz
Length 1430 m
Number of tanks 320
Average energy gain/tank 2.8 MeV
Typical tank length 3.4 m
Typical tank diameter 28 cm
Beam hole diameter 3.8 cm
Power/tank 0.25 MW

Tank spacing 1 m
Focusing I quadrupole triplet/tank interspace

quadrupole gradient - 3 kg/cm
Cos OS 0.92

RF generators 0.5 MW (one/2 tanks)
Total RF power 80.5 MW
Total RF losses 22.4 MW

Shielding & Activation f8l

Maximum beam spill
Proton energy allowing reasonable Shielding thickness

MeV access 10 hours metres of sand
after shutdown

nA/metre

10 Soo 2 3
0 50 5.0

2 10 7 6
1000 2 8.0

RF Power Supplies

Main power amplifiers Crossed-field re-entrant-beam
devices (e.g. Amplitrons)

Driver amplifiers Klystrons
DC power supplies 18 MW modules
Objective AC to RF conversion 80%
efficiency

8. I.M Thorson, Private Communication, April, 1967.
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C. REFERENCE DESIGN - ENGINEERING ASPECTS

1. Injector

The injector building shown in Fig. 43, houses the two
injector machines, beam transport and auxiliary equipment. An
electronics shop, control room and mechanical equipment room is
contained in an area adjacent to the injector machine room. The
floor of the injector machine room is approximately 401 below
grade to allow for installation of the injectors at an elevation
which will allow the beam to enter the accelerator tunnel without
any vertical bending magnets. Below grade, the walls of the
building are of reinforced concrete and above grade structural
steel superstructure and roof. A 5-ton overhead bridge crane on
a 601 span services the injector machine and staging area. Access
is provided to the staging area by a service elevator from the RF
equipment aisle.

The ion source is expected to have a life of only a few
hundred hours and to require frequent servicing. Two ion sources
and pre-accelerators are therefore provided, with a beam-switching
magnet placed between them for rapid changeover (See Fig. 41).
The two ion sources and preaccelerators are placed symmetrically
about the centre line of the linac injector and surrounded by 18"
of light concrete. There are two 9 concrete walls between the
units so that one may be used while the other is either being
serviced or used for testing new ion sources.

Each duoplasmatron ion-source is mounted on an insulation
stack and 7SO kV DC is supplied to it from a cascade generator to
accelerate the positive ions emerging from the source. The high
voltage system is air insulated o allow easy access to the source.
The pre-accelerator, which follows, is a multi-electrode column
designed to minimize the space-charge blowup of the beam. The
beam is then steered by a switching magnet into a system of
focusing lenses and diagnostic equipment, into the buncher and then
into the Alvarez section of the linac.

2. Accelerator

The linear accelerator takes the proton beam from an
energy of 075 MeV up to 1000 MeV in a straight structure some 5000
feet long. The first section, is of the Alvarez drift-tube type
operating at 268.3 MHz, and accelerates the beam from the injection
energy to 105.7 MeV. The remainder is a waveguide section oper-
ating at 805 MHz.

Physically the accelerator consists of a beam tunnel
partly below grade and covered with soil for shielding (See
Fig. 44). The beam tunnel is of reinforced concrete having
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inside dimensions of 131-0" wide by 15'-O" high. This structure
is built in an open trench with the roof of the tunnel at the
level of the existing grade. After completion of construction the
excavation is backfilled with free draining material and this
material is piled over the tunnel to provide radiation shielding.
The shielding is IS' thick over the roof of the tunnel at the
injector building graded to 321 at the entrance to the hieh
activity tunnel. To one side and at grade level runs an equipment
gallery which houses the RF power equipment, cooling water pumps
and general services. At intervals the equipment gallery broadens
out into a larger building containing switchgear, water treatment
plant, air conditioning equipment and so on. The equipment
gallery is connected to the beam tunnel by service corridors at
frequent intervals for carrying pipes, cables and waveguides. All
buildings are air conditioned and the accelerator temperaturc
controlled.

The equipment gallery is a structural steel building to
house the RF and auxiliary equipment. It is a one storey
structure 29 feet wide and 15 feet high. Service tnnels 3 teet
long at 371-6" centers along the north wall of the building
connect it to the beam tunnel (See Fig. XIV.30 AECL-2600). Most
of the south wall of the building consists of a reinforced con-
crete retaining wall of variable height, necessary to prevent the
sand shielding over the beam tunnel from encroaching on the equip-
ment gallery. The north wall of the building consists of sliding
panels which facilitate maintenance of the RF equipment and allow
a fork-lift truck to remove defective units without disrupting the
rest of the RF equipment.

The mechanical equipment rooms house the heat exchangers,
pump and ventilation equipment for each sector of the RF gallery
and the accelerator tunnel. A service elevator connects each room
to the access tunnel and the accelerator tunnel. A 5-ton overhead
bridge crane services this building and truck doors are provided
at one end of the building to allow for transfer of equipment.

The central control building houses the local controls
for the accelerator and is located at the mid-point of the
accelerator length. The basement area contains electrical power
and control cables and the main floor level the control roomV
offices'. and maintenance areas.

3. Accelerator - Alvarez Section

In the present reference design the mechanical design
of the Alvarez section is copied from existing linacs. Each tank
is built of copper-clad steel, rolled and welded into sections
which bolt together. inside the tank are drift tubes suspended
on adjustable stems' Within each drift tube there are cooling
channels, as precise temperature control is essential to keep the
tank operating on frequency. Regulation to t 0.25OF is feasible
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and necessary. Further cooling channels are welded to the tank
surface, as shown in Fig. 45. Quadrupole magnets incorporated
within the drift tubes are DC excited., requiring about 00 watts
each. Accurate alignment of quadrupoles, both geometrically and
magnetically, is essential.

The tanks are evacuated by two roughing pumps in series
operating on each tank in turn. These are located in the equip-
ment gallery and are valved off when the pressure is low enough
to be picked up by the ion pumps mounted on the accelerator
support structure. The pumping units may be portable. Tank
tuning may be either by altering the operating temperature or by
the use of slug tuners attached to each tank.

The RF power is fed into each tank by a drive loop at
its mid-point. The connections are made with spring rings and the
vacuum seals with metal gaskets.

4. Accelerator: Side-Coupled Waveguide Structure

This structure is fabricated from accurately machined
copper forgings brazed together to form sections. Sections are
approximately 3 meters long. A space of meter between sections
is occupied by a quadrupole triplet and an isolation valve.
Temperature control to t 0.25OF is required to keep the tanks at
resonance and is provided by a high-flow-rate circulating water
system. As with the Alvarez stage, vacuum is provided initially
by roughing pumps located outside the beam tunnel and finally by
ion pumps mounted on the accelerator itself.

Two tanks are driven by each Amplitron chain, the RF
power being introduced into the centre point of each tank through
an iris coupling which may be adjusted for the purpose of matching
the impedance of the supply waveguide to the impedance of the tank.

5. Accelerator Support and Alignment

Alignment tolerances for the quadrupoles in the LAMPF
linac have been anal zed, using beam dynamics computer programs
developed at CRNL OT. The results, presented here for illus-
trative purposes only, are believed to be indicative of the
magnitude of the tolerances that must be met in the ING linac
alignment.

9. B.G. Chidley, private communication 1966).
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Ty2e of Misalignment Max. Error Sketch

Random transverse error <0.65 mm
from centre line

Random transverse error <0.72 mm
from previous quadrupole
triplet

Constant transverse shift 3.6 mm
quadrupole triplets No. 20
to No. 90 from centre line

Constant angular error per 0.0230/cell
quadrupole triplet from 20 end to end
previous triplet

Constant transverse shift 3.8 mm
from previous quadrupole
triplet

Transverse shift quadru- 3.1 mm
pole triplet No. 20 only

Random rotation about an <0.290
axis perpendicular to the
beam line

Satisfactory alignment requires three things:

(a) Initial alignment to a high order of accuracy. This is
a straightforward engineering problem.

(b) Detection and identification of a departure from the
initial alignment. This will be indicated in the first
instance by RF pickups monitoring the position and
phase of the beam but it will also be desirable to have
mechanical means of checking the movement.

(c) Means for re-aligning the machine. This the most diffi-
cult problem to define since its solution depends on the
amount of induced activity to be expected in the beam
tunnel. Standard optical methods may be used if direct
physical contact with the cavities is permissible; if
not, a fairly elaborate and expensive remote realign-
ment procedure as in Stanford two-mile accelerator, may
be needed.

An intermediate solution would be to provide in the
first instance for manual realignment and also facilities for the
addition of the necessary remotely-operated jacks, servo-
mechanisms, television cameras etc. if it turns out that frequent
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adjustments are in fact necessary and that activation is beginning
to build up. It could well be found that most movement and settle-
ment takes place in the first year or so and that this can be coped
with manually.

No detailed study has been carried out on this problem
and no elaborate remote equipment has been included in the present
cost estimate.

6. RF System for the Waveguide Section

General Description

The recommended RF system is shown in block diagram form
in Fig. 46. The system consists essentially of a 00 kW output
amplitron, a 36 kW driver amplitron, and a 2 kW high gain klystron.
The 500 kW output is divided equally by means of a magic tee, each
arm feeding an accelerator tank through a filter. Each mplitron
will operate at 13 db gain and each tube design is optimized for
its particular output power. The klystron drive power is low
enough to allow the use of a varactor-type fast phase-shifter at
its input.

Directional couplers at the output of each tube sense
fast changes of reflected power due to RF arcsi This information
is used to trigger a protect circuit in the DC power supply.
Additional fault protection is provided by DC arc and high gas
pressure sensing circuits.

A 20 db circulator located between the driver and output
amplitron provides a good match for the driver amplitron under
normal operating conditions and, in the event of an RF arc in the
load, will take output power for the time required to turn the
system off. An isolator between the klystron and driver amplitron
performs the same function.

A closed-loop phase correcting system, similar to that
described in the Los Alamos report 1101, will maintain system
phase stability within ± 20. A varactor type phase-shifter will
be used to compensate for fast phase shifts that occur as a
result of power supply ripple and changes in beam loading. A
slow phase shifter will correct for system rifts and phase
changes that occur when the output amplitron power is increased

10. "A Proposal for a High Flux Meson Facility at Los Alamos",
p. 472 1965).
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from minimum to maximum. The phase reference is the common drive
line. The phase in the tank is compared with the reference phase
and the resulting error signal is used to control the phase
shifters. The slow and fast phase shift controllers will respond
only to the required rate of change.

Constant voltage is maintained in the accelerator tanks
by comparing the voltage in each tank with a common reference
level. Corrections must be made for fast changes in beam loading
and slow drifts due to temperature and line voltage fluctuations.
The slow changes will be corrected by the DC power supply primary
controller. Fast variation of beam loading results in a extremely
fast change in demand on the RF system. A series control device,
with the necessary response characteristics, is used to control
the output of the driver amplitron and thus supply the change of
RF output required.

The operating procedure is as follows: the klystron and
then the driver amplitron are slowly raised to full power. The
RF energy will pass through the output amplitron with very little
attenuation and into the accelerator tanks. The output amplitron
power is raised slowly until 136 kW is reached 68 kW into each
tank), the beam and the phase and amplitude correcting circuits
are then turned on and the power is raised until the desired
operating level is reached. For shutdown, the power can be de-
creased slowly or a fast turnoff method described later can be
used.

Amplifiers

(i) Output Amplitron

The SOO kW amplitron will utilize two backward wave
amplitrons in cascade within a single vacuum envelope, as
has been done for S-band super-power amplitrons By
operating the second stage at 3 db gain the power dissi-
pation is divided equally between the stages. The specifi-
cations for the output amplitron are:

Frequency 805 MHz
CW power output SOO kW
Drive power 32 kW
Electronic bandwidth ±5%
Gain 13 db
Efficiency 85%
Anode voltage 35 kV
Anode current 15.7 A
Phase pushing 0.50/1% AIb

Input and output to the slow wave structure will be coupled to
conventional WR97S waveguide.
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(ii) Driver Amplitron

This tube will be similar to conventional backward wave
amplitrons. Specifications for the driver amplitron are:

Frequency 805 MHz
CW power output 36 kW
Drive power 1.8 kW
Electronic bandwidth 8%
Gain 13 db minimum
Efficiency 85%
Anode voltage 20 kV
Anode current 2.01 A

(iii) Klystron

To amplify the 50 W RF signal from the common drive line
to the 2 kW level a klystron such as the Eimac 4KM300OLR is
proposed. This is a four cavity klystron designed to oper-
ate in the band 610-985 MHz and to deliver a minimum of
2 kW CW with a gain of at least 45 db.

RF Amplitude Control

An approach for regulating the power level of the RF
chain is shown in the block diagram in Fig. 47. Large RF power
changes and control during run-up and aging are provided by the
primary controller when directed by the discriminator output. The
discriminator is adjustable and permits the series tube to operate
at the minimum dynamic range for maximum efficiency. Since the
drive power for an amplitron appears in the output a limited
amount of fast amplitude control can be produced through a series
regulator in the anode supply of the driver amplitron. To com-
pensate for a ± 1% change in load at the accelerator tank (due to
a variation in beam loading) a ± 20% change in the driver output
power is required.

A 10 ps response time for the fast regulation is
expected. If further studies indicate that more fast regulation
than provided for above is required a series regulator in the
500 kW amplitron anode supply could be used. This would however
lower the overall RF efficiency.

Phase Control

As the output power is raised the phase shift through
the amplitron increases. To compensate for this a slow phase
shifter is incorporated in the input line of the RF chain. A
ferromagnetic device will probably be used to cover a ± 900
range.

Because of variations in beam loading fast phase shift
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compensation will also be required. Varactor diodes used as
terminations in three or four-port networks such as 3 db hybrids,
directional couplers, or circulators can provide continuous phase
control. Phase modulation response to at least 10 MHz is possible
with these devices. Fast phase shift compensation must also be
done at low level, since the power handling capacity of the
varactor devices is less than watt.

System Shutdown in the Event of a Fault

An accelerator malfunction that results in loss of
control of the beam will require a fast shutdown of the beam and
removal of the RF drive from the tanks. The latter can be
accomplished by shifting the drive frequency up by a few percent,
thus making the accelerator tanks appear as reactive loads at the
end of the waveguide and hence reflecting the incident power. If
the two arms from the hybrid tee feeding two tanks from a common
amplitron differ in length by X/4 the reflected power from the
tanks will arrive at the junction 1800 out of phase and will be
propagated in the series arm but not in the shunt arm. Power in
the series arm is dissipated in the terminating (water) load.

The expected volt-ampere characteristics for the
SOO kW amplitron fill indicate that the frequency shift will also
result in reduced power. output. Thus the power handling
capabilities of the waster load can be relatively low.

In addition to providing for switch off of the acceler-
ator in case of an emergency, while other slower acting protective
devices remove the AC power, this system has the versatile capa-
bilities of (a) removing RF power for an extended period without
actuating other switches, (b) making it possible to restore normal
full load conditions immediately to the accelerator, or (c to
cycle through some prescribed tune-up schedule without actuating
any crowbars or contactors.

Further studies are necessary to determine whether the
klystron in the RF chain has sufficient bandwidth for this shut-
down method. If not use of a 2 kW CW travelling wave tube has
been suggested {12). Such a tube is being developed as a driver
or intermediate power amplifier for high power radar systems in
the 700-1400 MHz range.

11. Raytheon Report MPO-023; Vol. I, FSD/ING-SO 1966).

12. Ibid. reference 11, Vol. II.
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RF System Efficiency

The overall AC to RF efficiency of the system is equal
to the power output (500 kW) divided by the total AC power input
to the system. Assuming an efficiency of 85% for the amplitrons
and 45% for the klystron, the DC inputs are as follows:

Output amplitron 550 kW
Driver amplitron 40.2 kW
Klystron 4.4 kW

Total 594.6 kW

With a power supply efficiency of 95%, AC input power
is 626 kW.

AC power to DC supplies 626 kW
Klystron heater power .155 kW
Klystron magnet power .850 kW
Amplitron magnet power 1.500 kW
Auxiliary 115 V AC power 5.0 kW

Total 633 kW

Overall AC to RF conversion is

Soo = 79% .
M

7. RF System Alvarez Section

A study comparable to the 805 MHz system has not been
done for the 268.3 MHz supply of the Alvarez accelerator.

The choice of a final amplifier for this part of the
accelerator requires further investigation. It appears that
either a klystron or amplitron may be suitable but 268.3 MHz is
lower than the frequencies at which these devices have been
operated.

8. Electrical Power Supplies

AC Load Requirements

The linac presents the following problem in electrical
power distribution: about 10.1 MW of 268.3 MHz power to be evenly
distributed along the first 350 ft and a further 80 MW of 825 MHz
power along the remaining 4650 ft.

The first load is divided into 9 units of 14 MW
(nominal) each, i.e. one unit for each Alvarez tank. Nine recti-
fier substations supply this load. From the point of view of the
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AC supplies, there are 9 loads of about .9 MVA each at 09 lag-
ging power factor (without capacitors) plus two loads of 20 kW
each for the focussing magnets. Shunt capacitors ae tentatively
assumed both for harmonics filtering and for power factor improve-
ment.

The waveguide part of the accelerator is powered by
160 RF chains each rated at 500 kW output. Each chain will be
fed from a rectifier substation rated at 725 M. The power
factor s again 09 lagging (without capacitors).

Power to the rectifier substations will be supplied at
34.5 kV using a double source feed for reliability. Each of the
RF chains may be individually controlled by a load-break switch
installed on the 34.5 kV side.

AC Power Distribution

The total power requirement, at the utilization level,
for the basic 65 mA facility is 154.7 MVA which could increase to
216.8 MVA for the full meson facility 1131. Apart from the
12.5 MVA supplied by generators at the thermal power plant (which
is run on heat from the target) this power will be supplied to the
facility from the Ontario Hydro grid at 230 kV. The power require-
ment at this point is 157 MVA increasing to 224 MVA for the full
meson facility. The power is distributed at three voltages:
34.S kV 416 kV, and 600 volts.

9. Cooling Water Systems

General

All waste heat from the linear accelerator is rejected
to cooling towers. Three main units will dissipate the heat
generated in the target area, the meson building, all experimental
areas and in the main office building. The linac is divided into
a convenient number of substations from which both electrical and
mechanical services are distributed. Each of the substations con-
tain individual pumps, heat exchangers, water treatment plants and
a roof mounted cooling tower to dissipate the heat generated in
the cavities, RF tubes, magnets, and ventilation system.

13. T.A. Creaney, et al., The Shawinigan Engineering Co. Ltd.,
"ING Site Layout and Services, Costs, Schedule and Alter-
native Linac"A AECL Document FSD/ING-61 1966).
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Three grades of cooling water are used:

(a) Very pure, low conductivity demineralized water is used
for cooling the large RF amplitron tubes. These are
very large cooling loads as most of the power losses
occur in them. Low conductivity water is essential
because of the high operating voltage.

(b) Pure demineralized water with inhibitor is used for
cooling the accelerator cavities, focussing magnets, co-
axial cables, and other equipment where corrosion control
is important but high voltages are not encountered.

(C) Chemically treated raw water is used on the secondary
side of heat exchangers handling the purified water in
(a) and (b) above and for various other duties such as
building cooling systems, motor bearings etc.

Cavity Cooling

The resonant frequency of all stages of the linac
depends on the cavity dimensions and therefore will change if the
dimensions change. A design figure has been chosen to maintain
the temperature of cooling water flowing through the cavities to
t 0 .25OF of the set point, which will probably be 80OF in the
Alvarez Section. The waveguide section will be fine-tuned by
adjustment o the set point. A closed loop, recirculation system
is used for cavity cooling. The output temperature is sensed,
and a signal controls the input of water through a flow control
valve.

Separate circuits are required for the quadrupole and
drift tube cooling in the Alvarez section and for the quadrupole
triplet magnets between each tank in the waveguide section.

Certain of the cavity cooling circuits may need electric
heater elements to raise the cavity temperature to the resonance
condition. This has not been decided yet.

10. Mechanical Services

The beam tunnel requires close temperature control and
a design figure of ± 1F about the set point has been chosen. It
would appear desirable to air condition the beam tunnel separately
from the equipment gallery so that activated air and dust cannot
reach rooms occupied by people.

The air conditioning requires to be broken down into 9
units corresponding to the 9 mechanical services control buildings,
with a self-contained plant in each. It is not expected that
refrigeration will be required, but the air conditioning system
will be capable of both rejecting heat to the cooling water and of
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heating the buildings in cold weather.

The tunnel and equipment gallery will be divided by
partitions, which do not require to be airtight, to form the 9
separate sections. At the high energy end special arrangements
may be added at a later date if activation of the air becomes a
problem.
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D. DEVELOPMENT PROGRAM

Most of the development for ING being undertaken in 1967
is on accelerator problems and this section reports on the status
of these projects.

1. Theory and Analysis

More efficient methods of calculating the radiofrequency
properties of accelerating structures are being sought. For
Alvarez type structures some promising results are being obtained
with mixed analytical and mesh calculations which are much faster
than typical mesh methods e.g. the LALA code of LASL l.

Methods of calculating ion trajectories step-by-step in
the machine have been developed. These are being applied to
determination of the machine geometry and focusing system and to
estimating allowable errors.

Attention is being given to non linear effects and
aberrations which may cause the beam to grow. A study of insta-
bility effects has begun. These calculations will be particularly
important in predicting beam spill.

2. Ion Source and Injection System

A 1SO kV ion source test stand is near completion and
should be operating by mid-1967. Initially current capability and
emittance characteristics of CW duoplasmatron ion sources will be
studied. Factors affecting lifetime and current stability will be
investigated. A source patterned on the work of Kelly et a at
ORNL f2} has been built. Theoretical studies of buncher and
accelerating tank designs are aimed at achieving high injection
capture-efficiency into the linac.

A study contract with the University of Waterloo is
concerned with insulator design and fabrication technique of the
high-gradient DC injector accelerating column.

A proposal for constructing a breadboard model of the
injection system and first Alvarez tank of the accelerator has
been made. Many of the physics problems associated with space
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charge effects at the beginning of the machine, difficult to solve
theoretically, would be investigated. Satisfactory solution of a
number of technical and systems design problems would be demon-
strated.

3. Accelerator Structures

Because of lack of accurate calculations at 268.3 MHz,
empirical tuning curves are being derived for Alvarez structures
particularly of the 2�X design required for the first tank.

A 201 long 20" diameter aluminum model of an Alvarez
tank is partly fabricated and will be used for detailed study of
the radiofrequency properties at low power.

A second 4 model is being designed for high power
testing and verification of unconventional fabrication methods
needed because the design frequency is higher than previously
used.

Two "Waveguide" models are being constructed. Model 
It is one full and two half cells fabricated from LASL

forgings and will be used to gain initial experience with fabri-
cation techniques and be used for high power tests. Model 2,

= 0651 is a full size 101 long tank based on a LASL design and
will extend our experience with tuning and fabrication and will
be used for high power tests particularly to study heat removal
problems.

A study of improvements in the electrical design of the
LASL structure is being made under contract at the University of
Alberta. The University of Manitoba is studying methods of calcu-
lating and measuring field distributions in cavities.

An electron-analogue beam-loading test stand is opera-
ting and can be used to study the effects of pulsed-beam loading
on model RF cavities. Effects are being compared with expected
behaviour of circuit analogues.

Construction of a prototype module of the Waveguide
section loaded with electrons (6S m.A 6 MeV) is proposed as a
systems test.

4. RF Power Supplies

Development programs are mainly concerned with the final
power amplifiers of 12 MW CW at 268.3 MHz and O.S MW at 805 MHz
for the Alvarez and Waveguide sections respectively.

An RCA AlSO39 super-power triode has been procured for
evaluation as the 12 MW generator. Its capability has not been
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proven above 700 kW but adequate performance is expected in princi-
ple. The RF circuits for it have been designed and are being
constructed. The driver stages are being constructed by the
University of Manitoba Physics Dept. using an RCA A2054 tetrode as
the final stage. This program is regarded as a back-up for a
prospective cross-field amplifier which will not be committed
until the 805 MHz tubes have been studied further. The triode will
also supply power for testing experimental Alvarez structures.

A 100 kW amplitron at 805 MHz has been delivered together
with all necessary power supplies and other equipment to operate
it. Initial evaluation tests are underway. A 00 kW two-stage
tube is being built by the Raytheon Co. for delivery in the fall of
1967. It will be driven by the 100 kW tube. Testing programs
include operation into resonant loads simulating accelerator
structures.

Procurement of a 50 kW klystron for evaluation as a
potential driver for the 500 kW is being investigated.

A flexible DC power supply capable of 2�j MW at 20 to
60 kV is on order. It will provide power for testing all pro-
spective tube types currently considered. The first module will
be installed by fall, the facility should be complete early in
1968.

An experimental study of factors affecting efficiency
and stability of crossed-field amplifiers has been started. It is
planned to build experimental tubes in the 100 kW power range.
Measurements of the behaviour of slow-wave anode structures are
being made at Ecole Polytechnique.

S. Magnets

An experimental quadrupole has been made and prepa-
rations are being made to measure its magnetic field distribution
accurately. A scale model bending magnet is underway. The
possibility of using ferrites to excite the quadrupoles is being
studied. Techniques for making radiation resistant windings
particularly for the Alvarez quadrupoles are being tried.

Calculations of magnetic field distributions are being
made under contract at the University of California; improved
computational techniques are being developed at the University of
Saskatchewan. Analogue computer techniques for studying beam
transport system design are being developed at the University of
Victoria.

The possibility of applying superconducting techniques
to bending magnet design is being evaluated under contract at
Ferranti-Packard Ltd.
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6. Control and Instrumentation

Most attention is being devoted to identifying conceptual
design and feasibility problems. Control action to mitigate
results of component failure, particularly RF power supplies, is
receiving immediate attention.

Various methods of controlling the amplitude and phase
of the RF field in the accelerator are being assessed. Some com-
ponents are being tested.

Data acquisition and processing methods, expected to be
digital, are being studied.
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E. BEAM TRANSPORT

1. Overall Layout

As the difference between the "full" ING and the basic
machine is the provision of more experimental facilities using
auxiliary and secondary beams, the main beam transport systems
for the basic machine must be designed to accommodate these future
additions.

The beam transport system sketched out in Ch. VI of
AECL-2600 was intended to convey the primary beam from the
accelerator to the main thermal-neutron facility, to provide two
auxiliary proton beams, and to provide for generation of beams of
secondary particles. The auxiliary proton beams, one about mA
mean and the other considerably less, were to be provided by a
pulsed transverse deflection system operating on the main 6S mA
beam and splittin off bunches of protons out of the RF micro-
structure of the team.

While work on a suitable pulsed deflector continues,
concepts of what is required have changed. Partly this is because
rapid "splitting" of a beam now seems technically difficult but
mainly because of the idea of using an H- beam accelerated in the
linac 1800 out of phase with the main bunches of protons 6.

The general layout of the beam transport system illus-
trated in Fig. 14 provides for later addition of the H- beam.
The beam of H- ions will be separated from the proton beam from
the Iinac by a bending magnet which gives both the H and H- ions
a small (So to 70) deflection in opposite directions. A second
magnet, whose field is 7000 gauss, bends the H- ion beam through
a further 10-150; the H beam is bent in a magnet of higher +
field-strength some 60-700 in the opposite sense. The main H
beam passes through the main transmission meson target on its way
to the thermal neutron facility.

The H- beam is intended to perform the functions of
beam 2 of AECL-2600., being used for meson production as well as
for the fast neutron target.

The pulsed feature of the fast neutron source, cited in
AECL-2600 as making time-of-flight studies possible, is not
provided by this technique, but this does not greatly curtail the
possible research program, indeed the time-structure (RF micro-
structure only) is favourable for meson work using counting
techniques*.

The possibility of extracting the H- beam part way down the
accelerator to obtain a lower-energy beam at say 500 MeV for
stopped meson studies is being considered. However it could not
be done concurrently with use of the beam at full energy.
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The separated H beam, will be passed through a "strip-
ping" foil to produce protons. before entering the area where
meson and neutron targets may be located. Assuming the "stripper"
can be made thin enough, a fraction of the beam will emerge as
neutral hydrogen ions. The proton beam may be bent away to the
meson area and the Ho ions can then be "stripped" again to give a
proton beam of lower intensity suitable for an Advanced Power
Technology target.

The facilities provided by the H beam are expected to
be added as a future development of the Basic Machine. They will
not however provide a suitable beam for a Resonance Neutron
Facility. The layout provides space for a main beam splitter
should development prove feasible; there are however treatments
of the negative ion beam in combination with a modest storage ring
being considered 1141 which may prove even more attractive.

2. Detailed Design

Details of the focusing and bending magnets required to
guide the accelerator output beam had not been worked out when
AECL-2600 was written; only rough estimates of the requirements
were obtained from systems in use elsewhere. More detailed
studies of the system are now in progress. In particular a first
order design has been worked out for the transport system from the
high activity tunnel to the Thermal Neutron Facility fl5l.

The main features of the design are listed in Table 42.

While the design may be improved still further it is
evident that the design requirements were grossly overestimated in
AECL-2600. Preliminary design of the remainder of the system is
in progress.

3. Structures

High Activity Beam Tunnel

The high activity beam tunnel containing the main
1000 MeV proton beam, runs from the accelerator exit tunnel to
the thermal neutron facility tunnel, and will be built to contain

14. Memorandum from C.H. Westcott to Competitive Systems Working
Party, 16/6/67.

15. "Beam Transport System for the ING Thermal Neutron Facility -
Preliminary Design", F.P. Blackstein and A.J. Otter, FSD/
ING-80, Jan., 1967.
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TABLE 42

TRANSPORT SYSTEM DESIGN FEATURES

Admittance invariant 37.27T mm mrad max.
Beam tube ID 1 cm
200 bends Double achromatic 3-magnet systems,

flux 20 kg/ CM2 beam aperture
6.75 cm diam.

1100 bend No achromatic correction, flux
20 kg/ CM2 , beam aperture 675 cms
diam.

Quadrupole magnets
number 23
length 24 cm
aperture 12 cm
gradients 0.3 to 1.8 kG/cm

Magnet power 1.1 W
Beam diameter at target 1 cm

a pion target initially with provisions for adding a muon target
and possibly a beam splitter later.

The tunnel is 2S' high, 201 wide and approximately 3001
long. The walls and roof are of cellular reinforced concrete
construction filled with sand 351 and 251 thick respectively. The
latter thickness is sufficient to prevent skyshine but does not
provide adequate personnel protection against radiation above the
tunnel. Those sections of the wall through which the pion and
muon channels pass are left free to receive concrete shielding
blocks which can be handled by a travelling gantry crane supported
on the walls of the tunnel at the roof level of the roof level of
the meson building. Each of these wall sections is provided with
a removable roof. Any section of the wall can be broken out and
new beam channels can be installed. The inside wall surface is
lined with marble or graphite blocks thick.

A special arrangement of heavy concrete and steel
blocks is provided where the pion and muon channels leave the
main tunnel. These are arranged to give sufficient shielding of
the experimental hall.

In the basic facility only the pion channel is provided,
and the remainder of the high activity tunnel is built like the
thermal neutron facility tunnel except that the reinforced con-
crete walls and roof supporting the sand shielding are formed in
weatherproof pre-cast units which can be dismantled to permit
expansion.
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A remote controlled 10-ton overhead travelling crane is
used to handle beam transport equipment including quadrupoles,
targets, and beam splitter. It will also lift iron blocks used
as local shielding around targets and the splitter.

A "Scorpion" type remote controlled manipulator mounted
on a bridge utilizes the same crane rail system. The manipulator
is provided to help adjustment or maintenance of any of the
components of the beam transport ion optical system. Television
cameras are mounted at 501 intervals along the tunnel and two
cameras are located on the manipulator for the guidance of the
operator.

Trolleys are provided - to remove 'hot' pieces of
equipment to the cell at the end of the high activity tunnel.

Meson Experimental FaciliLL

This building, which is designed for experimental use
of the pion beam taken from the main proton beam, is built
adjacent to the high activity tunnel containing the 1000 MeV beam.
The high activity tunnel lies at one end of the building and
includes a hot cell in the corner nearest to the accelerator exit
tunnel.

The building consists primarily of a large bay
100 x 2001 by 301 high and will provide a clear work area for
experiments.

Thermal Neutron Facility Tunnel

This tunnel between the high activity tunnel and
thermal neutron facility is about 301 long, 151 wide and 201
high. The reinforced concrete walls and roof are 1811 thick and
the floor slab is 3 thick. Shielding is provided by 15 of
sand all around the tunnel. No remote handling equipment is
required, but a 10-ton monorail will cover its length and switch-
ing devices will allow it to enter a maze on one side which
provides entry from the outside. A concrete beam stop is placed
at the end of the tunnel where the beam is bent upwards at 200
into the thermal neutron facility.
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CHAPTER 

TARGETS AND EXPERIMENTAL FACILITIES

The primary target of the accelerator beam will generate
an intense flux of thermal neutrons in a D20 moderator. At the
same time secondary beams of mesons, protons and neutrons will be
produced by thin targets placed in the main beam.

A. THERMAL NEUTRON FACILITY PHYSICS

The principal parameters of the reference design of the
thermal neutron facility are summarized in Table 5.1.

1. Description of Thermal Neutron Experimental and Irradiation
Facilities

The experimental and irradiation facilities are listed
in Table S.2 and shown in Fig. 5.1.

TABLE 5.1

ING THERMAL NEUTRON FACILITY

Proton Beam 65 mA I GeV, CW

Target Material Pb-Bi eutectic

Target Dimensions 20 cm diam x6O cm effective length

Source Strength 10'9n s-1

Moderator D20

Moderator Tank 120 cm radius

Shield Iron, heavy concrete

Shield thickness (midplane) 450 cm (iron)

Beam Power 65 MW

Target Power 38 MW

Moderator Power 16 MW

Shield Power 11 W
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TABLE 52

THERMAL NEUTRON EXPERIMENTAL AND IRRADIATION FACILITIES

Max Thermal
Beam Flux Westcott
Tube Facility Diam Quantity unperturbed r

Number cm cm- 2 s-I approx.

2,4,S Horizontal tangential 10 3 lo, 6 0.026
"L - tube"

3 Horizontal tangential 10 1 Sxio,, 0.003
"L - tube"

1 Horizontal tangential 10 I 10 16 0.026
stub

7 Horizontal radial stub 10 I 10 16 0.026

6-6A Horizontal tangential 20 1 10 16 0.026
"T- tube"

Pneumatic rabbits 10 2 10 16 0.026

Vertical irradiation is 2 -sxio" 0.003
thimbles

Vertical irradiation is 3 -1xiol, -
thimbles

Hydraulic capsule 4 4S <10 15

facilities

Inner Cobalt blanket 1 <lo's
3/8" thick

Outer Cobalt blanket 1 <lo's
3/4" thick
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The facilities are planned to give access to the
highest flux with the highest beam quality. To provide this in
a flexible manner., but without causing large flux perturbations,
tubes of 10 cm diameter were adopted as standard, with the
addition of a single 20 cm through-tube.

There are seven horizontal beam tubes, placed as
follows:

- Five tubes lie in one plane and are tangential to the
target. Four of these terminate at a radius of 45 cm from
the centre of the target, 12 cm from the outer surface of
the beryllium blanket. The fifth terminates at a radius
of 86 cm.

- 20 cm below the five-tube plane is a radial tube and
20 cm above it is the through-tube on a tangent 4S cm from
the target centre.

- At the inner ends of four of the tangential tubes are
10 cm vertical access tubes and at the centre of the
through-tube is a 20 cm vertical tube. These vertical
tubes can be used as additional irradiation facilities if
necessary but they are provided primarily for servicing
equipment, for mechanical support and for cooling targets
or moderators without obstructing the neutron beams,
Since beam tubes that are not in use will probably be
flooded, the vertical tubes will be useful for circulating
cooling water. It is planned that a vertical tube not in
use can be flooded separately from its horizontal partner.

The 20 cm through tube is intended for 'unusual'
experiments. It may also be useful for experiments in which
beams of charged particles bombard a thermal neutron 'gas target'
at the mid-point of the tube.

High beam quality is essential for many experiments.
Here quality denotes the ratio of neutrons in the energy range of
interest to those outside it. Usually this means the ratio of
thermal to fast, that is epithermal or MeV-range, neutrons. For
this reason most of the tubes are tangential and end on a circle
not less than 12 cm from the surface of the beryllium blanket.
The 12 cm value is the same as that chosen for HFBR; it is felt
to be reasonable for ING but has in no sense been optimized to
allow for the different flux distribution and other conditions in
ING.

2.1 Performance

The flux of thermal neutrons produced by the proton
bombardment of a heavy-element target has been calculated in two
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major steps. The first step is a calculation of a neutron yield
by a Monte Carlo method that gives detailed predictions of the
neutron source strength, energy and angular distributions as a
function of proton beam energy, for various target materials and
sizes. The calculation also estimates the heat deposition in the
target as a function of the same variables. The second step,
which utilizes the results of the first step, is a multi-group
diffusion theory calculation to obtain the neutron fluxes in the
moderator surrounding the target. The yield calculations have
been checked by direct measurement.

The axial distribution of neutron production and heat
in the target are shown in Fig. 52. The points in the upper part
of the figure give the calculated source strength along the axis
of the target. The points in the lower part of the figures show
the distribution of heat produced by ionization. In both parts of
the figure the solid lines are exponential distributions with the
mean free path characteristic of inelastic collisions of high
energy protons in bismuth.

The spectrum of neutrons emerging from the target has
been calculated by the Monte Carlo method. A reasonably good fit
to the spectra at various angles to the proton beam is made with
the following functional form:

E E E E J
'N TT TT (T)N(E) - Ae + Ce + Fe + Ge

in neutrons/proton/MeV/steradian, where E is the neutron energy in
MeV, and A., BP Cs Do F G HP I and J are constants. The first two
terms represent the isotropic evaporation neutron spectrum. A, 
C and D are 1.5. 0679 0335 and 36 respectively. Table S.3
lists the other constants for angular ranges and Fig. 53 illus-
trates the spectrum at 900 to the proton beam.

TABLE 53

ANGULAR ANGE CONSTANTS

Angular Range F G H I J

0 - 32 .00297 1S.25 .00156 192.5 l.S

46 - 57 .00300 24.30 .00103 196.7 1.5

86 - 94 .00146 22.21 .00075 99.47 1.0

123 - 134 .00105 23.65 .00014 1S3.1 5.67

148 - 180 .00075 23.41 .00014 1SO.8 4.37
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TABLE 54

NEUTRON YIELD PER INCIDENT PROTON

Target Proton Energy, GeV

0.47 0.72 0.96 1.47

Be 10.2 cm x 10.2 cm x 91.6 cm 1.38 1.94 2.90 3.43

Sn 10.2 cm diam x 61 cm 4.72 8.20 11.45 1S.87

Pb 10.2 cm diam x 61 cm 7.96 11.76 16.64 26.40

Pb 20.4 cm diam x 61 cm 8.67 13.94 20.29 31.47

U 10.2 cm diam x 61 cm
(depleted) 18.50 29.06 40.48 56.75

2.2 Measurements of Neutron Yield

The calculations have been substantially verified in an
extensive series of measurements carried out at the BNL Cosmotron
in collaboration with a group of physicists from ORNL M A
variety of target materials and shapes and a range of proton
energies from O.S to 1.5 GeV were used.

A summary of the neutron yields per incident proton is
given in Table S.4. The results of the measurements are given
in some detail in AECL-2600, Chap. VIT.

2.3 Flux Distributions in the Moderator

We present here some results of multigroup diffusion
theory calculations, with emphasis on the low energy neutron
fluxes. We wish to indicate principally the magnitude and spatial
distribution of the fluxes, the dependence of the flux on the
target material, on size and source disposition in the target, and
on the moderator size. The energy spectrum of the neutron flux is
also discussed.

1. J.S. Fraser, R.E. Green, J.W. Hilborn, J.C.D. Milton and
W.A. Gibson, E.E. Gross, A. Zucker (ORNL), Phys. in Canada
21 2 17 1965).
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In Table 5.5 we list some of the group-average neutron
cross-sectionst we have used for neutron interactions in D20 in
the < E < 20 MeV energy ranget. Elastic collisions dominate
though (na), (n,2n), (nn'), (np) and (nd) interactions are all
significant at the higher energies. In the tables the totalGT.1s
cross-section. The reactions (na), (np) and (nd) in oxygen
result in neutron losses. Actually, in the energy range indi-
cated, these losses are slightly overcompensated for by the
production of neutrons via the (n,2n) reactions ith the oxygen
and deuterium. Information on the nuclear interactions for
neutrons (and other particles) with energies > 20 MeV was obtained
from the data of Hughes and Schwartz 121 and the Monte Carlo
calculations of Bertini fS}.

In so far as the energy spectrum of the flux is
concerned, the most detailed calculation has been carried out for
a Pb-Bi target 10 cm diameter, 40 cm long, embedded in a 20
moderator 118 cm thickY 240 cm long, and these results are pre-
sented. The fluxes are normalized to a total source strength of
1019 source ns/sec. In Figure 54 the radial distribution of the
neutron flux in the moderator mid-plane is plotted for various
indicated neutron groups. We see that for the higher energy
neutron groups the flux tends to be concentrated near the target.
For neutrons with energies greater than 2 MeV the main component
of the flux, particularly near the target, is the "uncollided"
flux) i.e. the flux of source neutrons coming directly out of the
target without collision. Farther from the target the "collision"
flux becomes important. Our estimates of this flux becomes
rather uncertain at the higher energies because we have made only
approximate calculations of the contributions to this flux
produced by the source neutrons with energies > 20 MeV. Note the
change of scale in the abscissa at 20 cm.

t These cross-sections were derived from data contained in:

2. D.J. Hughes and R.B. Schwartz, "Neutron Cross Sections",
BNL-325, Second Edition, (19S8).

3. J.R. Stehn., "Neutron Cross Sections", BNL-325, Second Edition
Supplement 2 (1964).

4. G.D. Joanou and H. Fenech, Reactor Sci. and Tch. (J. Nuclear
Energy Parts A and B) 17, 42S (i963).

S. H.W. Bertini, Phys. Rev. 131, 1801 1963) and private com-
munication 1964).
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In Figures 5.5 to S.7 the energy spectrum of the neutron
flux at all energies is given at a location where it is most
accurately known, i.e. at the target half-height position on the
target surface. (Note that the energy interval dE for plotting
the ordinate is eV in Fig. 5.5, keV in Fig. S.6 and MeV in Fig.
5.7). The thermal flux is approximately a Maxwellian with an
effective temperature of 313 K. In the epithermal energy regions
the spectrum is approximately of the I/E type. At the higher
energies the flux is mainly the uncollided flux and the flux
spectrum is therefore similar to the source neutron spectrum. As
we move away from the target surface into the moderator the flux
of high energy neutrons decreases relative to the thermal neutron
flux as illustrated qualitatively in Fig. S.4.

TABLE S.S

D20 CROSS-SECTIONS FOR NEUTRONS (IN BARNS)

Energy Oxygen Cross-Sections Deuterium
Range Cross-Sections
(MeV) CT a(na) c(nn') a(np) a(nd) u(n,2n) CT u(n,2n)

<1.0 3.8 3.4

1-2 2.5 2.85

2 - 3 2 1 . 2 2 4 

3.2 -4 3.0 .003 2.1 .008

4-4.46 .10 .025

4 4 6 - . 6 . 3 

5-S.2 I.S .17 1.7S .041

5 2 - 6 3 . 04 6

6.3 -6.6 .10 .07
6.6 -8 1.2 .07 .17 1.4 .09

8-10 1.15 .07 .34 1.15 .12

10-13 I.S .15 AS .039 .011 .93 ASS

13-20 1.S6 .29 .50 .036 .01S .0005 .77 .175



17
10

I -THERMAL GROUP 3a- 32 - 4 MeV

II-0.127 1.46 eV GROUP 0 46.6 Me V
]I[- 1.469V-IMeV VH-6.6- 8 Me V

I - 2MeV tK- B-10 ev

16 X- 10 ---I 3 Me V
10 2a-13-2OMeV

LLI,

15
10E

U)
z
0
Er

Z)

131 4 8 12 16 30 40 50 60 80 90 100 110 120

10 2 70

DISTANCE FROM TARGET FACE IN CMS

Fig. SA Radial distribution of the neutron flux for a 10 cm diam., 40 cm long
Pb-Bi target Source Strength 1019 neutrons/sec.



10 1111111 I I M

Pb-Bi TARGET, D20 MODERATOR-
10 SOURCE NEUTRONS /SEC

IT
10

E 16
10

CP\Go

w
z

id'

10 14
.0001 .001 .01 0.1 1.0 -"�O.O

NEUTRON ENERGY IN eV

Fig. 5.5 Neutron flux spectrum at the target surface. See Fig. 54
for target specifications.



69 -

10 I H II I I I I 1111 I I I I IIH I I I I 1111 I I I I I I I-L
z

Pb-Bi TARGET
10 SOURCE NEUTRONS/SEC

CY

N,

Wz 14
0 10

w
z

10

10 12 01 2 1 I I H ill 4 I I I I I IIII5 1 1 1 1 11111

I 10 10 10 10 ICP

NEUTRON ENERGY IN eV

Fig. 56 Neutron flux spectrum at the target surface.
See Fig. 54 for target specifications.



7 -

I I I T] -T-1

Pb - Bi TARGET
10 19 SOURCE NEUTRONS SEC

14
10

U,

(y
E

U)z0

wz

12
10

10 100 1000
NEUTRON ENERGY IN MeV

Fig. S.7 Neutron flux spectrum at the target surface.
See Fig. S.4 for specifications.



7 -

B. THERMAL NEUTRON FACILITY ENGINEERING

The layout of the thermal neutron target area is shown
in Figs. 5.0 516 and 5.18 and considerable detail is given in
AECL-2600.

The components that form the target proper are the
liquid metal target, the surrounding moderator, and the shielding.
They form a block approximately 42 ft in diameter, rising 32 ft
above the main floor level. This block is situated in the centre
of the square experimental floor which is 180 ft by 180 ft. The
target building is 180 ft by 230 ft and the 50 ft by 180 ft area,
outside the experimental floor, is occupied by offices, a control
room and a storage area. The storage area is for equipment not
in use, for portable shielding, and for plug storage.

The plug storage consists of vertical tubes in a block
sunk in the floor. Plugs from the vertical tubes into the moder-
ator tank will be raised into a flask and transported to the
storage by means of the 50 ton overhead crane. Plugs from hori-
zontal tubes will be similarly dealt with, using a horizontal
flask support frame. Some of these plugs will be 20 to 24 ft
long, depending upon function, so that the plug storage block will
extend from the experimental floor down through the basement to
about the same elevation as the building foundations.

The proton beam leaves the accelerator through a tunnel
shielded by a mound of earth. It approaches the target building
at right angles to and in the centre of one side and, just before
reaching the building, passes through a bending magnet which
turns the beam up to an angle of 20 with the horizontal. Above
the target, it enters a 100 bending magnet and is turned verti-
cally downwards into the centre of the target.

Above the target a relatively large clearance must be
maintained for the installation of a fully assembled target tube,
from the vaned head at the top to the flange at the bottom. This
fully assembled target tube will be about 35 ft in length. The
area beside the target does not require such a high roof because
only experimental equipment will be handled. The central bay is
80 ft wide and has a clearance of 65 ft from the operating floor
to the crane hook. The crane provided for this bay will have a
capacity of 50 tons. The two lower side bays, each 50 ft wide.,
have clearance from operating floor to crane hook of 38 ft.
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1. Lead-Bismuth Target System

1.1 General Description

The target cooling system is shown schematically in
Fig. 5.8 and basic data is given in Table S.6. Cooled liquid
metal is delivered to the vaned head which discharges the liquid
downwards as a thick film attached to the target tube wall. The
proton beam passes through the core which is evacuated, as shown
in Fig. S.9. The target surface is formed where the flow
changes from a film on the wall to fully flood the pipe. The
elevation of the surface can be adjusted by varying the circuit
pressure near the pump inlet.

Some 38 MW of heat is generated in the liquid metal.
Maximum and minimum temperatures of 4SOOC and 32SOC are selected
from consideration of radiation damage to the target tube
material and thermal shock on accelerator trip.

Structural material in the liquid metal system must
be corrosion resistant to lead-bismuth. In addition the target
tube must absorb as few thermal neutrons as possible and be
highly resistant to radiation damage. A composite tube of
zirconium alloy with a niobium liner is proposed.

The target cooling system includes a dump tank, heaters,
level control tank, inert gas system, intermediate cooling system,
instrumentation and controls. Heaters will be provided in the
dump tank, capable of melting the entire charge, and trace heating
will be required for all components and piping. Inert gas will
be provided as a blanket over the Pb-Bi in the dump tank, the
level control tank and in the pumps. An organic liquid inter-
mediate cooling system is at a lower pressure than the liquid
metal system so that any leaks are outward. It allows the metal
temperature to be kept near the operating minimum on accelerator
shut-down. A direct heat exchanger has been suggested for heat
recovery, but has not beeD adopted in the reference design yet.

1.2 Materials

External System

Materials which resist corrosion by liquid lead-bismuth
eutectic include most ceramics, fused quartz, graphite, and the
metals iron, niobium, beryllium, tantalum, molybdenum and
tungsten. Steels containing nickel, or appreciable amounts of
chromium, are seriously attacked by the eutectic.



PROTON

BEAM

SHIELDING

VACUUM PUMP

VANED HEAD

MODERATOR

BYPASS HEAT
EXCHANGER

PUMP TARGET
TUBE

INERT
PUMP GAS J

HEAT
EXCHANGER TARGET EXPERIMENTAL

LEVEL BEAM TUBE
ROL

DUMP VALVE

DUI
VAiNV E

I DUMP DUMP
I TANK PU R I F CAT ION TANK
I CIRCUIT

COOLING ORGANIC I
COOLANT ;01 LEAD

WATER SYSTEM BISMUTH
CIRCUIT CIRCUIT

Fig. 5.8 Schematic of target cooling system.
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TABLE 56

TARGET COOLING SYSTEM DATA

Lead-bismuth Eutectic Circuit

Freezing point 1250C
Flow 4S60 lb s-1 2680 gal(UK)/min
Inventory -115 00 lb
Target surface pressure -10-5 'orr
Pump inlet pressure 100 psia
Pump outlet pressure 330 psia
Heat exchanger inlet temperature 4500C

outlet temperature 325OC
Pump H.P. -600 (efficiency assumed to be 72%)
Target tube ID 8 in.
Pb-Bi velocity in target tube 20 ft s-'
System piping size 12 in. Sch 40
Pb-Bi velocity in pipe 9 f/s

Intermediate eat Exchanger

Capacity 38 MW
Type Tube in shell single pass, counter

flow
Liquid flowing in pipes Lead-bismuth
Liquid flowing in shell Organic fluid HB40
Tube size 114 in.
Tube pitch 1 916 in.
Number of tubes 124
Shell ID 20 in.
Effective tube length 28.4 ft
Tube side press. loss -100 psi
Shell side press. loss -25 psi-
Pb-Bi velocity lo t 1
HB40 velocity 15 ft s-' ft-2

Pb-Bi heat trans. coeff. 2100 Btu hr-1 OF-'
HB40 heat trans. coeff. 696 Btu hr-1 ft-2 OF-1

HB40 Circuit

Flow 688 lb s1 5040 gal(UK)/min
Inventory -3SO lb
System operating pressure -25 psia
Heat exchanger inlet temp. 2120C (4140F)

outlet temp. 2600C (5000F)
Pump hp -180
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Steels containing 2% Cr, 1% Mo and 1% Cr, -I,% Mo, (i.e.
ASTM A335, grades P22 and Pll) have been used successfully for Bi
and Pb-Bi loops to - S600C, but corrosion increases to an
unacceptable rate if the Cr content is increased to S% or more {6,
7,8,91. ASTM A33S grade P11 is proposed. It will be studied in
experimental loops containing circulating eutectic at representa-
tive conditions.

Some components, particularly the pump impellers and
the vaned head, may be subject to cavitation damage. A high
strength, hard material appears to resist erosion best, as illus-
trated by cavitation tests reported in Ref 9 Hardenable, low-
alloy steels of high carbon or hard cast iron, free of Ni and
with low Cr are therefore proposed for vulnerable components. The
final choice of material will be made after stress and fatigue
analyses of the component. A short list of candidate materials
has been prepared from rotating disc tests carried out during
1966.

The system will include some small components, notably
diaphragms or bellows for instruments, which will require
relatively high strength and fatigue and erosion resistance
because they will be thin. Tungsten and molybdenum appear to be
suitable. A pressure transducer with a molybdenum diaphragm is
currently under test.

Target Tube

Only structural material with thermal neutron absorption
cross-section barn or less can be used in the target zone. The
metals Be) Mg, Al, Zr and Nb were considered. Beryllium resists
corrosion by the eutectic and would offer an advantage over the
other materials by reason of the neutron multiplication obtained

6. C.J. Klamut, et a, "Material and Fuel Technology for an LMFR,
proc. 2nd UN Intl. Conf. Peaceful Uses Atomic Energy (Geneva)
79 173), 1958).

7. A.J. Romano, et al, "The Investigation of Container Materials
for Bi and Pb Alloys. Part 1. Thermal Convection Loops",
report BNL-811, 1963).

8. B.R.T. Frost, "Liquid Metal Fuel Technology", proc. 2n UN
Intl. Conf. Peaceful Uses Atomic Energy (Geneva) 7 139 1958).

9. Y. Imai, et al, "Corrosion and Erosion of Ferritic Steels by
Liquid Bismuth, proc. IAEA Intl. Conf. Corrosion of Reactor
Materials (Salzburg) 2 51 1962).
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from its (n,2n) reaction. However, its poor mechanical
properties, particularly thermal shock resistance {101 and stress
rupture 11}, and the serious effect on these properties 11 of
the helium produced in the (na) reaction, make it unsuitable as
the main structural component of the target tube. Magnesium and
aluminum are too weak at the operating temperature. Zirconium
alloys are probably too soluble. Niobium has a rather high
cross-section 116 barns).

Non-metallic materials (e.g. C, A2031 SC S21 r2)
which might be used for the target tubes, or as cladding for a
Zircaloy-2 tube {131, suffer from brittleness, particularly when
hydrogen and helium are produced 1121.

With the exception of its solubility in the eutectic,
the other properties of zirconium and existing experience in its
fabrication make it the obvious choice for the main structural
member. A tube of Zircaloy-2 clad on the inside with a
corrosion-resistant liner of iron, niobium or molybdenum was
therefore considered. Niobium can be readily bonded to Zircaloy,
has similar expansion coefficient, low gas production, zero
transmutation under neutron irradiation and high permeability to
hydrogen. Iron has a greater expansion coefficient than Zircaloy,
and will transmute to manganese and cobalt. Molybdenum will
transmute to technetium and embrittlement by hydrogen and helium
could be serious since the metal is relatively impermeable to
hydrogen and forms no stable hydride at these temperatures {141.

The chosen combination for the current reference design
is Zircaloy-2 lined with niobium. Niobium solubility which may
be as high as 3 ppm at 4500C, may cause an erosion problem. The
solubility is being studied at present 15}. There is no known

10. E.E. Baldwin and R.F. Koenig, "Mechanical Properties of
Beryllium", report KAPL-1049 1954).

11. Proc. Intl. Conf. Metallurgy of Beryllium, Institute of
Metals (London, 1961).

12. H. Alter and C.E. Weber, J. Nuclear Materials 16, 68 1965).

13. The Composition of Zircaloy-2 by wt. is as follows:
Zr, 98.04%; Sn, 1.5%; Fe, 013%; Cr, 0.1%; Ni, 0.05%;
N < .01%; 0, 017%.

14. R.W. Webb, "Permeation of Hydrogen Through Metals", report
NAA-SR-10462 (196S).

1S. By J.R. Wilson, at Queens University.
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inhibitor. The erosion may however be kept to a permissible level
in the target tube by saturating the eutectic from a sacrificial
niobium insert in the inlet. A program of loop tests under
representative conditions is being carried out at CRNL.

The helium produced in the structure by neutron irradi-
ation will probably embrittle it. Some work on beryllium suggests
that migration to the grain boundaries will not occur. Radiation
damage will build up in the cooler region of the 0tube ear the
target surface where the temperature will be 325 C. Hydride
formation in the Zircaloy will not be an important contribution to
embrittlement. Irradiation studies have been started to establish
the endurance of the material.

The operating life of the target tube may be relatively
short < I year), being limited by either liner corrosion or
general embrittlement. It will therefore be made readily replace-
able.

1.3 Thermal Stresses 061

Radial temperature gradients in the eutectic circuit
piping will occur when the proton beam is suddenly stopped.
Heating of the Pb-Bi is stopped and cool liquid is circulated over
hot piping.

The estimated radial temperature gradient in the piping
at various time intervals after proton beam shut-off, and for an
initial temperature difference of 1250C (2250F) are shown in
Fig. S.10. The calculations are for a 9 inch diameter target
tube, although the reference design tube is inches. The results
will be very little affected by this change.

Figs. 5.11 and 512 illustrate the results of a
computer solution to the equations for radial, axial and tan-
gential stresses, n a Zrcaloy-2 tube, for the temperature dis-
tribution of Fig. 5.10. They show radial and tangential stresses -
axial stresses are very nearly identical to tangential stresses.
All stresses vary with time, and the maximum stress occurs at the
inner surface of the tube, where tangential stress is a maximum,
at a time which may be determined from the plot of stress vs. time.
The maximum stress for a 1250C (22SOF) temperature difference is
about 4500 psi in the Zr-2 target tube.

16. J. Toronchuk, "Thermal Stresses in Piping for Liquid Metal in
ING Thermal Neutron Target", report FSD/ING-39 1966).
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A similar analysis for the 14 inch wall steel pipe of the
external system yields the data illustrated in Fig. S.13. Here
the maximum transient thermal stress is 16 SOO psi for a tempera-
ture difference of 1250C (22SOF).

Results of thermal stress-fatigue tests {171 for 10-6

Zircaloy-2 show that a plastic strain of approximately 1400 x
per cycle gives a fatigue life of 10 000 cycles. owever, the
data are not sufficient to give reliable constants for the
equation that is used to predict fatigue life {17) and hence the
target tube stresses, as calculated above, have been kept well
below the yield stress. This will provide a fatigue life greater
than 10 000 cycles.

Data for life and thermal stress of low alloy steels are
also available 8) and a similar check of the lfe of the steel
piping for the system has been made. Since the yield strength of
ASTM A335 grade P11 is 21 700 psi at operating temperature and the
stress is only 6 SOO psi, thermal fatigue will not limit the life
of the system. Mechanical stress-fatigue data are available for
Nb 19} but thermal stress-fatigue data are not. To obtain an
estimate of the life of the Nb, the method that was used for
steel 18} can also be applied to Nb, using the mechanical stress
data. In this way it is estimated that the Nb liner will also
stand more than 10 000 thermal cycles.

A shear stress will exist in the bond between the
Zircaloy-2 target tube and Nb liner and an estimate of its magni-
tude can be obtained from the values of maximum stresses calcu-
lated above. This gives a value of shear stress of about 2600 psi
which is not important.

The highest axial temperature gradient in the piping
will occur across the target zone during steady operation. The
resultant stresses are very small.

17. K.E. Horton and R.S. Stewart, "Thermal-Stress-Fatigue
Behavior of Zirconium and Zirconium Alloys", report ATL-A-127
(1961).

18. B.F. Langer, The Welding J. 37 9 1958).

19. F.T. Si5co and E. Epremian (editors), Columbium and Tantalum,
Wiley, New York 1963).
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1.4 Heat Exchanger

The reference design includes a single-pass counter-flow
tube-in-shell exchanger for the removal of heat from the eutectic
circuit. An intermediate coolant, an organic fluid called
HB40 20}, is used

- to prevent escape of activity to the river water from any
leak,

- to avoid freezing of the lead-bismuth on accelerator trip,

- to provide a relatively low pressure adjacent to the
eutectic circuit so that any leakage is outward: the
eutectic system is thus protected from any impulsive load-
ing arising from chemical reaction or evaporation.

Organic coolant has been substituted for sodium-potassium eutectic
(AECL 2600) because of our generally satisfactory experience in
loops and the Whiteshell reactor.

The eutectic is circulated through 124 tubes and the
organic fluid through the 20 in. diameter shell, (see Table S.6
for other details). The pyrolitic damage to the HB40 will be
small at the operating temperatures, but even with 30% high
boilers present the vapour pressure should not exceed 125 psia at
the eutectic entry temperature, 4500C. Thus there will be no
impulsive pressure rise from evaporation in the event of a leak.
Recent tests at CRNL have shown that there is no rapid chemical
reaction between HB40 and lead-bismuth at 4500C in the presence
of iron.

The HB40 system pressure will be set below that of the
eutectic system at the heat exchanger,, so that any leakage is of
eutectic. into HB40. The activity of the HB40 system will be
monitored, providing a sensitive indication of leaks.

1.5 Pumps for Lead-Bismuth Circuit

Centrifugal pumps have been selected with a vertical
shaft and overhead motor. The liquid metal half fills the pump
shaft barrel. It is held at this level by an inert gas atmosphere
whose pressure is regulated by a liquid level controller. The lower
end of the shaft may be supported radially by a sleeve bearing in
the liquid metal. Two pumps of tis general configuration, each
capable of 360 gal(US)/min and a SS ft ead, have been run in a Bi

2 0 .M. Tomlinson., et al.9 AECL-1915 1964) .
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loop at BNL f2l). Although they did have some troubles and were
run for only 1700 hours, the results indicate that the pumps
necessary for the Pb-Bi circuit are quite feasible. A small
pump 240 gal/min), embodying the main features of the BNL pump,
is on order for a test loop to be erected at CRNL.

Maintenance of the primary liquid metal pumps will be
difficult as no satisfactory valve is now available for Pb-Bi
service. However, a standby pump can be provided, isolated from
the rest of the system by "freeze-valves". A pump failure will
then involve a delay while plugs of Pb-Bi are thawed from one set
of lines and frozen into those leading to the pump that has
failed. A freeze-valve operation of this kind should take less
than 30 minutes. Pump maintenance will require the use of a
suitable hot cell.

1.6 Target Flow Pattern

The flow pattern adopted renders a window between the
proton beam tube and the Pb-Bi target unnecessary. A window
would be intensely heated by a 65 mA beam and subjected to severe
radiation damage.

The low vapor pressure of the Pb-Bi eutectic makes the
present alternative possible. The arrangement is essentially a
vortex and the hole down its centre is terminated at a chosen
level in a hydraulic pump 221 which floods the tube. The target
surface level will be adjusted by change of pressure in a level
control tank close to the pump inlet.

Tests in a water model have shown that the vortex can
be established by flow through a vaned head. Further develop-
ment is necessary to attain a stable surface of suitable shape.

The Pb-Bi film flowing down the wall of the target tube
is at a temperature of 3250C, giving a Pb partial pressure of
about 2 x 10' torr and a Bi partial pressure of 6 x 10-9 torr.
The target surface, however, will be at a higher temperature, and
some eutectic will be evaporated. Since the mean free path of a
heavy molecule, such as Hg, Po or Bi, is over 180 cm at 10-6 torr,
and the diameter of the space inside the film is about 18 cm, most
of the vapor will be condensed. A vapor pressure of about
10-3 torr is expected at the target surface. A pressure of about

21. K.C. Hoffman, et a, "Liquid Metal Fuel Reactor: Four-Inch
Utility Test Loop", report BNL-619 1960).
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10-5 torr at the vaned head -will be maintained by pumps, with very
small carry-over of eutectic. Some of the spallation products
have much higher vapor pressure and will be collected in the
vacuum system freeze trap.

1.7 Purification and Treatment

There is evidence that oxygen must be kept at very low
level in lead-bismuth eutectic to suppress solution-erosion of
steel components and embrittlement of the niobium liner. It is
proposed that the eutectic be deoxidised initially and at inter-
vals subsequently, by bubbling hydrogen through it in the dump
tank. The liquid metal surface will be skimmed at the same time.
Maanesium will be added as a getter in the dump tank.

The solution-erosion of steel can be greatly reduced by
adding zirconium to the eutectic. Zirconium takes up nitrogen
and carbon from unstabilised steels to form an adherent insoluble
nitride or carbide film on the surface. Zirconium will also be
added in the dump tank.

Two continuous purification circuits will be incorpo-
rated in the circulating system. One is the target tube vacuum
system, which will extract gases and volatile products. A freeze
trap will collect polonium and mercury. The other is a bypass
circuit across the pump, immediately ahead of the heat exchanger.
This will be equipped -with a cold trag running cooler than the
main circuit minimum temperature 325 Q. A filter will remove
condensed solids. Zirconium and magnesium will be maintained at
saturation at 3250C by consumable inserts fitted after the filter.

A sacrificial niobium insert may also be fitted immedi-
ately before the target tube, if tests show that solution-erosion
of the liner is unacceptably rapid.

1.8 Vacuum System

At start-up, the vacuum system will be used for out-
gassing the system pipework. After this initial outgassing, the
major load on the vacuum system will come from the spallation
products produced in the target.

The spallation products will consist mainly of heavy
elements, close to Pb and Bi, and some very light elements. Of
the heavy elements only Hg will make a significant contribution
to the vacuum load. About 13 Kg of Hg will be produced per year.
At 3250C and 10-5 torrP the flow rate is 7300 litres/sec.

The light elements are not so exactly determined. How-
ever, a .0 mA beam will produce 2 x 102' protons, deuterons and
tritons per year. Assuming that all of these are converted into
atoms of light gases, a 65 mA beam will produce 2400 litres/sec
at 3250C and 10-5 torr.
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At the temperatures and pressures of the upper target
tube, it appears certain the Po will vaporize and will be removed
as a vapor along with the Hg. It is not now possible to predict
the form in which the Po will appear, i.e. whether or not it will
form a compound with some other spallation product, and hence its
vapor pressure and its equilibrium concentration in the Pb-Bi is
not known. Equilibrium will be reached, however, and after this
time the cold trap will collect approximately 500 g of Po per
year, along with the Hg.

The gas will pass through the trap and be exhausted at
the rate of 13 litres per day, at atmospheric temperature and
pressure. The composition, activity and method of disposal of
this gas remain to be determined, but since only a small quantity
of active material is involved its disposal should not be
difficult.

1.9 Instrumentation

General control instrumentation., thermocouples, pressure
transducers, flow meters and level probes have been used elsewhere
with some success. While proven devices are not available com-
mercially, it is expected that they can be developed as required.

The target level poses a special problem. This may be
detected either by collimated fast neutron counters in the shield-
ing, or by analysing the shape of the thermal neutron flux
measured by monitors mounted in the moderator. Measurement of the
thermal flux will be needed for both experiments and isotope
irradiations and is therefore preferred for level control. Self-
energised monitors f23} might be used. Correction of the signal
for burn-up of the �-emitter is necessary. Computer control is
envisaged.

1.10 Activation and Spallation Products

The principal spallation products will be isotopes of
the elements immediately below Pb in the periodic table. The
large number of stable isotopes of Hg results in a relatively
large yield of Hg. In addition, many light particles, particu-
larly H and He isotopes, will be produced. Capture of thermal
neutrons b 2 Bi produce S 21 OPo. This Po will also be removed
by the vacuum system, thus limiting its concentration in the Pb-
Bi system to some value less than the equilibrium value. However,
the operational limit for Po is unknown and it is thus necessary

23. JW. Hilborn, "Self-Powered Neutron Detectors", report
AECL-1896 1964).
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to consider the activity of the Pb-Bi system under the assumption
that Po concentration does reach equilibrium.

The yields of various contaminants have been estimated
on the basis of yields calculated, by the Monte Carlo method, by
Bertini f24) at ORNL. After one year of bombardment by a 65 mA
beam of I GeV protons, the following yields are expected:

TABLE S.7

CHEMICAL CONTAMINANTS PRODUCED IN THE TARGET

Element Weight Produced Weight ppm in
Per Year 48 000 Kg Pb-Bi

9

H 12.2 0.2S
He 0.82 0.02
Au S05 10.5
Hg 14 000 292
T1 3 3 6 
Po 950 (saturation 10

level 520)

In addition, the yields of some products of possible
biological significance have been estimated. These figures are
very approximate since they are based on thin target cross-
sections at 660 MeV f2S,26,27}. The results of this calculation
are tabulated in Table .8.

24. H. Bertini, private communication 1964).

25. A.P. Vinogradov, et aZ, "Radiochemical Investigation of the
Spallation of Copper and Bismuth Nuclei with High-Energy
Particles, AEC-ty-2435 (Part 2 8S 1955); (NSA 10: 410S).

26. A.N. Murin, et aZ, "Spallation and Fission Reactions of Com-
plex Nuclei", AEC-tr-243S (Part 2 101 1955); (NSA 10: 4106).

27. A.V. Kaliamin, et aL, Soviet J. Atomic Energy 4 267 1958).
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TABLE S.8

SOME ADIOACTIVE CONTAMINANTS PRODUCED IN THE TARGET

Product ING Target ING Target
g/yr curies/yr

28 yr-9'Sr 79 1.1 X 104

1.3 yr-109Cd 61 1.2 x 105

2.1 Yr- 134cs 3.7 4.0 x 103

7.2 yr- 133 Ba 3.7 1.4 x 103

18 yr- 145PM 6.4 8.8 X 102

For comparison with the above figures, the yield of 'OSr
from a 0 MW fission reactor in one year is about equal to that
tabulated for the target. Thermal neutron fission does not
produce 'Pm but the yield of 27 yr 147pM from a 0 MW-yr
irradiation 0� 231U is about 10 times the target yield. The
methods and precautions needed to handle these active, medium-
weight, isotopes have been developed by experience with fission
reactor fuels, but care must be taken to incorporate these pre-
cautions in maintenance procedures.

A calculation has been made 128) of the activation of a
variety of materials, using a 6 months irradiation time and a
decay period of 100 hours. One gram of Bi produces a field of
26 mR/hr at meter. Considering a 10 inch diameter pipe filled
with Pb-Bi of this activity, the l/e attenuation value of Pb is
about inch. The radiation will therefore come from the outer
1 inch of Pb-Bi around a 800 arc of the pipe. Taking this
section of pipe as a line source, gives a field of 424 x 103 R/hr
at one meter.

Where the Pb-Bi piping passes through an occuied area
this field should be attenuated by a factor of 71 x 10 to
reduce the field to 6 mR/hr f29}. Since the y's produced by the

28. R.H.J. Bower and G.T. Ewan, "Activation of Materials by High
Energy Protons", report FSD/ING-25 1965).

29. W.J. Henderson and A.C. Whittier, "Handbook of Shielding and
Heat Production Calculations for the NRU Reactor". report
CRR-578 1955) released as AECL-403.
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active material in the liquid metal will generally have energies
below I MeV. one inch of lead will provide an attenuation of one
order of magnitude and the shielding required will be about 6
inches of lead., or its equivalent. The cc's emitted by contami-
nants such as Po will be a hazard in spilled Pb-Bi but will not
require shielding. To contain such active materials in case of
a leak in the liquid metal piping, an airtight duct must surround
the piping in all occupied areas.

2. Heavy Water Moderator System

2.1 General Description

The moderator circuit is shown in Fig. 514. It is
similar to that of a fission reactor. The heavy water is circu-
lated from the moderator tank through a gas separator to remove
decomposition products, then through heat exchangers and
purification equipment.

A beryllium sleeve to multiply neutron production may
be incorporated in the target. This would be cooled by the
moderator circuits and its description is therefore included in
this section.

Approximately 13 MW heat will be generated in the
moderator and 3 MW in the beryllium. A flow of 3000 gal/min has
been selected., for a temperature rise of about 300F.

Net gas production by radiolytic decomposition will be
greater in this system than in a fission reactor, and the decom-
position occurs close to the target. The heavy water is there-
fore introduced to the moderator tank at the bottom and directed
radially outwards. It is led out from the central region
through the beryllium multiplier. The decomposition gases are
thus extracted by the most direct path and voiding of the
moderator is minimised. Another stream is led out from the top
of the moderator tank to prevent accumulation of gas. To
further minimise voiding the pressure in the moderator tank will
be 4 atm absolute.

2.2 Moderator Tank

The tank is shown in Fig. 5.15. The radius to the out-
side of the D20 i 120 cm. The height at the centre-lin is
240 cm. A conical top has been adopted to reduce the D20

inventory. A large number of commercial irradiation facilities
may be installed.

The target tube passes through the centre of the
moderator and is separated from the moderator by a gas-filled
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annulus. The moderator tank central tube is sufficiently larger
than the target tube to allow removal of the latter.

The central tube is subject to radiation damage similar
to that in the target tube. It must also be easily replaceable.
The connections to the outer shell of the moderator tank are made
at points near the outside of the shielding and readily accessible.
A removable plug in the shielding gives access to the necessary
flange at the top. The bottom connection is in the service tunnel
beneath the shielding.

The outside wall of the tank is of -, inch stainless
steel, for durability and structural stiffness.

The central tube is of Zircaloy for the 240 cm of the
moderator tank height. Above and below the tank proper, inside
the tank extensionsP the tube is stainless steel. The Zircaloy
section is corrugated to resist collapse under moderator pressure.

The lower joint is a welded-in bellows. It will be cut
for removal of the tube, but it is readily accessible, it offers
a reliable joint, it meets the requirement for vertical with-
drawall, and it provides for the differential thermal expansion of
the central tube and the tank. Both upper and lower joints will
be provided with D20-leak detection.

2.3 Beryllium Multiplier

An annulus of Be, 20 cm thick, may be placed around the
liquid metal target to increase the available flux by (n,2n)
reaction. As discussed in the materials section, Be will suffer
damage in the existing neutron flux, mainly by He production. It
will therefore be replaced periodically. The assembly shown in
Fig. 5.15 allows such replacement.

The annulus internal diameter is 9 38 inch., to provide
clearance around the moderator central tube. It is 25 inch OD
and 30 inch high. The 850 lb cylinder is inserted through the
upper moderator tank extension. The space between the moderator
central tube and the outer wall of the tank extension is filled
with a removable annular steel shield. The heavy water flow
leaves the moderator tank at the top, passing over the Be and
through slots in this shield to provide cooling. The Be cylinder
is supported by a Zircaloy structure from the removable shield,
and is removed with the shield.

2.4 Gas Production

Gas production by radiolysis can only be estimated
approximately at this time. Experiments are required to establish
the relationship between gas yield and flux intensity and energy.

In the estimate detailed in AECL-2600 the neutrons were
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divided into an evaporation group (up to about 20 MeV) and a
cascade group (up to the proton beam energy). The evaporation
neutrons are absorbed in the first 15 cm of moderator. The
neutrons deposit energy in the moderator at an average rate of
1.4 Wg- The maximum is about 100 Wg 13 MW is deposited in
this way.

The evaporation neutrons produce ions by elastic scat-
tering off oxygen nuclei, and roughly equal amounts of ions and
radicals off deuterium nuclei. The net result is some 0.7S MW
going into gas production with a yield of 16 molecules per
100 eV.

In the cascade group inelastic scattering becomes much
more important and both the elastic and inelastic cross sections
of oxygen increase relative to those of deuterium. It is esti-
mated that about 32 MW goes into gas production off oxygen
nuclei, with a yield of 16 molecules per 100 eV. The yield of
radicals exceeds that of ions in reactions with deuterium nuclei,
with some 40 MW group into recombination, expressed as a negative
yield, - 07 molecules per 100 eV.

The summation of these several processes leads us to
expect a net gas production rate of 12 litres/s at STP.

At the chosen 4 atmospheres pressure, the outlet gas
content will be about 1.5% by volume. Continuous gas separation
and recombination will be required in the D20 circuit. To
prevent gas buildup, the recombination unit will have to handle
the gas at the same rate as it is produced. This involves a
larger recombiner than those now in use on reactorsP and the unit
must be capable of handling abrupt changes in gas flow as the
proton beam current is increased or cut off. Such a unit is
feasibleY but will require some development.

3. Experimental and Irradiation Facilities

3.1 Experimental Beams

A plan section through the moderator tank, is shown in
Figure 5.1. The experiment tubes are 10 cm ID, except tube 6-6A
which is 20 cm diameter. With two exceptions, the tubes are
located in a horizontal plane at the elevation of the moderator
mid-height, i.e. at the elevation of maximum thermal neutron
flux. The through tube is located 20 cm above this plane, the
radial tube 20 cm below. The elevation of the moderator tank is
such that this places the experimental beams feet above the
main floor of the target building.

All tubes in the moderator will be Zircaloy to minimize
flux depression. Any tube not in use will be flooded with D20-
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The vertical legs of the tubes will be continuous, extending
through the top of the tank and shielding. The horizontal legs
of the tubes will terminate at the tank wall.

In addition to the beam tubes, one additional 1 cm
vertical tube is provided, terminating 12 cm from the Be, for
experimental use. This is provided for a pneumatic capsule
facility.

3.2 Cobalt Production Facility

At the wall of the moderator tank a relatively high
thermal neutron flux is available for production of 6Co. The
circumference of the moderator tank has been divided up into six
segments, one segment in between each pair of experimental beam
tubes. In each segment, liners are provided inside the wall of
the moderator tank to hold two layers of cobalt between the liner
and the outer wall of the tank. The inner layer is 38 inch
thick and the outer layer approximately 34 inch thick. The
inner layer will provide high specific activity cobalt and the
outer layer, which will see a neutron flux about one order of
magnitude lower than the inner layer, will provide Co of a lower
specific activity. Cobalt in the form of small cylindrical
pellets will be conveyed into and out off these layer tanks by a
fluid transport system. The same system will also provide
cooling during irradiation. D20 will be used. This will be
separated from the moderator circuit and will have its own heat
exchanger and purification equipment.

3.3 Other Isotope Production Facilities

Immediately inside the Co annulus, a row of hydraulic
capsule tubes, of 4 cm ID are arranged, as shown in Fig. 5.1.
These run vertically down the wall, and about 45 such tubes can
be accommodated. They will be exposed to about the same flux as
the inner layer of Co. When these tubes are all in use, they
will significantly reduce the flux available at the Co. so their
use will be an operational choice to be made on economic grounds.
It is expected that a number of capsules will be loaded into each
tube, to cover most of the height of the tank wall. When not in
use, the tubes will be flooded with D20 and will have a negligible
effect on flux at the Co. Six hydraulic capsule tubes can be
accommodated at the bottom of the moderator tank.

Five vertical tubes, or thimbles, are provided for
irradiation of larger samples. These are of 15 cm diameter and
are located as shown in Fig. 5.1. Two of these tubes are located
in a region of 5 x 10" neutrons/cm' s flux and three at a larger
radius and lower flux. If all these tubes are loaded simultane-
ously with large quantities of high cross-section material, the
flux available at the experimental beam tubes will be reduced.
Small quantities of aterial, or low cross-section material, will
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have less effect on flux and will be acceptable for irradiation
at almost any time. When the maximum obtainable flux is needed
for experimental purposes, these tubes may be flooded with D20

to minimize flux depression. Any tube not in use will normally
be flooded.

Two pneumatic ea sule facilities, or 'rabbits', are
provided in the 10" n cm- s-1 flux region. One of these is for
use as an experimental facility the other for isotope production.
Both are 10 cm diameter and both can be flooded when not in use.
The pneumatic capsule piping, cooling etc., will be built into an
insert which fits the 10 cm tube and which may be withdrawn for
maintenance or replacement.

4. Shielding

4.1 General

The shielding for the thermal neutron facility is
designed to reduce all radiation incident on the experimental
working floor to a level that will permit continuous occupation
by personnel. Indications from the Berkeley Bevatron 30} are
that the spectrum of neutrons leaving the shield is approximately
I/En up to 20 MeV and is similar to a cosmic ray spectrum above
20 MeV. More than SO% of the total dose outside a thick shield
is below 2 MeV, and less than 10% of the dose is from y-rays and
charged particles. A cross-section of the shielding arrangement
is shown in Fig. S.16.

The proton beam approaches the target building hori-
zontally and just above ground level. It is directed to the top
of the shield by bending it upwards 200 by a magnet outside the
target building. it is turned down into the target tube by a
1100 magnet above the shielding. Shielding is required for the
beam itself, around the magnets, and beam dumps are provided in
case of failures. The shielding around the target incorporates
horizontal beam holes to provide experimental collimated beams
of thermal neutrons. It is essential that the length of these
beam holes be kept to a minimum to limit inverse-square-law
attenuation andt in this plane, the shielding is entirely iron
for minimum thickness. In other directions the shielding is
optimized to minimum cost, and some use is made of heavy concrete.

For each 1000 MeV proton hitting the target, 0.8
neutrons with energy greater than 100 MeV emerge. The angular
distribution of the cascade neutrons is peaked in the forward
direction and the intensity at 900 to the proton direction is

30. R.H. Thomas, IfThe Radiation Field Observed Around High-Energy
Nuclear Accelerators", report UCRL-16267 1965).
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0.75 of the average over all angles. Thus, the current of high
energy neutrons > MeV) at the outside mid-plane of then CM 2 S-1
moderator tank (i.e.-at 120 cm radius) will be -3x 1011 n
after reduction by the inverse-square-law and an attenuation of a
factor of 4 by the moderator.

In the reference design the tolerance level at the out-
side ed e of the thermal facility shield has been set at
2 n m-§ 1 P (high energy neutrons). The area on top of the main
shield is not an occupation area and the flux in this area is

C 2 1limited to 10 n

4.2 Main Shield

At the Centre is the moderator tank, surrounding the
target, and the 1.7S inch thick wall of this stainless steel tank
acts as the first layer of shielding. Only about 8% of the thermal
neutrons incident on the inner face of this tank penetrate the
tank wall. The cascade neutron flux, however, is attenuated very
little by the tank wall and most of the heat generated by these
neutrons appears in the next one and a half feet of shielding. The
shielding for this area is solid iron 440 cm thick. Water for
moderating the neutrons is also required. This adds about 5 cm
to the overall thickness. The water also serves to cool the
shielding.

The top of the shielding forms an area, the 'Top Deck',
which will require about 400 cm of iron shield, plus water or other
hydrogenous material to reduce the flux from the shielding to

CM 2 S I
10 n

The heat production in the shielding falls off expo-
nentially with increasing radius. The inner part will be
intensively cooled. The outer part is a large annular segmented
tank containing cast iron blocks immersed in water. The tank has
an outside diameter of 39 ft, an inside diameter of 11 ft and a
depth of 12 ft. Within the tank are annular walls of interlock-
ing cast iron blocks. Each block has ribs which ensure a I-, inch
water annulus between adjacent walls. [feat production in the
blocks of this shield is comparatively low and therefore water
circulation will not be critical.

Since the iron block method of shielding is relatively
expensive, its use has been limited to areas where the shield
thickness is the most important criterion. It has been used in a
10 ft belt around the target where close approach to the target
is required for experiments. Above and below the iron shield are
layers of steel loaded concrete, and above and below these are
layers of ilmenite concrete.

The portion of the shield immediately below the target
tank has not been studied in detail, but the shield shown in
Fig. 516 is estimated to be sufficient to prevent activation of
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equipment in the tunnel where pipe couplings are located. A total
of 3 ft of water-cooled steel plate has been included as a
thermal shield on which the target tank rests. Below this is
12 ft of water-cooled steel-loaded concrete, used here because its
good thermal conductivity will help to carry off the extra heat
produced by the forward peak in the cascade neutron distribution.
The shielding below the moderator is to be removable, to a
diameter slightly larger than the tank., to allow removal of the
tank.

Above the moderator tank is a series of removable steel
shields with water cooling passages. They are pierced by a
central hole for the beam tube and a number of vertical holes for
irradiation and experimental facilities. Two service spaces are
provided. The upper one, for connections to experimental equip-
ment, is shielded from the target to prevent activation. The
shielding above this space is just adequate to protect personnel
from activity that may accumulate in the coolant system of an
irradiation facility. The lower service space is just large
enough to accommodate the vaned head and its connections. Equip-
ment here will suffer activation. The head will, however., be
active from contamination by spallation products and some shielding
between it and the upper service space is therefore essential.

All other areas of shielding shown in Fig. 516 are
ilmenite concrete with an overall diameter of 42 ft.

Immediately outside the main shield is a pipe chase
carrying the lead-bismuth circuit. It will be housed in a
demountable concrete shield. An airtight duct will surround the
Pb-Bi piping, inside te concrete shield, and will connect with
the enclosed Pb-Bi area in the basement.

4.3 Beam Tubes and Gates

Beam tubes and gates will be built into the shield tank.
Recesses in the outer face of the tank will be provided where the
experimental beams emerge. These will be 6 ft high, 6 ft wide and
4 ft deep and will be filled with removable steel blocks. By
removing the blocks it will be possible to burrow into the shield-
ing to place an experiment closer to the source.

The experimental beam holes passing horizontally through
the iron-block shield will be stepped in diameter. The beam tubes
are to be closed by a movable wedge of shielding, driven into
place hydraulically (see Fig. 516).

In order to keep the wedge as short as possible,
tungsten alloy such as Heavymet or Mallory 1000 will be used.
This is a 90% W 7 Ni3alloy covered by A.S.T.M. 346-59T and has a
density of 16.S g CM . The 1/10 attenuation thickness is
estimated to be - 14.1 in. An ft wedge is necessary to reduce
the fast flux to 1500 in/cm2s.
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4.4 Shield Cooling

Significant heating of te shielding is caused by ther-
mal and fast (cascade) neutrons. It has been estimated that
40% of the neutrons leak out of the cylindrical moderator sides
into te tank all or cobalt blanket as thermal neutrons. Appro-
ximately 20% will leak out the top and bottom of te moderator.
Assuming that they are all captured in iron or cobalt the total
neutron-capture y-ray production rate is NW. Essentially all
gamma radiation energy is degraded to eat in the vicinity of
generation with a relaxation length of % O.S cm in A
total coolant water flow of 1600 gal/min will be required to r-
move this eat.

For an average cascade neutron current into the shield
of X 1012 n m2 s-' with a average neutron energy of 100 MeV
the power flow is 81 W CM-2 . The total power carried into the
shield is ten 13.7 MW and this is distributed in depth through
the shield as hat (AECL-2600) approximately as shown in Fig.
5.17. The coolant water flow for this heat component will be
2000 gal/min.

4.S Proton Beam Transport Shielding

An iron shield, 35 ft thick, is proposed for the proton
beam were it passes through the building to reach the top of the
target assembly. This sielding is based on an assumed spill rate
of 5 pA m-1 for this section of the beam transport system.

It is also assumed in the event of a magnet failure, te
proton beam can be turned off reliably in 50 ps or less. This
being the case, the shielding thickness for the beam is fixed by
scattering, rather than by the emergency loss of beam control. As
in the case of the main shield, the proton beam shielding is
designed to allow a 40 our week for personnel on te experimental
floor.

The 200 magnet outside the target building must be
provided with the same shielding as the proton beam. ere space
is no problem and a shielding material less expensive than iron
can readily be used. A beam stop composed of 9 ft of ordinary
concrete will be satisfactory.

The 1100 magnet above the target will also require
shielding equivalent to that of the proton beam. In addition,
this magnet will be exposed to a back-scattered beam of cascade
neutrons emergin from the target through the proton beam inlet

12of 3 x 10 n s Assuming that personnel are not allowed
closer than IS ft when te facility is operating, approximately
9 ft of iron are required for the direct beam stop, with side
shielding of 6 ft. Also, to avoid damage to the magnet windings,
a clear path must be provided through the magnet assembly and the
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beginning of the beam stop must be about I meter from the windings.
The required beam stop is an egg-shaped iron shield fitted to the
cylindrical shield required for the proton beam.
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C. ESON FACILITIES

1. Targets

The principal target for the production of mesons will
be a curtain of liquid lithium falling through the main proton
beam. A film thickness of 0.1 g CM 2 will provide a competitive
meson facility without a serious increase in the beam emittance.
The heat dissipation in a 65 MA beam will be about 15 W. The
target will be located at a waist in the beam, the waist being no
larger than 2 cm in diameter. This results in a minimum increase
in the beam emittance due to scattering in the target.

An alternative target that could be used for other
light element materials is in the form of a rotating disc. On
the rim of the disc are mounted thin plates of the target material.
The rim moves through the beam at a speed of about 20 feet per
second. If the choice of targets is restricted to high melting
point materials, cooling by radiation would suffice.

2. Yields

The table of yields (Table 59) is derived from simi-
lar tables given the Los Alamos {31} and University of
California f321 'meson-factory' proposals, adapted for the
currents proposed2for ING. It is assumed that the target thick-
ness i 0.1 g C 

Figure 519 shows the cross-section for production
as a function of accelerator energy. The curves for 7r- production
have about the same shape, and about 1/5 the cross-section.
Figure 520 shows some spectra for pion production at various
proton energies. The important feature of these curves is that
the position of the peak of the spectrum does not change very
rapidly with bombardment energy. The total number of pions
produced, and the number of pions that can be collected in a
given energy band from an optimized thick target, vary approxi-
mately linearly with bombarding energy. The angular distribution
for pion production is strongly peaked in the forward direction.

31. "A Proposal for a High Flux Meson Facility at Los Alamos",
LASL, 1964).

it32. R.W. Richardson, Pion Facility, A High Energy Cyclotron for
Negative Ions", report UCLA-TID-20822 1964).
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TABLE SA

SOME SECONDARY BEAMS AVAILABLE FROM ING

Flight Path
Type Energy Target Ap or AE Intensity

MeV Solid Angle s-1

Tr+ 40 ft 109 in Q

200-400 0.1 gM CM-2 Ap/p = 007

Tr of Li A = 3 X lo- 3ster 2 x 108 in AQ

+ 100 ft 109 CM-2

125-400 0.1 gM CM-2

of carbon Ap/p 025 10 CM

As shown in Fig. 520 all possible energies are present
in the pion target output. The energy spread in the meson beam
delivered to the experimental equipment is a function of the beam
analysing magnets or the beam transport system.

Although the pions are produced mostly in the forward
direction with respect to the proton beam, the production angle
is large enough that the emittance of the pion beam is determined
by the solid angle of the effective aperture of the pion channel
and the diameter of the source-spot on the target. The former
may be of the order of 10-7 . The latter is limited, by heating
of the target and the limitations in the proton beam transport
system, to about 2 to 3 cm. The emittance is therefore about
0.2 cm radian.

3. Effect on the Emittance of the Beam

The effect of the meson target on the proton beam will
be to introduce spreads in energy and angle, the former caused
by straggle, the latter caused by nuclear and Coulomb scattering.
Small changes in energy or direction of the beam particles can be
accommodated by the beam transport system downstream from the
targets. As mentioned above, strongly perturbed protons will have
to be removed by beam scrapers and magnetic analysis.
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4. Straggling

The energy loss of GeV protons in any nucleus lighter
than Al, except hydrogen is 1.9 ± 02 MeV/(gM/CM2) [33} so that
in a target 0.1 gM/CM2 thick the loss is 1).2 MeV. The root mean
square energy straggling can be calculated by the method given in
Ritson 34} and for the same light nuclei and target thickness it is
0.02 MeV. Both of these effects are negligible compared 'with che
energy spread of the beam emerging from the linac - about 3 MeV.

S. Angular Divergence

The Coulomb scattering can be accurately calculated by
the method of Moliere f351 from the single scattering region,
through the plural and multiple scattering regions. However at
these high energies, angles of more than a few milliradians cor-
respond to trajectories that pass well inside the nucleus. We
have accordingly introduced a sharp cut-off in the Coulomb scat-
tering at the radius where the proton has a probability of I/e of
penetrating trough the nucleus. The angle corresponding to a
distance of closest approach equal to the nuclear radius is f36}
at 1 GeV.

e 1.33 Z/Al/3 mradmax

For L J emax = 17 mrad. Since this is similar to the angular
spread in the incident beam, the increase in emittance decreases
sharply with increasing divergence of the incident beam. Calcu-
lations made for an axially symmetric beam with a uniform density
distributiOD show that as the maximum angle of the incident beam
increases trom I to 2 mrad, the increase in emittance tor Li drops
from 110% to 4S% of that for the incident beam. For C the figures
are 290% to 0%.

33. W.P. Trower, High Lnergy Particle Data", UCRL-2426 1966
Rev.).

34. D.N. Rtson, Techniques of High Energy Physics", Interscience
1961Y P- 22.

35. G, Moliere, Zeit. f. Naturforsch. 39, 78 1948). Translation
AERE Lib/trans 626 (19SS).

1136. L.C. Yuan and C.S. Wu, Methods of Experimental Physics".
L. arton, Ed. Academic 1961.
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The figures quoted above correspond to a beam loss of
0.1%. Since there is a maximum scattering angle, it is of course
possi to contain all the Coulomb scattered beam with a subse-
quent beam transport system of even larger acceptance. However
for our target the nuclear scattering resulting from the nucleon-
nucleon forces scatters out - 02% of the beam. About half of
the products are full energy protons. Moreover, nuclear scatter-
ing is, in these terms, large angle scattering. For carbon, an
extrapolation of the resulcs of Coor et aL i37) from 14 down to
1 GeV indicates a half angle at half maximum of 73 mrad. There
is no hope of designing a beam transport system to cope with this
spread. Therefore there is not much point in designing a trans-
port system to reduce Coulomb scattering losses much below 0.1%.

Thus if the 0.1% criterion is adopted, and a light ele-
ment target is used,. there are no serious problems introduced intc
the beam handling system by a thin meson producing target.

6. Meson Beam Transport

The beam transport systems required for producing a
pure pion beam, and for collecting a pure muon beam from pion
decay, are different and can be combined only at a sacrifice in
yield.

The initial agnets of the meson channel defining the
pion beam will be located in the tunnel and in the shielding wall.
From there the transport system will take the pion beam into the
experimental area where experimental equipment can be located as
required. For a muon beam the pions are allowed to pass into a
muon channel, a pion decay and conduct them to experimental
targets.

The meson facility is outlined in Figure 14. The
shielding of the tunnel in the vicinity of the meson beams will
be made of movable blocks so that modifications for fast or slow.,
or stopped, pions and muons can be accommodated. A steering
magnet can be used at the end of the meson channels to direct the
beams into one of several experiments, on a time sharing basis.

3 7 T. Coor., et aZ, Phys. Rev. 98, 1369 1955).
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CHAPTER 6

SHIELDING, ACTIVATION AND HAZARDS

A. RADIATION LEVELS

1. Acceptable Dose-rates

At the Chalk River Nuclear Laboratory the maximum per-
missible, whole body, dosages of y-rays and neutrons are

0.6 rem in any two week period,
3.0 rem in any 14 week period,
5.0 rem in any one year period.

Throughout the ING facility shielding has been designed
to enable all personnel to operate well within these figures.

The y-radiations around NG are basically the same
as those found around lower energy accelerators or reactors. The
only exceptional y-rays encountered in ING are those of 67 0 to SOO
MeV from the decay of the short lived (mean life -10-11) 7T mesons.
Their production will occur predominantly toward the inside of the
thick shields and electron pair production will shortly convert
them to multiple quanta of approximately the same energy as cap-
ture y-radiation.

The neutrons of energies greater than 20 MeV do, how-
ever, present a problem not encountered in other facilities at
Clialk River. able 61 lists an estimate l of the relation-
ship between the dose-equivalent and the neutron flux for the
energies up to 10 MeV {2). Table 62 defines an estimate 34).

1. W.G. Cross, private communication, (Dec. 6 1965), who used the
results from the three following references.

2. "Protection Against Neutron Radiation up to 30 MeV11, National
Bureau of Standards Handbook no. 63 (19S7).

3. J.E. Turner, et aL Health Physics, 10, 783 1964).

4. C.D. Zerby and W.E. Kinney, Nuclear Instr. and Methods 36, 125
(1965).
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TABLE 61

NEUTRON FLUX TO DELIVER 25 mrem h1

Neutron Energy Flux n CM-2 S-1

Thermal 670
100 eV 500
S keV S70
20 keV 280
100 keV 80
SOO keV 30
1.0 MeV 18
2.S MeV 20
S.0 MeV 18
7.5 MeV 17
10 MeV 17

TABLE 62

CALCULATED FLUX TO GIVE 2.S mrem h'

Nucleon Energy Flux-nucleons CM-2 S-1

MeV Protons Neutrons

5 0 0.9 10
100 1.0 10
2 0 0 1.4 8 . 7
2 5 0 3 . 6 8.3
4 0 0 4.1 7 . 3

of the relationship for nucleons at the higher energies encoun-
tered in ING.

Although the radiation attenuation characteristics of
bulk shields around -1 GeV accelerators are determined primarily
by the non-elastic nuclear collisions of the high energy neutrons,
the secondary particles and y-rays from such collisions contribute
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most of the radiation dose outside these shields. The predomi-
nant component, often constituting more than 50% of the total
dose fsj, is from fast neutrons of a few MeV energy. This fast
neutron leakage can be suppressed by including low atomic weight
materials such as water, paraffin or a metal hydride near the
outside of such shields. Th3 thermalized neutrons can then be
absorbed, preferably in a material which does not emit or which
self-absorbs capture y-rays. It is expected that, if neutron
thermalization and capture are treated in detail in the final
shield designs, the dose rates from secondary neutrons and cap-
ture y-rays will be -0.5 of the total dose rate.

Proton spill in the ING facility can activate the air
in the accelerator vault and beam transport tunnels. The maximum
permissible concentration of airborne radionuclides is dependent
on their decay caracteristics and in particular on their �-ray
energy. For 3the most common nuclides, concentration limits of
a few jjCiM apply for continuous occupation by working personnel.
For example, the maximum permissible concentration of tritium as
water vapour is �,Ci M 3and for4'Ar 2 �,Ci M 3.The permissible
level of activation of ground water and soil from beam dumps is
much more difficult to determine. An estimate of the equilibrium
activity using half-lives longer than one week, for a proton beam
spill of I iA of 1000 MeV protons, into the sand found at Chalk
River gives a total source of 20 Ci. Thus, even several jjA of
distributed proton spill should not present a serious hazard since
nearly all of this activity will be trapped in the soil.

2. Radiation Levels

The main accelerator vault, beam transport system
tunnels, and other areas which contain beams of high energy pro-
tons, will not be accessible when those facilities are operating.
Very high radiation fields from induced activity will exist in-
definitely after shutdown of the machine, at some points through-
out the beam transport system. It is intended that these points
will be shielded by removable local shielding of sufficient atten-
uation that residual radiation fields outside these shields, a
few hours after machine shut-down, will at worst be a few tens of
mrem hr-'. Remote handling should then be required only for re-
moval of activated components and local shielding blocks and not
for installation of new components.

S. J. Baarli and A.H. Sullivan, Health Phys. 11, 353 1965).
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The criterion now usei for ING shield specifications
is based on operating radiation fields below permissible limits
at any external point of the facility. This implies that
"Skyshine" radiation will never be a problem, at least from
the health hazard viewpoint. High energy nucleon leakage may,
however, affect sensitive neutron counters for some distance
from the facility.
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B. RADIATION PRODUCTION AND ATTENUATION

1. Radiation Production

The attenuation of high energy protons and charged
mesons is accomplished by two mechanisms, energy loss by ioni-
zation and nuclear interactions. The attenuation of neutrons
is achieved by nuclear interactions only. The range for a
1 GeV proton to stop 2by ionization varies from 370 g CM-2 in
carbon to 630 g cm- in lead; at 200 MeV their range has fallen
to 29 g CM-2 and -S3 g respectively. The ionizing range of
mesons produced by these protons is approximately the same as
for the protons themselves. Since the shield thicknesses that
are required to provide adequate attenuation for the high energy
neutron flux are much greater than these ranges, consideration
of charged particle phenomena in shielding can be limited to
neutron and heat production.

In general, when a high energy nucleon (proton or
neutron) suffers an inelastic collision with the nucleus of an
atom, the following types of radiation are produced directly:

(a) high energy (cascade) nucleons, energies
up to the incident nucleon energy,

(b) fast (evaporation) nucleons with mean energy
of a few MeV,

(c) charged, multiple-nucleon fragments such as
3deuterons, tritons, He and alpha particles,

of somewhat higher mean energy than fast
nucleons,

(d) mesons,

(e) y-rays.

The residual nucleus is usually unstable and will
later decay by one or more of the various �-decay modes which
may or may not be accompanied by further y-ray emission. Elastic
scattering of high energy nucleons does not change their energy
or direction significantly and the phenomena can usually be ig-
nored in high energy nucleon shielding.

Non-elastic cross-sections have been measured f6l

6. R.G.P. Voss and R. Wilson, Proc. Roy. Soc. (London), A 236,
41, 1956)
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f73.8,91 for a number of elements and over quite a wide energy
range. Fig. 61 shows the non-elastic mean free path for neutrons
of 30 MeV and 140 MeV. Fig 62 shows the non-elastic cross-sec-
tions of C, Al, Cu and Pb as a function of neutron energy, taken
from the references cited. The non-elastic nuclear collision
cross-sections for protons have been measured at 860 MeV 01
and are the same within the experimental errors as the value
found by interpolation of the neutron data. The same variation
of non-elastic cross-section with energy is assumed for protons
as for neutrons.

2. Cascade Neutrons

In estimating the effective attenuation of a shield,
account must be taken of the transport of the secondary neutrons.
This, in the general case is a very difficult problem requiring
much more detailed information than is generally available, on
the number, spectra and angular distributions of these neutrons.
The available experimental evidence has been substantially aug-
mented in recent years by the results from Monte Carlo calculations
of intra-nuclear cascades.fll,12}

Experimental measurements of the bulk shield attenuation
factors 03) are difficult to perform with sufficient precision
and in sufficient detail that the results can be applied with
confidence to estimates of the attenuation factors several decades
beyond that of the measurements. Present day high energy nuclear
intensities usually limit the measurements to attenuation factors
of 10-4 or lay er but, for the thermal neutron facility of ING,
factors of 10- to 10" are required. The measured attenuation
length for I to 2 GeV nucleons in heavy concrete 031 is close to

7. W.P. Ball, "Nuclear Scattering of 300 MeV Neutrons,
report U.C.R.L - 1938 1952)

8. M.H. acGregor et aZ, Phys. Rev. 111, 11SS (19S8)

9. T. Coor et al , Phys. Rev., 98, 1369 (1955).

10. F.F. Chen, et al , Phys. Rev. 99, 8S7 (195S)

11. H.W. Bertini, Phys, Rev. 131, 1801 (1963); and Phys. Rev.,
138, AB2 1965)

12. N. Metropolis, et aZ, Phys. Rev. 110, 185 (1958)

13. S.J. Lindenbaum, Ann. Rev. Nuclear Sci. 11, 213 1961).
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that expected on the basis of removal by one or two non-elastic
collisions. Other estimates of attenuation length in standard
concrete 14} are more pessimistic and are believed to be ex-
cessively conservative.

The attenuation lengths in various materials used to
estimate the shield requirements for ING were based on those
deduced from the measured or interpolated (from Fig. 61) non-
elastic nucleon cross sections at 140 MeV, with a 0% increase
in the mean-free path to allow for secondary particle buildup.
Using as a guide the Monte Carlo results for Pb targets of 20 cm
diameter., 2 or 3 cascade neutrons were assumed produced by each
high energy proton, in any material. These numbers agree with
Bertini's results 11} on copper within a factor of 2 and do
not affect the overall estimates by more than the probable errors
on the attenuation factors. Table 63 lists the -I. and 1/10
attenuation lengths in various shield materials and the relative
attenuation lengths normalized to unity for heavy concrete.

In general, when long range secondary neutrons are pro-
duced by inelastic collisions, the attenuation is no longer ex-
ponential with distance U31. Further calculations based on the
one dimensional model outlined in AECL-2600 will use the intra-
nuclear cascade results. The intra-nuclear cascade results can
now be compared to experimental results of the angular distribution
and spectra of secondary nucleons from thin targets of various
elements bombarded by 160 MeV lSlprotons. Experimental results
for secondary nucleon distributions for 430 MeV incident protons
are expected soon 161

3. Fast Neutron Attenuation and Moderation

In thick shields the evaporation neutrons produced,
as well as the lower energy cascade neutrons, are degraded in
energy first by non-elastic collisions which produce particles
and y-rays, and second by inelastic (nnly) reactions at lower

14. B.J. Moyer, et aZ, "Character of the Radiation Field and
Shielding at the 184" Cyclotron," report AECD-2149 1947);
and H.W. Patterson, University of California Radiation
Laboratory Synchrocyclotron", proc. Conf. Shielding of High-
Energy Accelerators (New York); TID 7S45 p 3 (19S7).

15. J.W. Wachter, W.R. Burrus alid W.A. Gibson; Neutron and Proton
Spectra from Targets bombarded by 160 MFV Protons, ORNL-TM-1781
(March, 1967). To be published

16. Private communication, R.W. Peelle to J.C.D. Milton, To be

published.
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TABLE 63

SHIELD MATERIAL ATTENUATION LENGTHS

Element att. 1/10 att. Relative
or Mat'l length cm length M Att. length

C 3 7 1.02 1.24
Al 30.2 1.00 1.22
Fe 13.5 0.45 O.S4
Cu 12.4 0.41 O.So
Pb 13.7 0.46 O.S5

*Heavy Concrete
p = 3 Sg CM 3 2 4 9 0.83 1.0

*Std. Concrete
p = 2.3 g cm -3 32.8 1.09 1.3

-'-Sand
p = 1.7 g cm 44.7 1.48 1.8

*Composition of concrete from CRP 578

4-Fractional composition of sand as assumed the same as
standard concrete.

energies. The inelastic mean free path for such collisions in
iron is nearly constant at 9.S cm over the energy range 330 MeV.
In the common shield materials only elastic scattering is important
in moderating the neutrons with energies below 1 MeV, thus it is
necessary to include some low A material, preferably hydrogen,
for neutron thermalization. This is particularly important with
an iron shield where the very small scattering cross-section around
26 KeV makes the slowing down length extremely long.

The fraction of hydrogen required for minimum overall
shield thickness is dependent on the neutron spectrum and the
total attenuation of the shield. Using the results of experi-
mental work 171 for 350 and 660 MeV protons on Be as a guide,
the fraction of hydrogen required is in the range .S to .lS%
H/Fe by weight for attenuation factors of 10 1to 10-5 respectively.

17. B.S. Sychev, et al, "Passage of High Energy Neutrons in Iron-
Water Mixtures", JINR-P-2359 (196S) translated by V. Poppe,
N.R.C. Ottawa, 1966.
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4. Gamma Ray Production and Attenuation

Measurements have been made of the direct y-ray pro-
duction from non-elastic collisions between 160 MeV protons and
several different elements 18). Assuming similar results for
other materials and incident nucleon energies, the direct y-ray
production is only a small fraction of that from inelastic col-
lisions of the evaporation neutrons and from neutron capture.
Self-absorption substantially suppresses the escape of y-radiation
produced by inelastic neutron collisions in shields or bulk struc-
tures because the attenuation length for y-rays is substantially
shorter 191 than the mean free path between inelastic collisions
of the neutrons. Capture y-radiation production is very sensitive
to local geometry and materials, especially when the hydrogen
concentration is high, as in cooling water channels.

18. W. Zobel, et a, "Spectra of Gamma Rays produced by the
Interaction of 160 MeV Protons with Be. C, 0, Alp Co and
Bi". ORNL-3SO6 UC-34-Physics, TID-4500 (37th ed) (196S)

19. W.J. Henderson and A.C. Whittier, "Handbook of Shielding and
Heat Production Calculations for the NRU Reactor", CRR-578
(Rev.) AECL-403 (19S7)
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C. ACTIVATION

1. Spallation

The induced radloactivities in the NG facility can
reach a very high level if an appreciable fraction of the beam
of high energy protons is spilt and strikes construction materials.
The high y-radiation fields resulting from the induced radio-
activities could result in a serious health hazard, even when the
machine is shut-down. This could greatly complicate the servicing
operations. Already, activation problems of this type are being
encountered at the CERN 660 MeV proton synchrocyclotron where
the maximum beam current is _2�iA. When this beam strikes an in-
ternal target it is all spilt inside the machine. The beam cur-
rent in te INC, acilities is 30,000 times greater than at CERN,
so it is ovious that one cn aford to have verv little of the
beam spilled ad stopped in the accelerator or tiie beam transport
system.

Approximate estimates of the induced radiation fields
can be made by using available experimental information on spalla-
tion cross-sections For te production of various activities by
high energy protons. Fulmer et al f2('� made such estimates in

MC2connection with the design study of the cyclotron proposed
at Oak Ridge f2j�. They compared their results with experimental
measurements made by Barhier �221 at CERN and obtained good agree-
ment with the observed decay curves, and reasonable agreement with
the absolute eiels. Barhier f2.-�j as mde extensive calculations
of the actik-ation of large nlflll)Cr o materials using the spall-
ation cross-sections frcm a emi-enipirical formula of Rudstam {241.

20. C.B. Fulmer, Lz�, Nuclear Insty ad Methods, 31, 45 (1964)

N�j C 2 - 3 54 21. A Proposal for the Isochronous Cyclotron, report ORNL
(1964).

22. M. Barhier, Pivate communication quoted in reference 20.

23. M. Barbier, and A. Cooper, "F,stimate of Induced Radioactivities
in Accelerators", report CRN 6S-34 (Geneva 196S) and earlier
reports in CERN series.

2 4 G. Rudstam, Triorganic and Nuclear (hem. (to be pblished),
quoted ii reference 22.
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Bower and Ewan 251 have used data on experimental cross-sections
to calculate radiation levels in connection with the ING facilities.
Their computer programme calculates the radiation levels for a
number of materials, under different conditions of irradiation and
decay period after shut-down. The calculation is straightforward
and is outlined in FSD/ING-25, along with a bief discussion of
the limitations of the calculations. The results of the various
calculations listed above are essentially similar, although they
vary in detail.

Table 64 gives typical results for a series of
materials calculated by Bower and Ewan. This table gives the cal-
culated field in MR hr-1 at a distance of 10 cm from 1 g*of the
material after 6 months' irradiation by a flux of 6 x 10' p cm
i.e. _10-4 oA cm-'. The fields quoted are those calculated 100 hrs

TABLE 64

RADIATION FIELDS FROM IRRADIATED MATERIAL

Material mR hr-' at 10 cm per g

Carbon .021
Oxygen .015
Aluminum .090
Calcium .016
Iron .57
Copper .48
Zirconium .62
Bismuth 1.00

In practice a large number of grams of material are activated.
The mean nuclear 2interaction length of GeV protons is
_10 - 0 g CM

25. R.H.J. Bower and G.T. Ewan, "Activation of Materials by High
Energy Protons", report FSD/ING-25 1965)
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after shut-down. It must be remembered that the mean free path
of I GeV protons for activation is _100_lSo g CM-2 for most of
these materials and so the levels will be considerably higher
than given in Table 64.

Figs. 63 and 64 show the decay curves of the acti-
vation produced after 6 months irradiation, as a function of time
after shut-down. For convenience in application to various geo-
metries, these curves are expressed in terms of an activation
parameter C. For example the field at a distance produced by a

proton flux Of f CM-2 is equal to C X f X 1 R hr-1. The impor-
4Trx 

tant features of these curves are the relative activation levels
of different materials and the slow rate of decay of the induced
radioactivities after shut-down. The latter is caused by the
build-up of long-lived activities in long irradiations. For iron
the level 10 days after shut-down is only -I-, that for I day after
shut-down. Thus if the machine cannot be serviced a few hours
after it is turned off, very little can be gained by waiting
several weeks. Considering the absolute level per of various
materials and their decay curves, carbon and oxygen are the most
suitable materials and calcium is better than aluminum or iron.

A more detailed estimate than was included in AECL-2600
has been made of the radiation fields at various energy points in
the beam transport system of ING, both for operating conditions
and after shut-down. 126). The unshielded, induced activity fields
near the accelerator or beam transport system a few hours after
shut-down are estimated to be of the order nf 1 mrem/min for a lin-
early distributed spill rate of 2 nano amps/m at a proton energy
of GeV. Many assumptions are necessary to arrive at this estimate
but it should be accurate to an order of magnitude. Shielding
of the system by materials with good spallation activation proper-
ties 27) may alleviate the problem to some extent but spill rates
substantially higher than that quoted above will necessitate ela-
borate and expensive remote servicing operations.

26. I.M. Thorson, "Radiation levels resulting from beam spill
in ING", FSD/ING-89 1967).

27. W.C. Hall, Chemtree Corp, Private communication.
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2. Neutron Capture

There are two principal regions where activation by
thermal neutron capture may be comparable with that produced by
spallation reactions from high energy nucleons. The first region
is the neutron experimental area where high fluxes of thermal
neutrons emerge from the beam holes. The problems associated with
these are similar to those encountered at NRU except that the
beams will be -50 times more intense. There is considerable ex-
perience at Chalk River in handling problems of this type. Ex-
perimental apparatus will have to be designed so as to minimize
its activation.

A second source of thermal neutrons will be in the walls
struck by high energy nucleons. Neutrons produced by spallation
reactions can be thermalized in the walls and can escape into the
room. The activation produced will depend on the material irradi-
ated because thermal-neutron capture cross-sections vary over a
wide range. Cochran et al f281, when considering the radiation
fields around the Los Alamos Meson Physics Facility, estimated
that the level may be comparable to that produced directly by
spallation reactions. The thermal neutrons from the walls can
be greatly reduced by lining the inside surface with a good thermal
neutron absorber. This procedure is recommended for regions in
the ING facility where problems of this sort may be encountered.

3. Active Effluents

Some of the radioactivity produced in and around the
neutron generator will require special treatment. This includes
the volatile fission and spallation products in the target, and
induced activities in the surrounding air, soil, cooling water,
the C02 inert atmosphere, and the heavy water moderator.

The greatest source of volatile active products will be
the thermal neutron facility target which is itself a high temper-
ature liquid under operating conditions. Selected examples of
volatile activities produced are i2 4.2-day 124I (30 mCi s-1), 12.3-year
tritium 4 mCi s-1) and 18-hour 5Xe(200 mCi s1). The cold trap
in the target circuit will partially remove condensable products
like iodine. In subsequent clean-up of the cold tap these products
can be converted, when necessary, into solid wastes for disposal.
The cold trap will not be effective in "freezing out" activities
like tritium or some inert gases. Special adsorbents may be re-
quired to do this.

28. D.R.F. Cochran, et aZ , "Shielding Considerations for Proposed
Los Alamos Meson Physics Facility", proc. First AEC Symp.
Accelerator Radiation Dosimeters and Experience 1965)
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The addition of a degassing unit to the lead-bismuth
circulating system would permit the removal and dispersion of the
volatile activities on a continuous basis, or else after one year
of operation 100 kCi of tritium would have built up in the target
system.

The C02 blanket between the target tube and the moderator
tank tube will be activated by the fast neutron flux. The only
activity of concern is the 20-min. 11C formed by the 12C (n,2n)
11C reaction. The saturation level for this activity in the C02
blanket will be 60 Ci. The relatively short half-life of this
activity suggests that, following a delay period, the filtered
C02 gas could be vented.

Tritium will be produced by neutron capture in the
heavy water moderator. Since the neutron flux in ING is a factor
of 100 greater than in the NRX reactor, and the heavy water volume
is about a factor of two less, a fifty-fold increase in tritium
can be expected in ING. The special handling routine used for
heavy water in the NRX reactor could be scaled up to meet the re-
quirements for the ING system

Activation of the air along the beam transport system
and in the target vault will be caused by the resence of tritium,
2-min 150 . 10-min 'IN, 20-min `C and 1.8-hr 'VAY. In addition,
15-hr 4Na, 2.6-hr 56 Mn and S3-da y 7Be activities will be carried
by airborne dust particles. Assuming a spill of VA of beam
into an area where the average proton path in the air is 10 m then
tritium production will be 2 x 10-4 VCi S-1. Since the maximum

allowable concentration of tritium is �Xi M-3 a very small
airflow will suffice to control this activity. Estimates of the
production of 20-min 11C activity by such protons in the air in-
dicate an equilibrium source of 0.1 Ci. Since the radiation fields
in the beam transport and target areas will not permit the entry
of personnel, it is advisable that these areas not be ventilated
during operation of the machine. A suitable delay period, for
radioactive decay of the short-lived activities, followed by
filtered ventilation, would then be required before entry is per-
mitted.

A continuous spill of �iA of 1000 MeV protons into
the soil around ING would be expected to maintain a total source
-20 Ci of y-ray activities with half-lives greater than one week.
Such activities would form an integral part of the soil with a
resultant high retention and would show only slow movements in the
ground water. A possible exception is the 10 mCi of tritium pro-
duced per day, but even this activity should not be a hazard if it
is released because it will diffuse into a relatively large volume
of air or ground water.

The target system maintenance in hot cells will require
features similar to those used in handling irradiated reactor fuels;
filters and traps for the volatile active gases and dust; active
drains with water storage areas; and a waste disposal system for
both liquids and solids of various radiation levels.
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D. HAZARDS AND SAFETY SYSTEMS

1. Equipment Safety

Safety has been defined as "the condition of being free
from harm or risk of harm to life and property" 291. As a con-
sequence of the public interest and concern for safety in nuclear
reactors, there has evolved a considerable technology on safety
systems. All seek to embody the following design features 3},
f3l), to varying degree:

- Fail safe designs
- Provision for monitoring and test circuits
- Redundancy in the form of identical parallel signal channels

with coincident circuits for comparison between these
channels

- Highly reliable components

In so large a system as ING where the beam power is in the same
order as that of many reactors, considerable attention must be
devoted to the design of a safety system. Since extensive com-
puter control is proposed, the possiblility of using alarm in-
formation derived from input signals by the monitoring computer
will be tempting. Such data are essential to decision making in
the regulation computer but its use in a safety system would
violate the redundancy principle since the separate identical
signals would have to pass through a single component even though
the reliability characteristics of this component, the monitoring
computer, may be extremely high. Fig. 63 shows a compromise ar-
rangement in which the safety channels are independent of the out-
put alarm data from the control computer. The latter is used be-
cause it provides more information on the status of a given para-
meter than is available from the safety channel (two states - safe
or unsafe). The safety channels have been separated into two
groups, i.e. those providing the rapid shutdown required by beam
faults and those providing a programmed shutdown when the time

29. E.C. Wenzinger, et a, "Some Aspects of Reactor Safety Systems",
proc. 12th Annual IEEE Nuclear Science Symposium (San Francisco)
NS-13, (1) 426 1965).

3 F. Larin, et aZ , Nuclear Safety, 1 (1) 1959) .

31. B.J. Garrick, et aZ , "Some Aspects of Protective Systems in
Nuclear Power Plants", IEEE trans. Nuclear Sci. NS-12 6 22
(196s).
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responses of the systems involved are sufficiently long as to
permit a much slower reduction of beam power. A slow shut-
down is desirable., to reduce the disturbance to the Hydro system
when a large portion of the total load is dropped. Information
handling would be provided by a safety-data handling system which
would receive signals from the safety channels and from the alarm
outputs of the control computers. It would provide control data
for the convenience of the operating staff and logging of all
fault signals for fault investigations or for analyses of safety
performance. The system should be fast-scanning and capable of
identifying the time sequence relationships of a number of rapidly
occurring events. Frequently, in the operating experience of the
NRU reactor, the inability to determine the first sign of a safety
shutdown has hampered the identification of its real cause and
thereby complicated the correction of faulty equipment or operating
practice-f32).

For equipment protection, the greatest need for rapid
shutdown arises from a fault poducing a complete loss of the
beam. A 'worst case' was considered in which the fault is assumed
to be instantaneous and the total beam energy is dissipated over
a small area of the stainless steel beam-tube wall where it is
most likely to be thinnest, i.e. in the sector magnets. The time
required to raise the wall temperature to the melting point would
be about 250 ps. To protect personnel, the limit on shutdown time
may be less, for example in the thermal target facility, where the
beam transport tube passes through the experimental area, the
shielding has been designed for a 40 hour work week immediately
below the beam tube and to limit the radiation exposure on a beam-
loss accident caused by failure of the 200 bending magnet, the
permissible shutdown time may be as low as 50 s. Only a small
fraction of this time would be available for operation of the
safety channels since allowance must be made for the operating
times of a beam sensor and a device for shutting off the beam,
for the transit time of the beam remaining in the machine, and
for a suitable safety margin. Since there has been little need
for such a short response time in reactor safety systems, a
highly reliable fast-acting system has yet to be developed.

The use of relays, as in early reactor safety systems,
is limited by reliability and speed of operation. To reduce the

32. L.M. Watkins, "Design Proposal for NRU Trip and Alarm Improve-
ments, report ED-168 1961).
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probability of failure, frequent testing can be applied, 33)
but with relays there is a practical limit to the amount of
testing that can be tolerated since their life is a function
of the number of operations. Nowadays there is a general trend
to the use of solid state systems. Systems based on DC semi-
conductor techniques are not favoured for general use because
they are not fail-safe against iternal faults and therefore
require periodic manual testing to ensure that they are working
properly 341. Systems employing pulse-coding techniques are
generally used because their reliability can be ensured by
dynamic self-checking circuitry f3S). Such circuits require
the application of correct input data to produce a unique output
signal that can exist only if all of the components are operating
correctly. For this application, their disadvantage is a relatively
slow response time. A possible solution may be a combination of
DC techniques which possess the required speed, and automatic fast
pulse-testing techniques.

To provide a quick indication that all or part of the
beam has been lost, the beam may be measured directly or the rad-
iation, that such a loss would produce, may be measured. It is
desirable to have both methods available. The necessary sensors
can be made by existing techniques.

Beam monitoring devices of suitable speed are now in
use 36). If only one type of sensor is to be used throughout
the machine for safety purposes, then one responding to changes
in beam current would suffice. Faulty beam positioning or focus-
sing will result., eventually, in a beam current loss. To be in-
dependent of changes in operating level, the outputs from the
current-sensors must be normalized to the current at the input of

33. G.A. O'Sullivan, "A Comparison of Solid State and Relay
Reactor Safety Systems", proc. 12th Annual IEEE Nuclear
Science Symposium (San Francisco), NS-13 (1) 420 (196S).

34. S.V. Kasargod and K.R. Rao, "Semiconductor Logic for Safety
and Interlock Systems", report AEET/ED/SG-18 1963).

35. 1. Wilson, et aZ , "Pulse Coding Techniques for Reactor
Safety Logic Systems", proc. IAEA Conf. Nuclear Electronics
(Bombay 1965).

36. L.A. Law and L. Holcomb, "The Cambridge Electron Accelerator
Beam Position Monitors, proc. First National IEEE Particle
Accelerator Conference (Washington)NS-12, 3 8S6 1965).
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the machine. The reference signal fed to each device must be
appropriately delayed to reduce its sensitivity to fluctuations
in the ion source output. Redundancy might be achieved by com-
paring the error signal from the first device with the signals
from the next two downstream. In the beam transport section,
beam sensors downstream of the beam splatters must be interlocked
with the switching pattern so as to avoid false signals when a
beam is not present.

Inside the accelerator vaults an array of detectors may
be used to sense the change in radiation levels resulting from a
partial or total beam loss. Their outputs could very likely be
arranged so as to satisfy the safety requirement for redundancy
and to avoid false shut-downs from equipment failures. For ex-
ample, two high signals from any adjacent group of three detectors
would shut off the beam. In an alternative arrangement, a long
ion chamber similar to that employed in the Stanford Linear
Accelerator {371 could be fixed at a suitable elevation on the
outer wall of the vault. This device is particularly suited for
use in the beam transport Vnnels where the use of individual
sensors would be inefficient and costly. Triplication, however,
would be impractical.

It does not appear likely that a fast beam shutdown
can be achieved by shutting off the source although the method
to be employed will most likely be backed-up by this approach.
A reduction of the source to safe levels will require about
1 ms. A fast acting switch can be located between the source
and the linac pre-accelerator. An electrostatic or magnetic
switch, perhaps using energy stored in capacitor banks, appears
to be well within current technology.

If the protection requirements for systems with long
response times, e.g. process systems in the accelerator and
thermal target facility, are assigned to a secondary safety
system a programmed shutdown can be used. No special demands
are anticipated and the methods used for reactor systems will
be adequate.

2. Personnel Safety

When the accelerator is in operation, very high radiation
hazards will exist around each acceleration stage, the beam trans-
port tubes, the beam switching devices, the piping and equipment

37. L.H. Johnston, "Instrumentation and Controls for the Stanford
Linear Accelerator", proc. First National IEEE Particle Ac-
celerator Conference (Washington) NS-12 3 44 1965).
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of certain circuits of the thermal target facility, and around
the many experiments which will make use of small parts of the
proton beam. The primary means for protecting personnel and
the general public will be the permanent shielding but access to
the machine is essential for repairs and replacements during
shutdown conditions. Maintenance will be complicated by residual
radiation from components activated by beam spillage. Therefore
a protection system making use of equipment, interlocks, and opera-
ting procedures and practices, is required. Certain industrial
hazards, e.g. high electrical voltages and high temperature liquid
metals, will also exist and suitable safety measures for these
must be included in the system.

Suggested operating procedures for coping with radiation
hazards are outlined in AFCL-2600.

3. Hazards to the Public

A "Hazards Analysis" of the ING project has not been done.
This section merely attempts to place in perspective the potential
hazards created by ING and to point out some factors which must
be considered in the design and siting of the plant. Unlike a
reactor, there is no criticality hazard, yet there will be a
substantial inventory of radioactive nuclides. A complete analysis
cannot be made until a fairly detailed conceptual design has been
worked out, a site has been chosen, and more information on the
chemistry and metallurgy of the main target is available.

Danger to the public may result from routine operation
or from accidents within the plant. An appropriate exclusion
area will be required. Some radioactivity will be released to the
environment and adequate processing and control of effluents will
be necessary.

The accelerator system would not be as large a source of
possible hazard through accidental releases as the Thermal Neutron
Facility would be. For example, loss of control of the beam coin-
cident with failure of the emergency shutdown system would not
result in excessive exposures of the public because the beam is
contained in heavily shielded vaults and tunnels. On the other
hand one can envisage severe accidents which could lead to the
release of some of the radionuclides held in the thermal neutron
facility. These are listed for illustration as follows:

(a) Loss of circulation of the Pb-Bi system of the thermal
neutron target, coincident with failure of the emergency
shutdown system - Until details of shutdown systems are
known and the consequences considered, the plausibility
and severity of such an accident cannot be assessed.

(b) Circumstances bringing about the dispersion of isotopes
and fission products contained in commercial-isotope
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production facilities - Until the isotope production
4has been predicted and the methods and systems for

irradiating the source materials have been worked out,
plausible accidents cannot be formulated. It can be
noted, however, that if a substantial fraction of te
1.2 grams of neutrons available per day were at any
time being absorbed in ighly irradiated plutonium to
produce transuranic elements, the fission product n-
ventory might be comparable with that in a reactor of
100 or more thermal MW.

(C) Failure of the emergency cooling system required for
removal of the Pb-Bi decay heat - the consequences and
severity of this have not been investigated.

(d) Failure of the piping of the Pb-Bi system leading to
airborne dispersion of some of the contained spallation
and neutron capture products - Failure of the main target
tube within the moderator tank is considered plausible
because the predicted lifetime, under the intense ir-
radiation, is short (See Chapter 7 regarding special
provisions for frequent replacement). Fortunately the
thermal energy that would be available to stimulate
such a dispersal is smaller than in a pressurized-
water power reactor like NPD, by a factor of about 30.

Possible consequences of the last accident are considered
in Chapter .B.3.* Because many details of the Pb-Bi system are
not yet worked out, a realistic assessment cannot be made but
simplifying assumptions have been used to obtain some perspective
and to indicate design features which will be desirable.

4. Hazards from Routine Operation

The maximum permissible exposure to the population to
external -radiation is 0.5 rem/yr but in practice a much lower
value is used in choosing sites. Since the shielding specifications
for ING have been modified to give external radiation fields below
maximum permissible limits no significant hazard arises from
this source during routine operation.

It is too early to make a realistic appraisal of the
internal radiation hazards which would result from continuing
releases of radioactive nuclides such as iodine isotopes, and so
there is no estimate of the special treatment that may be required.

Tritium will be produced in the moderator and the target
material. Equilibrium concentrations in the moderator will be
about 50 times the equilibrium level for the NRX reactor. Good
system containment will be required. Except for large spills, the
hazards to the public are not appreciably increased. The tritium
in the Pb-Bi target is not expected to combine chemically and may
be removed at its production rate by the target vacuum system.

AECL-2600
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It will pass through the cold trap and would be exhausted by the
effluent air stack as hydrogen gas unless it were deliberately
combined with oxygen or trapped by active metal such as zirconium.
Although the rate of 390 Ci/day does not exceed the maximum per-
missible continuing release, it is about 15 times larger than the
average release from the NRX and NRU reactors. Policy may require
the removal of the tritium from the non-condensable gases before
they are discharged.

The target vacuum system may also remove iodine isotopes
at their production rates. This is about 11 mCi s-1 for 1126.
For an exclusion area within one kilometer from the target, with
an average atmospheric diffusion factor, Kavg, of about 107 MI S-1,

the maximum permissible continuing release is given by

Q avg

where Q = max. permissible release rate

C = max. permissible concentration

Since, for one-year old children, the maximum permissible con-
centration in air is 66 x 10-11 Ci m-1, the release rate is
0.7 mCi s-1. This is for exposure by respirable air only; a
lower rate is required if exposure from locally produced milk
is to be included.

If pasture land is near the site, the release rate must
be restricted to about 0.01% of the production rate. If there
is no local pasture land a release rate as large as 5% of the
production rate would be barely acceptable for the public, and
might create a problem on the site itself, depending on the layout.

5. Hazards from Accidents

A significant hazard to the public would originate from
an uncontrolled release of the fission, spallation, and neutron
capture products in the Pb-Bi system of the thermal neutron
facility. Estimates of the amount of some of the by-products
at the end of a first full power year have been calculated by
Eastwood anf Fraser 138,39). In addition there will be substantial
quantities of short lived intermediate products of biological
significance.

38. T.A. Eastwood, Private communication, (May 4 1966)

39. J.S. Fraser, Private communication, (April 22, 1966)
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The amounts of biologically-significant radio-active
nuclides in the system at any given time is uncertain not only
because the yields are uncertain, but also because:

(a) The upper part of the target tube, where the Pb-Bi
flows down along the inner wall, will act as a degassing
system. Gaseous and volatile by-products may be removed
through the large vacuum line connected near the beam
tube entrance. Condensables will be collected in a cold
trap and the non-condensables will be exhausted by the
vacuum pump to the active-effluent air stack.

(b) The amount of any product removed by the degassing action
will depend on its solubility in the Pb-Bi system, but
little is known about these solubilities.

(c) Some of the products may combine chemically, either with
other products or with the target material.

(d) Some products may deposit on the cooler surfaces of the
Pb-Bi system, e.g. heat exchanger primary surfaces, and
be retained following a major accident.

Because of these uncertainties and for simplicity in
assessing the system safeguards, the estimated nuclide inventory
at the end of the first full power year is arbitrarily assumed to
be available.

Watson has calculated the maximum permissible accidental
releases for some of the significant nuclides, and from this, set
a simple guide for containment f4O}. The methods described by
Barry f4l} have been used. The maximum permissible exposures
(MPE) shown in Table 6.5 were calculated for adults; for children,
smaller exposures are allowed.

The contribution of related nuclides present in the
system must also be considered. For example, the amounts of
I-1239 1249 125.9 12819 130, and 132 present must be considered in
calculating the MPE for iodine.

For accidental releases at ground level and one kilo-
meter from the source, Barry recommends that Kmin' the factor
for the atmospheric dilution in an effluent plume, be 104 MI 1.

40. L.C. Watson, Private communication, (June 10, 1966)

41. P.J. Barry, Maximum Permissible Concentrations of Radioactive
Nuclides in Airborne Effluents from Nuclear Reactors", report
AECL-1624, 1962)
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TABLE 65

MAXIMUM PERMISSIBLE EXPOSURES TO ADULT POPULATION FOR

VARIOUS SIGNIFICANT RADIO-NUCLIDES

Assumed
Nuclide MPD for adults Sensitive MPE-3

rem Organ Ci sm

Sr-90 1.5/yr Bone 0.0036
Cd-109 25* Liver 0.93

1-126 25* Thyroid 0.066
Po-210 25* Kidney 0.0086

*Lifetime doses

The maximum acceptable release and the ratio, (maximum acceptable
release/inventory) for the four nuclides considered are shown in
Table 66.

TABLE 66

MAXIMUM PERMISSIBLE RELEASES FOR
EXPOSURES TO ADULT POPULATION

Max. One year
Release Inventory Ratio

Nuclide Ci Ci Release/Inventory

Sr-90 36 __j X 104 -3 x 10-'
Cd-109 9300 -1 x lo, -8 x 10-2

I-126 600 -2 x 104 -4 x 10-2

Po-210 86 -5 x 105 -2 x 10-4

Equilibrium amount
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The ratio, (release/inventory) indicates the containment
required. Watson suggests the containment should be good enough
to prevent the release dring an accident of one part in 105 for
particulate aerosols and one part in 104 for gases (iodine) after
arbitrarily allowing a tactor of ton i each case for the presence
of other nuclides giving additive doses to the sensitive organs

6. Failure of the Pb-Bi Circuit

If both the ING target tbe and the oderator tube
surrounding it were to fall, allowing the moderator to mix freely
with the liquid-metal target material, the transient pressure rise
could disperse substantial quantities of radionuclides.

If the failure of the two tubes occurred at the bottom
of the moderator tank where the moderator pressure is about
3 - 40 lb in -2 greater than that in the Pb-Bi system, heavy
water at 140OF ould be forced into the Pb-Bi (which is at about
840OF when the beam is at full power). If it is assumed that
none of the water, steam, and liquid metal mixture enters the
moderator tank, and because the lower part of the Pb-Bi system
is closed and full, the mixture "rill be ejected upwards to fill
the upper part of the target-tube structure. f the beam tube
were ruptured just above the upper shield by the pressure tran-
sient, a mixture of finely divided Pb-Bi and steam could escape
into the experimental hall.

Normally less than 2 of the Pb-Bi is in the target tube
and if only this volume is intermixed initially with the heavy
water, it would appear reasonable to assume that, at the most,
all of the nuclides in this volume that are gases and up to one
third of those that are solids, are released. Should however
these escape from the building, the maximum acceptable releases
will be exceeded. The pressure surge could force a large portion
of the liquid metal-water mix through the target-tube vacuum line
to the cold trap where it would vaporize the contents. if the
trap has collected an appreciable amount of radionuclides, the
amount of these (eg. iodines, Po-210) which might escape could
be substantially larger.

After the failure, the circulating pump will continue
to discharge liquid metal into te target tube until the oast-
down head is insufficient or, if the system pressure interlocks
have failed, until the pump cavitates with steam. Ten times
more liquid metal than is normally in the target tube, could be
mixed with moderator and would add appreciably to the amount of
radionuclides released to the atmosphere.

It is clear that for the postulated accident the thermal
neutron facility building iilust provide good containment for the
airborne material produced. The energy elease causing the first
pressure surge is relatively small. f all of the available heat
in the Pb-Bi normally in the target tube is transferred to the
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heavy water, the steam produced will occupy about 1000 ft3 at
atmospheric pressure. In the experimental hall this will develop
a very small over-pressure which could be readily handled by a
negative pressure ventilation system operating in a semi-airtight
building at about -0.5 in.H20- If all of the available heat, from
the largest volume of target material that could be pumped into
the failed target tube, were to produce steam that escaped into
the experimental hall, the overpressure would be about ten times
larger. The volume of exhaust air then to be handled by the filter
and scrubbing equipment would be too large and better containment
would be required.

7. Suggested Safeguards

A better knowledge of the chemistry of the target system
and the target system design is required before siting require-
ments and system safeguards can be well determined. Some safe-
guards are already in te reference design; others which seem to
be necessary are:

(a) A rupture disc (or equivalent) should be installed in
the Pb-Bi return line.

(b) The basement Pb-Bi area has already been designed as a
sealed area to restrict the movement of nuclide contain-
ments, e.g. polonium, during normal operations and
maintenance. The design should be extended to handle
accidents.

(C) Those parts of the beam tube and upper target structure
which on rupture would release activity into the ex-
perimental hall should be strengthened to resist pres-
sures produced by the maximum credible accident.

(d) A fast-acting valve should be installed in the beam
tube to protect the tube in the beam transport tunnel.

(e) A self-closing fast-acting valve should be placed in
the target tube vacuum line so as to prevent the un-
controlled flow of Pb-Bi into the cold trap.
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CHAPTER 7

RESEARCH AND TECHNICAL APPLICATIONS.

In this chapter an attempt will be made to take a mea-
sure of the experimental potential of ING. This will be done by
listing the major experiments that seem relevant and interesting
at the present time. It is to be understood that many of thest:
may not be important in a few years time but, if so, there will
almost certainly be, then, a compilation of equal or greater size
to replace them. The list represents only an outline of scope; it
is not implied that every experiment listed will, or should, be
done by any group from AECL or elsewhere. The experiments are
presented in a series of tables dealing with research in Physics,
Chemistry, Metallurgy, and the Life Sciences. They are condensed
from earlier documents 12,3} which contain references to origi-
nal material. For each beam or irradiation facility a list of
experiments or quantities measured is given in the second column
and a list of aplications or derived information is given in the
third column. Adjacent entries in the second and third columns
are not necessarily directly related. Applications of the Basic
Machine are presented in Tables 71 - 74. A few of the Additional
applications of the Full achine in the field of physics are
given in Table 7S.

In addition to these applications accruing from the
direct use of ING as a research tool, much new technical informa-
tion can be expected as a byproduct of development of the accele-
rator, beam transport, and targets. This outflow will continue
as the Basic Machine evolves into the Full Machine and its future
elaborations (chapter 9.

1. G.A. Bartholomew, J.C.D. Milton and E.W. Vogt, "An Intense
Neutron Generator Based on a Proton Accelerator", AECL-2OS9
(1964).

2. "The AECL Study for an Intense Neutron Generator", AECL-2600
Chap. V, 1966.

3. "Need Re-Affirmed for Intense Fluxes of Thermal Neutrons",
ING Newsletter No. 2 1966.



4 2

Advances are anticipated in

-ion and plasma pysics

-radlofrequency engineering

-vacuum engineering

-magnet engineering including superconducting magnets
and associated cryogenics

-high power, high voltage DC systems

-advanced ion optics including storage rings

-fast-rise, high power, pulse technology

-radiation-resistant structural materials

-reactor materials

-shielding materials

-nuclear power technology

-electronuclear breeding systems

-remote handling systems.
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TABLE 71 EXPERIMENTAL APPLICATIONS (Physics)

Facility and Beam Partial List of Experiments Partial List of pplications
and/or Quantities Measured (Derived Information)

Thermal Neutron Facility
thermal neutrons Neutron elastic and inelastic interatomic forces in condensed
X = . A scattering e.g. matter
E 0025 eV lattice vibrations (phonons) specific heat

magnetic vibrations (magnons) thermal expansion
electronic excitations electrical conductivity
phonon-phonon interactions magnetic susceptibility
magnon-magnon interactions electric susceptibility
magnon-phonon interactions ferroelectricity
phonon interaction with magnetism
collective electronic structure of crystals (in
excitations particular, arrangement of hy-
dependence of lattice vibra- drogen and magnetic atoms)
tions on electronic structure structure of complex organic
phonon dispersion relations molecules
in liquids e.g. 'He and 'He fundamental interactions in

.,simple" quantum systems
scattering law of solids and
liquids

Neutron Capture y-Rays y-ray spectral distributions
y-ray energy, intensity level energies
coincidences level spin and parity
yy angular correlations level decay branching
linear polarization correla- nuclear structure
tions radiative mechanism
internal pair conversion
angular distribution following
capture in aligned targets

Fission
fragments rare modes mechanisms
neutrons mass and charge distributions
y-rays energy distribution
X-rays mechanism of fission
conversion elements level structure of fissile
multiple coincidences and product nuclei
(e.g. n-n-f, n-y-f, n-f-f) neutron yields
mass separator yields (especially for nu-

clides shielded by short
lived precursors etc.)

Fundamental experiments
neutron lifetime theory of a-decay
electron-neutron interaction electric structure factor of
neutron electric dipole neutron
moment test of tinte reversal invari-
neutron charge ance
gravitational constant of nucleon structure
free neutron gravitational interaction of
neutron-neutron scattering unbound primary particles

neutron-neutron fundamental
interaction
test of charge symmetry

Thermal Neutron Facility Examination of
"cold syrce" neutrons Neutron elastic and inelastic spatial and magnetic reorien-
X > 4 -3 scattering as above tation near phase transitions
E < 5 x 1 eV high resolution measurements atomic clustering in non-

low energy and mmentum equilibrium solid and liquid
transfers solutions

impurity defects in magnetic
materials
post-irradiation defect clusters
dislocations i cold worked
metals
magnetic flux patterns of su-
perconductors
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TABLE 71 (CONT-D) EXPERIMEN'JAL APLICMIONS (Physics)

Facility and Beam Partial List of Lperiments Partial List of Applications
and/or Quantities Measured (Derived Iformation)

Thermal Neutron Facility
"hot source" neutrons Neutron scattering intramolecular vibrations

i. 0. A as above magnetic excitations in ferro-
> 0.1 eV - high energy ad momentum magnetic materials

transfers high frequency lattice vibra-
tions
scattering law of moderator
materials

Thermal Neutron Facility
Polarized thermal neu- neutron scattering structure and dynamics of
tron beam magnetic materials

nucleon magnetic yperfine
interaction

circular polarization of spins of levels
capture y-rays -y-ray multipolarities
asymmetry in neutron fundamental parameters of
decay weak interactions
asymmetry in angular test of time reversal in-
correlation of neutron variance
capture rays lest of CPT symmetries
asymmetry i direction of Test of conserved ector current
emission of capture y-rays theory of weak interactions
from . I . Cd (n Cd

Thermal Neutron Facility
Neutron capture y-ray resonance excitations reaction mechanism in tail of
y-ray beams spectroscopy giant resonance
E < 90 MeV angular correlations radiation widths

polarization y-ray deca y modes
spins and parities of levels

Transmission Target Pions Elementary particles
pionic X-rays r mass
, + n,, -ro + n Tr mas�

4
7T+ + V TF _ Li mass difference
7 + + Y v mass

�j charge structure of 

Strong Jnteraction
r production from 7-N in- 7-7 interaction
elastic scattering
r-N elastic scattering with 7-N interaction
polarization
s�opped v capture in D_ N-N interaction
TT + 11' - 4++ n and TT + 3-body N-N force
Ile' - 3n + 7T

Electromagnetic Iteraction
radiative decay test of quantum electrody-
pionic X-rays namics

Weak+Intepction + +
(TT - C + Ve)/(77 test of universality of V-A
blanching + theory
77 0 + e + test of conserved vector cur-

e rent theory

Nuclear properties
7-nucleus elastic scattering effective potentials
7-nucleus quasi-elastic shell structure of nucleus
scattering production of rare states
7-nucleus inelastic scatter- anti nuclides
ing isotopic spin multiplets
7-nucleus exchange scatter .Ing N-N correlation and momentum
TT_ capture distribution, 2-hole states
7- X-rays radial distribution of nu-
pion production from nucleon cleons near surface
or pion ombardment of nuclei Ti-N ad N-N interactions off

the energy shell
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TABLE 71 (CONT'D) EXPERIMENTAL APPLICATIONS Physics)

Facility and Beam Partial List of Experiments Partial List of Applications
and/or Quantities Measured (Derived Information)

Transmission Target Muons Elementary particles
X-rays. mass
magnetic moment distinction between proper-

ties of and electron
electric charge and electric
dipole moment

Strong Interaction

P + d - n + P n-n scattering length

Electromagnetic Interaction
anomalous magnetic moment tests of quantum electro-
radiative decay + p - n + dynamics

+ 
X-rays

P scattering by proton

Weak Interaction
P - n + V - universal Fermi interaction

muonium-antimuonium coupling test if quantum number
P e I 3e, 0 ++e additive or multiplicative
2Y and+w T + e ji- + e test for neutral currents
w + Z e + Z test for non-locality and
ji life time intermediate boson
momentum dependence of Michel
Parameter
momentum depeidence of electron
helicity in decay

Properties of Nuclei
W- nucleus scattering electromagnetic form factors
W- nucleus inelastic scatter- nuclear level structure
ing y-ray decay
w- radiative capture charge and magnetic moment
p X-rays distributions

quadrupole moments of nuclei

Miscellaneous
P_ atom processes ji probe in solid state phy-
ji molecular processes sics
w induced fusion, fission atomic analysis using Ps

.1mulecules"
atomic processes with muonium

Transmission Target test of universal Fermi inter-
neutrinos i4enti�y of and ve

v_ e ,ePU' VW action
V e scattering character of muon. quantum

number
test of theory of weak inter-
actions
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TABLE 72

EXPERIMENTAL APPLICATIONS (Chemistry and Isotope Production for Research)

Facility and Beam Partial List of Experiments Partial List of Applic�itioiis
and/or Quantities easured (Derived Information)

Thermal Neutron Facility Decay scheme studies far from Q-values and mass frmulae
irradiation sites stability (neutron rich) nuclear structure

8,y decay of isotopes nucleo genesis
isotopes of high specific stellar reactions
activity heavy element production

reactor related data
activation analysis

Fission product decay
fission products in valley of symmetrical component
mass yield curve and in wings ternary fission
independent yields and ratios nuclear charge and spin dis-
of isomers tribution in fission
fissile transplutonium Stu- changes of fuel icactivity
dies with irradiations
fission by resonance and high- mass yeild cur),reS of fissile
er-energy neutrons, valley transplutonium isotopes
yields

Chemistry of heavy elements check predictions of proper-
ties from chemical families
to facilitate processing in
heat source applications
transplutonium chemistry ad
physical cemistry

Radiation chemistry study linear energy transfer,
dose, dose rate with neutrons,
fission fragments
tracer studies with high spe-
cific activity tracers eg. for
ion implantation studies

Proton beam and meson
irradiation sites Decay scheme studies far from Q-values and mass formulae

stability (neutron deficient) nuclear stability valley
$,y decay of isotopes nuclear structure
OL article decay nucleo genesis
proton emission stellar reactions

Decay schemes of neutron
poor species

�,y decay
proton decay
fission with energetic protons Basic knowledge of fissio ad
and competition with frag- related processes
mentation and spallation understanding of fission pro-
fragmentation and spallation cess
products neutron yields and energy re-
mass spectrometry lease in proton induced fi---

Sion
Spallation proce�;ses for pos-
sible power applications
kinetic energy and charge
dispersion of fragments
shielding specifications
target activit iformation
nuclear abundances in meteor-
ites
basic information for radiolo-
g i c a Icon t r I ofIN C

S C C I a I U r C C S i 0 0i Li e r

effect applications

7 and beams Radiation chemistry following high local c�nergy densities

capture of or �j capture spherical hot spot theory for

initiation of eplosions
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TABLE 73 EXPERIMENTAL APPLICATIONS (Materials Research)

Facility and Beam Partial List of Experiments Partial List of Applications
and/or Quantities Measured (Derived Information)

Thermal Neutron Facility Radiation Damage influence of knock-on collision
irradiation sites fast neutron irradiations processes on properties of

thermal neutron scattering materials
irradiation of boron or damage annihilation processes
lithium doped samples damage saturation conditions

relationship of defect clusters
to mechanical properties
point defects concentration to
enhance solid state diffusion
processes and to affect sta-
bility of alloys and ceramics
effect on mechanical properties
of H and He gas buildup in
metals
nucleation, growth and migra-
tion of gas bubbles in solids

Power Reactor Materials radiation damage of zirconium
high flux neutron irradia- and other reactor materials
tions effect on creep rate in zir-

conium alloys
saturation of radiation damage
in zirconium alloys - effect
on ductility and strength
structural changes in zircon-
ium niobium alloys

- effect of dose rate on mechani-
cal properties of zirconium

- effect of fast neutron flux on
corrosion behaviour of zir-
conium alloys

- reactor fuel studies - high
flux conditions

ING Materials Studies - life of beryllium multiplier
- high flux neutron irradia- - embrittlement and internal

tions stresses from extreme gas con-
tent in Be

- consequences of transmutation
reactions on structural mater-
ials e.g. Al to Si and Zr to
MO

- corrosion resistant ING
materials

Energetic proton beam Radiation damage - structural changes, growth,
irradiation sites creep effects by high energy

nucleon damage
- simulate fission fragment

ING Materials Studies damage without introducing
foreign atoms in lattice

- ING magnet winding insulation,
vacuum gaskets, structural
components life under energe-
tic nucleon bombardment
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TABLE 74 EXPERIMENTAL AND MEDICAL APPLICATIONS

Facility and Beam Partial List of Experiments Partial List of Applications
and/or Quantities Measured (Derived Information)

Energetic proton and Biomedical Research. biochemical, physiological
meson beams proton beam irradiation neurological effects of high

meson beam LET beams with high RBE
neutron scattering (see protein structure studies
also Physics applications)

Medical Therapy malignant tissue destruction
proton beam with minimum damage to sur-
7 meson beam rounding tissue

large and deep-seated tumor
therapy

Radiation Dosimetry ING Personnel protection
dosimetry standards

TABLE 75 FUTURE EXTENSIONS (Physics)

Facility and Beam Partial List of Experiments Partial List of Applications
and/or Quantities Measured (Derived Information)

Resonance Neutron Facility
I eV < E < 1 MeV neutrons Neutron scattering and cross sections of reactor ma-

transmission terials
resonance energies, spins,
radiative widths, neutron widths

Neutron capture y-rays resonance spin and parities
spectra and angular nuclear structure
correlation radiative mechanism

Scattering of polarized re- spin of resonances
sonance neutrons from polarized
nuclei

Fission at resonances variations of fission proper-
- fragment angular distribution ties with resonance parameters

from aligned nuclei e.g. spin
band structure of transition
nucleus
partial fission cross sections
fission neutron yields for
reactor applications

Beam No. 2 nuclear structure
Fast Neutron Target Direct nucleon reactions

< 14 MeV (nny), (np), (na), (nd),
(nT), (n, He)
fission studies of total ki- fission mechanism
netic energy and angular dis-
tributions
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TABLE 75 (CONT'D) FUTURE EXTENSIONS (Physics)

Facility and Beam Partial List of Experiments Partial List of Applications
and/or Quantities Measured (Derived Information)

Mid energy beam and Beam
No. 2
Energetic Nucleons Nucleon nucleon force Understanding of nucleon nuc-
100 1000 MeV inclu- nucleon nucleon scattering leon interaction
ding polarized beams n-p, p-p, n-n cross sections, - light nucleus structure

polarization
pion production in n-p, p-p,
n-n, p-d, n-d
two-pion production
bremsstrahlung measurements

Nuclear structure
np scattering from nuclei test of optical model and
angular distributions other nuclear models
direct interaction inelastic spatial distribution of nu-
scattering (pp'y), (nn'-y) cleons
quasi-elastic scattering momentum distribution of
(n,2p), (npn), (n,2n), (nnp) nucleons in nucleus
charge transfer (pn) (np) prevalence of clusters and
pick up reactions sub-structures in nucleus
cluster ejection nuclear properties of nuclei
multiple nucleon emission far from stability
pion emission
fragmentation and fission

Advancee. Power Tech-
nology
1 Gev protons, 1 pA Bombardment with varying Neutron yield dependence

target element
target geometry
target cooling mechanism
particle energy
multipliers

moderator material neutron moderation effects
direction
neutron energy
structural and coolant

fertile material in blanket blanket efficiency
moderator
lattice spacing
direction from target
average neutron energy in
blanket
initial fissile material in
blanket
integrated irradiation of
blanket
blanket coolant mechanism
non-fertile irradiation re-
quirements
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CHAPTER 

COMMERCIAL ISOTOPE PRODUCTION.

A. PRODUCTION OF RADIOISOTOPES

This chapter has been prepared as a guide to the nuclides
whose production would potentially benefit from ING. It does
not reflect a forecast of market or revenue.

The use of ING for producing radioisotopes is not in-
compatible with its primary purpose as a research facility. In-
deed, preserving the high neutron flux is as important for iso-
tope production as it is for research. Thus, if ING were built
solely for the production of radioisotopes, it would be essential
to minimize the amount of target material near the center of the
moderator tank as otherwise there would be a serious depression
of the thermal flux, and this in turn would lower the specific
activities obtainable. To put it differently, if ING were loaded
heavily with target materials, there would be a larger quantity of
isotopes produced but they would be of lower quality, and ING
would not be a much better facility than a reactor.

Any radioisotope which is produced in NRX and NRU could
likely be produced in ING, and the higher neutron flux would
result in either a higher specific activity or a shorter irradia-
tion time. In general the length of the irradiation is not of
prime importance, but the higher specific activity usually means
a better product. It is then obvious that the isotopes which
should be produced in ING are those which will gain significantly
in specific activity .

Some of the isotopes that are considered for production
in ING are discussed below.

1. Antimony-124

124 Sb is of special interest among the radioisotopes
because it is the only practical one which can be used for making
neutron sources with high yields. The radioactive antimony is
surrounded by a beryllium block, and the neutrons are produced by

1. DA. Rowat, "Possible Isotope Production in the ING", proc.
AECL Symp. The Generation of Intense Neutron Fluxes (Chalk
River), report AECL-2177, paper 9 1965).
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a (y, n) reaction in beryllium. The neutron yield that can be
obtained is limited by the specific activity of the source. Since
the specific activity is itself roughly proportional to the flux
in which the antimony has been irradiated, the '2'Sb produced in
ING will be much better than that produced in NRX or NRU.

It is probable that large quantities of 12 4Sb will be
required. In recent years, neutron activation analysis has ex-
panded remarkably, as a result of the availability of electro-
static neutron generators, and it would have been only natural
that industry, which is striving for automation, would have found
numerous applications for the new technique. This has not happened
though, and the reason is simply that while neutron generators are
very good laboratory tools, they are neither stable nor reliable
enough for continuous use. Alpha-beryllium sources can hardly be
considered for producing high neutron yields, because they are too
expensive, and their handling and shipping pose rather difficult
problems. Consequently, at Commercial Products, there is now a
concerted effort to develop Sb-Be neutron sources to satisfy the
industrial requirements. It will be remembered that, a few years
ago, Co was able to replace the accelerator for industrial
gamma irradiation because of the inherent reliability of the
isotopic neutron source. Tere is now every indication that Sb-Be
will supplant the neutron generator whenever reliability is a
prime requirement, as in industry.

With the 124 Sb roduced in NRU, it is possible to pro-
-2 -1vide thermal fluxes of 10 cm sec which is comparable to

those given by neutron generators. With the 124 Sb that could be
produced in ING, it is estimated that thermal fluxes of up to
1011 n CM 2 sec-1 could be obtained. This would make Sb-Be assem-
blies as good as thermal columns of reactors, not only for the
intensity of the flux, but also for its quality, since Sb-Be does
not give off neutrons with energies of one MeV o more. Such
facilities would obviously be outstanding for commercial activa-
tion analysis as well as for laboratory uses.

Looking further ahead, one can visualize that the high
specific activity 124 Sb from ING may be necessary to keep Sb-Be
really competitive, since it s likely that the electrostatic
machines will have been improved in both reliability and neutron
output.

2. sotopic Power Sources

There is a fast-growing demand for high specific
activity isotopes to be used as heat sources, and by the time
ING is built the demand will probably exceed the supply f2,3}.

2. G.T. Seaborg, Address to Atomic Industrial Forum, San Francisco,
(1964).

3. H. Taylor, "Missiles and Rockets" 16 17), 12 1965).
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At first, only fission products were used, but it is now evident
that, to satisfy specific needs, isotopes produced by neutron
activation will be required.

Among the radioisotopes which can tus be produced,
there are few beta eitters suitable for use as heat sources.
Since high specific activity is essential, the radioactive iso-
tope should preferably be produced from an element which has only
one stable isotope, as otherwise the presence of unwanted isotopes
would decrease the specific ativity. There are only three satis-
factory radioisotopes, which are listed here.

Isotope T-1, Heat Output S.A. in ING

46 SC 8Sd 14 W kCi-1 IS kCi 9-1
17 'Tm 1.94y O.S8 W kCi_1 1 kCi g-1

60co 5.27y 16 IV kCi_1 0.8 kCi g-1

The beta emitters often have the disadvantage of giving
off a large fraction of their energy in the form of gamma rays
which are difficult to asorb. Such is the case with SC and
"Co. As a result, heat is generated in a relatively large volume
of absorber, and this reduces markedly the "effective" power
density. And of course tere is the additional disadvantage that
heavy shielding is required.

A "Co source of high specific activity, owever, has a
relatively small volume, and by surrounding the source with an
efficient gamma-ray absorber such as uranium, one can achieve a
very satisfactory power density. It has been demonstrated that
60co of 00 C g I can advantageously replace Sr and 117CS in
terrestrial power sources. This coupled with the fact that Sr
and 137CS could not satisfy the demand 4} makes the high specific
ac tiVity 60CO which could be produced in ING a very attractive
power source.

For aerospace applications, the heavy shielding of the
source imposes a severe penalty. Alpha emitters are preferred
because they have a greater heat output per curie and because most
of their radiation is absorbed locally. This provides a high power
density.

238pU with its 90-year half-life, its very low gamma out-
put and its specific heat output of 33 W kCi 1 is one of the best
alpha emitters for making power sources. By 1980, it is esti-
mated that 1S MCi Of 8pU will be needed f5l.

4. A.H. Dexter et al, Nuclear Applications 2 299 1966).

S. E.J. Henelly and R.R. Hood, "Radioisotope Production Capabili-
ties of U.S. Power Reactors", DP-1015 1965).
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The isotope is produced by the neutron irradiation of "'Np a
by-product of uranium ractor fuel, by the following reaction:

2 3 7 n 2 3 n
P BNp

2 3 u n

If the 237 Np is irradiated in a high flux, there may be a consi-
derable waste of target, because tile intermediate produc t 2 8Np
(half life: 21 days) has a high fission cross section. In
2 x 1014 nCM-2 sec-1, 8% of the 2"'Np - and hence of "BPu - is
lost through fission, but in 2 x 1015 CM-2 sec-1 the loss is
increased to 46%. Nevertheless, the igh flux of ING could be
used to produce large amounts of 238pU if the target were circula-
ted in a loop so tha. t 23 8Np could decay outside the neutron flux.
It might then also be possible to extract the 2'BPu as it is pro-
duced and so prevent its being destroyed by further neutron cap-
ture.

'S 244CM.A possibly better source It has the same
characteristics as 23 8Pu except that its shorter half life of 
years results in a specific activity and heat output five times
as large as that o f 238PU . Its production, however, is more costly,
because it involves a double neutron capture, and because the tar-
ge t 242pU is mixed with other plutonium isotopes, two of which
have large fssion cross sections.

2 42CM -is another good heat source, although its half
life of 163 days limits its usefulness. It is much like 23 BPu and
244CM , except of course that its specific activity is much higher
(40 times as high as that Of 244CM). It is produced by the irra-
diation of 24 'Am, an isotope which accumulates in the plutonium

2 4 2produced in natural uranium fuel rods. Cm is doubly valuable.
After it has decayed below a useful level, one can recover its
decay produ Ct 238p a well as the remaining curium which is then
mostly 244cM.

242CM The target materials for producin g 231pU, 244 Cm and
could all be obtained from Canadian reactors., as these are

fuelled with natural uranium. The high burnup in power reactors
will be particularly favorable to the production of the heavier
?lutonium isotopes. Thus, it is estimated that the 2"Pu and

42pU content of the plutonium produced in the Pickering reactors
will be 6 and 2 respectively.

Another attractive heat source is 232U. It has about
the same half life as "'Pu 74 years), but because it heads a
family of shorter-lived isotopes, emitting a total of 6 alphas
and 2 betas, its eat output is 10 times as much as that Of 238pU.

It has the disadvantage of emitting gamma rays, although its
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rygamma to heat" ratio is significantly less than that of "Co.
The production of 232U depends on the availability of protactinium
(231Pa) and ionium (230 Th) which are found in uranium ore but nor-
mall are not extracted. However, in view of the attractiveness
of 2 U as a heat source (and also as a neutron source), the
recovery of 23 'Pa and2"Th may be warranted.

There are two other isotopes which are suitable as power
sources and which will accumulate as by-products of the operation
of ING: tritium and polonium.

Tritium is of interest because of its long half life
(12 years) and because it does not emit any gamma rays. In ING,
it is estimated that tritium will accumulate at a rate of at least
300 kCi per year in the heavy water of the moderator tank.

Polonium (211po) is an alpha emitter which has practically
the same characteristics a 242CM for its half life, specific heat
and low gamma output. It will be produced in the lead-bismuth tar-
§et of the moderator tank by the thermal neutron irradiation of

09Bi. With the present target design, and assuming that tere is
no flux depression in the target, it is estimated that about 2
million curies or 450 grams will be produced per year. Since polo-
nium is fairly volatile, a cold trap will be needed to prevent the
vapor from entering the proton beam tube. Furthermore, since polo-
nium produces heat at the rate of 140 W g1 which is all absorbed
locally, it will have to be removed periodically from the cold trap.

3. Transplutonium Elements

A fairly obvious use for a high neutron flux is the pro-
duction of transplutonium elements, because this involves multiple
neutron captures. The interest in these elements is such that the
USAEC has built a high flux reactor (HFIR) especially for producing
them.

It was seen above tha t 244CM could be made for use as a
heat source. This isotope could also be used as the target material
for producing the heavier elements such as californium, einsteinium,
fermium., which so far have only been obtained in minute amounts.
The highest flux of ING would be most useful for such an applica-
tion.

The advantage of ING over other facilities can be shown
by an exam�le. The highest neutron flux available at the present
is 5 x 101 n CM 2 sec-1 in HFIR; near the center of ING and over
a relatively large volume, the flux will be twice as high. If
144CM were irradiated to produce "'Es, two kg of target would
yield 0.1 jig in HFIR and 100 pg in ING, or 1000 times as much.
The availability of �54ES could open up new possibilities, since
this long-lived isotope could then be used as a target in accele-
rators to produce new elements.
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4. Other Isotopes

The short-lived isotopes would greatly benefit from the
high flux of ING, because their specific activity is directly
proportional to the irradiation flux. 64CU (12.8 hr), 9Y 64.2
hr) and 99Mo 67 hr), which are commercially used, are not pre-
sently produced by Commercial Products because the market is suf-
ficiently far away that even sources produced in NRU decay too
much before reaching the customer . The availability of fluxes
greater than 1015 n cm-' sec-' should open up new markets to
Commercial Products.

There are long-lived isotopes, with negligible neutron
capture cross sections, which could occasionally be produced in
ING to satisf an unexpected demand. Typical examples are 63 Ni
(92 yr) and C 5730 yr), which require long irradiations in NRU.
Since the time of irradiation to produce a given amount of activity
is inversely proportional to the irradiation flux, the availability
of ING could allow Commercial Products to supply such isotopes at
a short notice. The 14C produced in ING would be of better quality
than that produced in lower fluxes, because the proportion of non-
active carbon contamination that always occurs would be less.

The isotopes which are obtained by a double neutron
capture often can not be produced in NRU because too much of the
intermediate product remains at the end of the irradiation. For
example, 17 'Tm, possibly the best low-energy i�amma source, could
be produced from natural 16 9Tm:

6Tm - n 7Tm n :3;;o 7Tm

In NRU 17 'Tm could reach 180 Ci g1, but the dominant activity

would be the unwelcome 17 OTm 400 Ci g 1 ). In the highest flux

of ING, 17 'Tm would reach 1000 Ci g1 and would be almost free of

17 OTm (less than 10 Ci g1, depending on the length of irradiation).

There are some radionuclides which can reach reasonably

high activities in NRU only when enriched isotopes are used as

targets. Natural nickel is a poor target for produc ing 63 Ni, be-

cause the natural element contains only 37% 0 f 62 Ni. Similarly,

152 Gd, the target for producing 153 Gd, amounts to only 02 in

natural gadolinium. Other examples of radioisoto es which are now

produced from enriched targets are 75 Se, 85sr Y 19qHg. But the

enriched isotopes are expensive and of limited availability. In

many cases, the improvement in specific activity that would be

obtained in ING would be such that there would be no need to use

the enriched materials, or else these expensive targets could still

be used, but would be utilized far more efficiently.

Another case of interest is that in which the desired

radioisotope is produced from the relatively slow decay of the

intermediate product which is pruduced by neutron capture. If the

desired radioisotope has a large neutron cross section, a signifi-
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cant fraction could be destroyed by a long irradiation, resulting
sometimes in te production of an unwanted activity. A typical
example is 115j, which is produced from "'Xe, and where it is
essential that the "'I content be kept low :

1 2 4Xe n =go. 2 Xe

I � n
2 2 6

A higher irradiation flux would obviously be advantageous here.
The irradiation time could be reduced, so tat a smaller fraction
of the intermediate product 125 Xe would decay during irradiation.
Most of the 12 5Xe would accumulate and would decay only after the
sample is taken out of te neutron flux.

S. Cobalt-60

60C i in a category by itself among the radioisotopes,
because of the very large quantities that are used.

As discussed above cobalt could be produced in the mo-
derator tank of ING, but only if the highest specific activities
were required, as for use in heat sources. For lower specific
activities, the high flux of ING is not much better than that
available in nuclear reactors,, as the gain would be mostly in the
shortening of the irradiation timeM. Since 0 Ci g 1 60CO,
which is presently required by the market, can easily be produced
in power reactors, it is obvious that the high flux of ING should
not be used to produce th is 60CO , but rather to produce those
high-specific-activity isotopes which can be produced nowhere else.

However, at the periphery of the tank where the neutron
flux has dropped to a relatively low level, it will be possible to
irradiate a large mass of cobalt in the form of a blanket which
would form the inner layer of the shielding. This cobalt will
have no adverse effect on the high flux in the tank, and it will
effectively absorb the thermal neutrons which otherwise would
produce a large amount of heat in the first layer of the iron
shielding - in other words, it would act much like the J-rod an-
nulus of NRX and NRU.

It appears that the yearly production of GoCo could then
be to 10 MCi, depending on the number of neutrons absorbed in-
side the tank. The specific activity would be 20 to 40 Ci g1
yr-1, which would make this cobalt suitable for use in industrial
irradiators. It should be noted that the cobalt thus produced
would cost little, since for all practical purposes the neutrons
at the periphery of the tank are considered as lost and have to
be absorbed in the most practical way.
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B. ISOTOPE PRODUCTION FACILITIES

It was stated before, that preserving the high flux in
the ING moderator tank is as important for isotope production as
it is for research., since it is a condition for producing very
high specific activities. It s thus essential that the depression
in the thermal neutron flux near the center be kept to a minimum.
This in practice does not preclude the location of production
facilities in the high flux region, if the principle has been
adopted that restrictions should be placed on the load permitted
in the facilities rather than on their positions.

The isotope production facilities in ING 6 are placed
so as to cause little disturbance of the high flux region and yet
provide:

- a region of high flux (1016 n cm-2 sec-1) close to the
beryllium sleeve;

- a region of intermediate flux 2 to 5 x lo" n cm-' sec-1)
halfway between the center and the tank wall;

- a region of "low" flux (0-5 to I x 10" n CM-2 sec-') just
inside the tank wall;

- a region of very low flux in the tank wall, where the flux
is low because of the heavy load and the resulting flux
depression.

Only the main characteristics of the facilities are
described here. A more detailed description has been given in
Chapter S.

1. High Flux Facility

The only production facility in the region of peak flux
will be a "rabbit" with four irradiation positions (similar to
that provided for research purposes). Only small amounts of tar-
get material will be permitted in this facility, not only to
ensure that there will be little flux depression in the neigh-
bouring region, but also to ensure that the effective flux in the
targets will have a value close to that of the unperturbed flux,
the aim being to produce the highest possible specific activities.
The capacity of such a facility may seem small, but it must be
remembered that 50 times as much activity will be produced per
irradiation as in a similar rabbit in NRU.

6. Please refer to diagram of the moderator tank in previous
chapter.
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2. Intermediate Flux Facilities

There will be two vertical thimbles passing in the -2
S x 101- n cm-' sec-' region, and three in the 2 x 1015 n CM

sec-1 region. These thimbles will have a diameter of 6 in and will
be similar to those of NRU, in that they could be used for tar-
get rods, loop facilities, etc. as required. This means that these
facilities can be adapted to the needs that will prevail at the
time ING is bilt, and that they can be modified later if necessary.
They could be loaded more heavily tan the "rabbit", as their
effect on the region of peak flux is not expected to be serious,
but it is likely that there will be a limitation on the load, im-
posed by the self-shielding that can be tolerated in the targets
themselves and this will depend on the material being irradiated.

3. Low Flux Facilities

Just inside the tank wall, there will be 45 vertical
rods that will be used for irradiating strings of capsules. These
rods should not have any effect on the thermal flux at the center,
and could thus be used for "mass production". In particular, they
would probably be ideal for the production of 124 Sb if the higher
flux positions are needed for producing power sources.

In addition, there will be 6 tubes forming loops around
the lead-bismuth target at the bottom of the tank, which would
also serve to irradiate strings of capsules. These tubes should
be loaded heavily: they will be too distant to have any effect on
the thermal flux at the center, and they will reduce the number of
neutrons that will escape through the bottom of the tank.

4. Cobalt Blanket

According to the reference design, the moderator tank
will consist of a double "blanket" of cobalt slugs. These slugs
will be right cylinders of 1/4-inch diameter and height, which
should prevent jamming during entry and removal operations. These
dimensions are compatible with "standard slug" used by Commercial
Products 14 by 1-inch long), although the unsheathed "Co and
greater numbers to be handled are potential disadvantages that will
have to be considered further.

It is possible that the cobalt in the second layer of the
blanket may not reach a "useful" activity. However, since one of
the functions of the cobalt in the tank wall is to serve as a pri-
mary shield for the absorption of the thermal neutrons, the second
layer will ensure tat ING will not have to be shut down when the
first layer is emptied. It may be noted that it would always be
possible to "boost" the specific activity in the outer layer by
leaving the inner layer empty.

For pra('-t'-cal reasons the blanket around the tank is
divided into six vertical zones. It is likely that the specific

1 -1activity required will be SO Ci g which means that the length
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of irradiation will be about two years. The total activity re-
quired would then be close to 15 MCi. Obviously, Commercial Pro-
ducts would rather receive 6 shipments at regular intervals than
one large shipment every two years. Furthermore since the specific
activities required may vary, it is better that not all of the
cobalt have to be irradiated for the same time.

S. Fission Boosters

The isotope production facilities which are in the mo-
derator tank will cause a certain aount of flux depression at the
research facilities, and in order to preserve the high flux in the
latter, the number of production facilities has to be kept small.
For the same reason, the load that will be permitted in these
facilities will also be limited. There is thus a certain conflict
of interest between isotope production and research.

It is possible to alleviate this conflict by the use of
booster fission rods and a proposal to do so is now under consider-
ation. The moderator tank of ING, unlike that of a reactor, is
relatively empty, and there will then be room for adding fission
fuel rods. The additional neutrons produced by fission will not
require any extra shielding, as they will be more readily absorbed
than those of higher energies produced by the bismuth-lead target.

The purpose of the booster rods would be more to increase
the neutron flux at the production facilities than to increase the
neutron yield. If then the number of such facilities were in-
creased, the flux depression that they would cause at the research
facilities would be offset by the flux gain produced by the fuel
rods.

One possibility consists in placing a ring of fission
fuel rods half way between the center and the wall of the moderator
tank. It appears that the power level in these rods could be 100
to 1SO MW. The extra neutron yield would then be about equal to
the neutron yield of NRU, but at a flux at least ten times higher
than in NRU.

If such an arrangement proves feasible, it is likely that
the five vertical thimbles discussed above (Section B-2) could be
brought inside the fuel rod annulus which will then be a large high
flux region. The 45 vertical rods (Section B-3) could be moved in
and placed between the fuel rod annulus and the tank all. Those
rods could then carry relatively heavy loads with little effect on
the high flux region, as the fuel rod ring would, to a certain ex-
tent "shield" the center region from te outer one.

If plutonium is used as the fuel, transplutonium elements
will be produced as by-products, and these, as we have seen, would
be valuable for various heat sources or for the production of
still heavier elements. If highly enriched uranium is used, there
will be production of ... Np, the target materials for producing
23 8Pu. A third possibility - and indeed an attractive one - is to
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use the uranium recovered from the spent fuel of NRU: this uranium
contains a substantial amount of 26U . and a larger amount of nep-
tunium would then be produced.

It is possible, even probable, that at first when ING
is built, the fission boosters will not be required, in which case
the fuel tubes would simply be flooded with heavy water. When the
demand for isotope production grows, the fuel tubes could pro-
gressively be put into use, to ensure that the high flux at the
research facilities is preserved.
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CHAPTER 9

COMPETITIVE SYSTEMS AND FUTURE ADDITIONS

A. COMPETITIVE SYSTEMS

While it is very unlikely that new ideas can be developed
within the time scale envisaged for the basic machine to compete
with the reference design as it now exists, the competitive sys-
tems working party continues to seek new concepts and developments
to challenge that design.

At the time of writing there are two proposed accelerators
which are competitors for the position as reference accelerator
for ING, being (a) The Separated Orbit Cyclotron

and (b) The Protatron.

In addition to these more developed concepts, continuing
consideration is being given to the use of high voltage DC devices
as a means of providing acceleration of the proton beam in ING
prior to its injection into the linear accelerator. This interest
has led to a development program emerging in Canada to study
applicable techniques.

One idea which was not mentioned in the previous report
on the ING Study, AECL-2600, and which might provide the basis of
a revolutionary new generation of accelerators is the proposed
use of acceleration first by space-charge and image fields followed
by ion-drag.

B. PRESENT STATUS OF COMPETITIVE SYSTEMS

1. The S.O.C.

The S.O.C. ceased to be the reference accelerator for
ING in July 1966. At that time it was tabled as being the princi-
pal competitor to the linac, and such it remains. The present
concept of this machine is essentially unchanged from that des-
cribed earlier fl).

1. See AECL-2600, Chapter VI.
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2. The Protatron

The attraction of the Protatron {2} as a possible
accelerator for ING is its relative simplicity when compared to
the linac and the SOC, both of which devices appear to be over-
sophisticated for the process of neutron production by proton
bombardment. A further advantage is that it combines the functions
of accelerator and storage ring. Detailed examination of many
possible instabilities which could occur in a protatron has been
carried out without revealing any serious threat to the overall
feasibility of the machine from this area. Consideration is now
being given to the physical layout of the principal components of
the machine to aid in the assessment of practical problems which
might make the construction of a protatron difficult. The feasi-
bility of providing an efficient beam extraction system has yet
to be studied in detail.

3. D.C. Acceleration and its Application to ING

The 1966 report on the ING study expressed an interest
in the development of high voltage DC devices, both because of
their intrinsic value and for their potential application to
beam injection in a linac of the type presently proposed f3}.

One device which is of interest is the disc generator
�4), originally suggested by Van de Graaff at the High Voltage
Engineering Corporation. A detailed basis for the design of such
a device has been prepared fl and the University of Toronto are
now under contract to AECL to work towards the development of a
20 MV. 4 MW device.

As earlier indicated, if a suitable injection energy is
selected for the linac in ING, a D.C. device as a pre-accelerator
is attractive if practicable. Consideration has been given to the

2. J.W. Knowles, "The Acceleration and Storage of Protons in an
Air-Core Induction Accelerator", FSD-ING-4S, 1967).

3. AECL-2600., Chapter XV, Section B.1.

4. W.B. Lewis, "Disc Generator for High Voltage D.C.", FSD-ING-6S,
(1966).

S. W.B. Lewis, "Design Proposal for a Magneto-generator for
Megawatt Power at High Voltage, exploiting Barium Ferrite
Magnets and a Strong Insulated Shaft", DM-88, 1966).
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adoption of such a system and it was concluded that "if high
currents (above 100 ma) are required, the development of a high
voltage injection system between and 5 MeV appears attractive"
{7}. Use of higher injection energies would be dependent on the
development of improved bunchers.

4. Acceleration by Space-Charge-and-Image Fields and by Ion-Drag

It has been proposed fl that protons could be accelerated
into a negative potential well set up inside a burst of electrons
produced by a field emission device 9} after the electrons have
passed through a conduction foil. By appropriate use of trans-
verse fields, either electric or magnetic, bunches of electrons
could be made to retain their integrity during subsequent
acceleration 10}, and the protons trapped in the potential well
could be accelerated by ion-drag, to energies of interest to ING.
Preliminary considerations suggest that a practical accelerating
distance (to yield GeV protons) might be in the range of 3 tu
10 metres.

These ideas are under continuing development and it is
hoped that appropriate experiments may be carried out to test the
feasibility of the system.

C. FUTURE ADDITIONS

The major additions which are foreseen for ING are those
mentioned in the 1966 Report {11}, viz;

- variable energy, up to GeV
- a storage ring, to provide increased fluxes in pulsed

operation
- a power-breeder target,
- acceleration of at least part of the proton beam to

energies in excess of I GeV.

6. B.G. Chidley, "Consequences of a High Voltage D.C. Injection",
FSD-ING-83,, 1967).

7. Ibid, p.8

8. W.B. Lewis, "Proposed Experiments to Test New Principles for
a High Energy Accelerator", DM-87, 1967).

9. S.E. Graybill and S.V. Nablo, App. Phys. Letters 8, No. 1, 18
(1966).

10. DM-87, p.13.

11. AECL-2600, Chap. XIII.
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1. Variable Energy

Some aspects of providing variable energy in ING were
simplified when the linac was preferred to the SOC as reference
accelerator.

The most practical method of varying beam energy in the
linac will probably be by switching off successive cavities at the
high energy end and by permitting the beam of reduced energy to
drift to the end of the machine. It is believed that small adjust-
ments to the focussing quadrupoles could be made to permit the
linac internal beam transport system to cope with variations of
beam energy in the range 80 - 000 MeV. The design of the beam
transport system beyond the accelerator will be required to accom-
modate such variations. A major disadvantage of such a scheme is
that the beam energy available to the thermal neutron target is
reduced.

The proposal that a negative ion beam be accelerated in
the linac, at the same time as the main proton beam opens up the
possibility of splitting off this negative beam at some preselected
intermediate energy. Such a beam, with an energy in the 400 - 600
MeV range, would be of interest to those who use stopped muons {12}.
Investigation has shown that a drift-space of approximately 30
metres length could be accommodated in the linac at the 600 MeV
section; such a space should be sufficient to contain the necessary
magnets to split off the negative beam at that point.

2. Storage Rings

The use of a storage ring of the type described earlier
{13}, to provide pulses of I GeV protons of very high intensity -
the early predictions were for a peak output current of ,,,8SO A with
a burst length of %.IS�is and a repetition rate of SOO Hz - remains
an interesting goal since the pulsed neutron source which could be
fed by such a beam would provide excellent facilities for thermal,
epithermal and resonance neutron experiments 141.

12. Private Communication: E.P. Hincks to Beam Applications
Subcommittee, 1967.

13. AECL-2600., Chap. XIII, Section B.

14. "High Flux Neutron Facility Based on a Proton Accelerator,"
FSD/6S-3, (April 1964) See Appendix 6 Provision for Pulsing,
pp 48-58.
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Construction of a storage ring to handle an input current
of 65 mA would be a major undertaking whose feasibility has yet to
be demonstrated. Experience with a smaller ring would be most
valuable, and so a suggestion has been made that a small ring be
added to the facilities in ING, being served by part of the pro-
posed H beam. An input current of 025 mA could be sufficient to
serve some of the needs of the resonance neutron time-of-flight
facility. Injection could be based on the sequential stripping of
the H beam H- - H - H as proposed in the literature flS}.

While the feasibility of building a storage ring to
accept a 65 mA current from the linac may not be proven, a similar
pulsed proton output to that which the ring would, in theory, pro-
vide may well be provided by a Protatron f2}. As indicated else-
where in this Chapter, no reasons have been uncovered to cast
doubts on the feasibility of the Protatron.

3. Power Breeder Target

The interest in the use of a power-breeder target, served
by the full proton beam at GeV, is a continuing one; as earlier
noted, however, the design of such a facility would not be contem-
plated until some operating experience had been gained with the
low-power Advanced Power Technology facility {161.

4. Acceleration of Protons to Energies in Excess of I GeV

"The presently envisaged proton energy (provided by the
ING linac) of GeV is too low to make ING an important accelerator
for particle-physics research" {17}. The beams of pions, mesons
and neutrinos which will be provided by ING will be of principal
interest as tools for nuclear physics research; to give facilities
of interest to elementary particle studies it would appear that
the minimum provision would be that of useful fluxes of K mesons.
This could be accommodated by accelerating a fraction of the main
beam, or of the negative-ion split-beam, to energies of at least
3 GeV and a device to accomplish this would at present seem to be
a desirable future facility. The utility of such kaon fluxes is
discussed elsewhere 17}.

15. See paper by Budker, Proc. Int. Conf. on High Energy Accelera-
tors, Dubna 1963, p. 1372 (USAEC Div. of Tech. Inf. Report
CONF-114).

Also Navosibirsk Report USSR (Misc) 27 1964) and Proc. Int.
Conf. on High Energy Accel., Frascati, (196S) p. 389.

16. AECL-2600, Chapter VII, Section F.

17. AECL-2600, Chapter XIII, Section D.
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It would be difficult to predict at present the energy
which would be of most interest to high energy physicists at the
time when one could contemplate adding additional facilities to
the ING project. ING could contribute to the provision of a beam
of adequate energy by making available a beam of GeV protons for
injection into a high energy accelerator.
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CHAPTER 

SITE, LAYOUT AND SERVICES

A. REFERENCE SITE

1. General

To determine the engineering and operating problems
associated with ING and to form a basis on which an estimate of
capital and operating costs can be made, it is necessary to
establish a reference site. For the purpose of this study, it
was decided that this site should be at Chalk River and located
within the property and boundaries of the CRNL establishment. A
list of ideal site characteristics was drawn up to satisfy
engineering and future development requirements and a site was
chosen to fulfill as many of them as possible.

This site although 3 miles from the existing CRNL
plant, can still draw on the existing facilities for its support
services such as administrative offices, cafeteria, basic stores,
library, transport, etc., although additional workshops, work-
shop stores and laboratories are required. All other utilities
and support services are to be provided at the reference site.

Since publication of the AECL 2600 report another site
has been found within the CRNL boundary that appears to better
fulfill the requirements for ING. Apart from the recent instal-
lation of seismographs and seismoscopes little further geological
and seismic data has been obtained and no site engineering has
been done in the past year.

2. Site Requirements

An ideal site for ING is one that:

1. Is located in an area of low seismic activity.

2. Has accelerator foundation structures sufficiently
distant from any source of appreciable vibration, for
example:

(a) at least one mile from any railway;

(b) 200-300 yards from a highway;
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(C) approximately three miles from any rock quarry,
mines or any other potential source of
detonations.

3. Is sufficiently distant from radio communication centres
or similar establishments to eliminate interference or
nuisance from RF generated by the machine.

4. Is sufficiently distant from any neighbouring research
establishments where delicate radiation measurements are
carried out to minimize the effects of stray high energy
radiation.

S. Is so situated that neighbouring communities will not be
subject to any risk of contamination from stack fumes
carried by prevailing winds.

6. Provides an exclusion area with a boundary not less than
-I, mile from the thermal neutron facility.

7. Is an area where leaching of the ground water activated
by earth-shine or underground beam dumps would not con-
taminate local wells, streams or any source of drinking
water.

8. Has an area suitable for the disposal of active waste
materials.

9. Is in an area where 210 MVA of reliable low cost electric
power can be provided. (If possible from two sources.)

10� Provides about 1100 acres of relatively flat land
(approximately 151 variation in ground elevation would
be ideal) in a configuration 5300' x 90001. This would
satisfy ING and its currently envisaged additions.

Exclusion and waste disposal areas and longer term
additions may require additional land.

11. Is located where there is reasonably flat competent
bedrock free from abrupt changes in slope extending
over an area large enough to support the machines'
foundation structures. An overburden layer of up to
251 of sand or proximity to a sand source would be an
advantage for the provision of cheap shielding material.

12. Is close to a source of water (river or lake) that could
dissipate approximately 175 MW of heat, equivalent to a
flow of 50 000 gal(US)/min, with a temperature rise of
240F. The elevation of the lake or river relative to the
machine should be such that pumping costs would be
small.
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Although there is a preference for siting ING in an area
free from seismic disturbances., this is not as critical for the
linear accelerator as it was for the SOC. This has been borne out
by the SLAC installation which is located in a seismically active
zone and has experienced minor tremors since commissioning without
affecting its operation.
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B. LAYOUT

The layout of the machine buildings is governed by
experimental requirements and must be planned now to accommodate
future additions to the basic machine facilities. While con-
siderable thought has been given to the optimum layout, which is
now as shown in Fig. 14, no planning of offices, workshops,
stores and other ancillary buildings has been done beyond that
outlined in AECL 2600, which was primarily based on the SOC con-
cept.

The layout of research facilities has evolved as a
compromise between requirements for large working areas, with
large spaces between individual facilities, and the economic
requirement to minimize the outlay of expensive items such as
beam transport magnets and special shielding.

The principal considerations governing the size and
placement of research working spaces are that adequate space be
made available not only for the fully developed facility as
presently conceived but also for expansion particularly of
facilities in fields which are expected to grow rapidly. For
example, it is anticipated that the number and variety of experi-
ments and the number of people involved in meson physics will
show a rapid increase when the intense proton beams become avail-
able. Other activities hich may undergo rapid expansion are
resonance neutron physics, nuclear power technology, and develop-
ment of new proton accelerating structures. At a still later
stage of development, the storage ring for pulsing the thermal
neutron target will require space comparable with that occupied
by a third stage SOC and a synchrotron ring, for accelerating
part of the beam to high energies, would occupy a still larger
area. A second consideration in providing adequate space between
facilities is to cut down background effects between one experi-
mental area and another, by reducing solid angles and by leaving
room for thick shielding walls where required. For example, it is
conceivable that neutrons generated in the meson, fast neutron, or
resonance neutron targets could cause serious background problems
for some experiments in the thermal neutron experimental area.

Among the main items that affect the cost of transport
systems are quadrupole magnets, bending magnets, splatters, and
heavy shielding. It is important to keep the numbers of these
items to the minimum consistent with satisfying the space require-
ments.
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C BUILDINGS

1. General

Apart from the linear accelerator, which has been sub-
stituted for the SOC in the reference design all buildings
comprising the ING facility essentially follow the same design as
outlined in the AECL 2600 report except that the layout in the
experimental area has been modified as shown in Fig. 14. Fig. 1.1
shows an artists impression of the ING facility. Cutaway sketches
of the linear accelerator and Thermal Neutron Facility are shown in
Figs. 44 and S.O.

For reference purposes the structures required are
tabulated below.

Main Structures

(a) Injector Building

(b) Accelerator Beam Tunnel

(c) Accelerator Equipment Gallery

(d) Accelerator Mechanical Equipment Buildings

(e) Accelerator Control Building

(f) High Activity Tunnel with Hot Cell and Meson Experi-
mental Facility

(g) Thermal Neutron Facility Tunnel

(h) Thermal Neutron Facility

(i) Offices and Laboratories

(j) Cooling Water System

Utilities Support Services

Water Treatment Plant
Steam Turbine Package Boiler Plant
Liquid Waste Disposal
Exhaust Stack
Gatehouse & Lunchroom
Heavy Workshops and Stores
Subsurface Soil Drains
Drainage Pumphouse
Sewage Treatment Plant
Switchyard for Electricity Supply
Construction and Stand-by Power Supply
Emergency Diesel Power
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2. Accelerator

One of the major civil engineering problems associated
with ING is to build a structure to house the components of the
linear accelerator to ensure the optimum combination of earth-
quake resistance, safety, operational acceptability, and minimum
cost. These requirements demand that the structures are designed
and constructed to maintain deflections within reasonable and
economically feasible limits, to prevent frequent and excessive
adjustment of the jacks supporting the critical components of the
accelerator. Preliminary studies have indicated that the acceler-
ator tunnel should be founded on sound bedrock to minimize
deflections due to settlement., shrinkage, earth tremors, tempera-
ture changes etc. Consideration will also have to be given to the
effects of earth crustal movements and ground water control on the
structures foundation materials.

The latest optimization studies carried out on the
accelerator indicate that a tunnel S100 ft long is required to
house the Alvarez and waveguide structures. The Alvarez section
is now approximately 370 ft long and the waveguide approximately
4730 ft long. The accelerator tunnel is divided into 10 sections,
one of which houses the Alvarez Section containing 9 tanks and
quadrupoles, and the other 9 sections of equal length ouse the
waveguide sections containing 324 tanks and quadrupoles.

The tunnel is built in an open cut trench with drains
along each side backfilled with pea gravel and covered with well
compacted material to provide radiation shielding. The thickness
of shielding over the tunnel will vary depending upon the radi-
ation at any given point. As sufficient information is not yet
available on beam spill the dimensions of the tunnel may have to
be increased to allow for the installation of local shielding
blocks around the accelerator structures or to accommodate any
remote handling equipment. Special boron loaded concrete may be
required in the linac tunnel walls and elsewhere to reduce thermal
neutron activation. None of these possible requirements have
been catered for in the latest cost estimate.

The RF and DC power supplies for the accelerator are
located in a gallery at grade level parallel to the tunnel.

This gallery is divided into 10 sectors similar to the
accelerator tunnel. The first sector contains 9 RF chains, each
chain supplying power to one Alvarez tank through an RF trans-
mission line. Lateral service tunnels are provided for each RF
feed.

The remaining 9 sectors each contain 18 RF chains
supplying power to the waveguide tanks, one chain feeding two
tanks. Nine lateral service tunnels in each sector are provided,
one for every two RF transmission lines.
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Each sector of the gallery contains a mechanical equip-
ment room to house the pumps, heat exchangers and other mechanical
services for the RF equipment and accelerator components.

A cutaway sketch of the accelerator reference design
is shown in Fig. 44.

Consideration is now being given to the location of the
gallery with respect to the tunnel. Figs. 10.1 and 10.2 show two
alternative arrangements which dispense with the 90 costly con-
crete service tunnels connecting the RF gallery to the tunnel.
The former replaces them with inclined conduits i which the
individual RF transmission lines are located. The other locates
the gallery over the tunnel with a vertical RF transmission
conduit connecting the two structures.

The original service tunnels were designed to permit
access for installation and maintenance of the transmission lines
and were also offset in plan to prevent radiation hazards to
personnel in the RF gallery.

By substituting a conduitf both these problems are re-
moved with a saving in capital cost estimated at approximately
$7501,000. The reduction in the number of bends in the trans-
mission line also reduces RF losses. The nearer the output
amplitron can be located to the machine the lower will be the RF
loss in the high power section of the transmission line. This is
best achieved in the arrangement shown in Fig. 10.2. This
location of the gallery over the tunnel has the disadvantage that
a constant thickness of shielding is required between structures
which demands more fill material.

The main control centre is located midway along the
length of the accelerator.

3. Electrical Services

The cost of the DC power supply to the waveguide section
of the RF equipment, has been studied in some detail since the
publication of the AECL 2600 report. The number of DC power
supplies required has been reduced from one supply for each RF
chain to one supply for each group of eighteen rf chains.

Little further study has been made of the overall power
system, however, it is realized that this is required on the
emergency, standby, and in-plant power generation aspects of the
ING.

4. Mechanical Services

The capital cost estimate still includes the heat
recovery systems described in the AECL 2600 report; present infor-
mation indicates that there are a number of factors which will
affect the economic use of the waste heat from the thermal neutron
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facility and which need to be considered before a final decision
can be made.

No further study has been made of the mechanical services
for the ING and so the cost estimates remain unchanged.

D. SERVICES

Preliminary work on services which include electricity
supply and distribution; cooling systems; heating, ventilation
and air conditioning; sewage treatment; active liquid waste
disposal; heat recovery systems; support laboratories and offices;
has been previously reported fl,21. In the past year no further
work has been done.

The electricity supply is of critical importance. Some
criteria used for the U.S.A. Weston accelerator are also applica-
ble to ING, i.e. "The new laboratory will need about 200 mega-
watts of electric power, but other properties of the power supply
system, beyond mere capacity, must be considered. The power
system must have adequate frequency and voltage stability so that
large load changes at the laboratory will not interfere with other
customers or with efficient operation of the laboratory itself.
For adequate stability the primary power lines must have low
impedance at the laboratory, and the system should have a gener-
ating capacity roughly ten times the peak demand of the laboratory.
The final rates for blocks of power of the magnitude required for
the laboratory will be dependent on negotiations" 3}.

The present design is based on a cost of 230 kV firm
power at 80% load factor estimated at 531 mills/kWh. If inter-
ruptable power is available when a power contract is negotiated,
a large fraction of the total power requirement could be taken as
interruptable at a considerable saving. A further saving could
be made if a special type of interruptable power was negotiated
to provide for ING maintenance shut downs during the supplier's
peak demand days in December.

1. AECL-2600., Chap. IXD.

2. FSD/ING-61.

3. Report of the National Academy of Sciences' Site Evaluation
Committee, March 1966,1 Washington, D.C.
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CHAPTER 

COSTS, MANPOWER AND SCHEDULE.

A. CONSTRUCTION ESTIMATES - ETHODS PROCEDURES

Previous experience in the development of major high-
energy accelerators provides a limited basis for estimating
construction and operating costs for the Intense Neutron Generator)
some useful information however has been obtained from recent
development of synchrotrons and linear accelerators in the United
States and Europe.

Direct-cost estimates for the Intense Neutron Generator
are based on available data obtained from design studies carried
out in 1966 and previously reported 12,31. Where significant
changes have been made in machine design or layout in the ensuing
year, estimates have been reworked as indicated below. It will
be noted that the direct cost of $91,17S2,1200 reported in FSD/ING-67
has fallen to 88,481,600.

Building and civil engineering costs include Provincial
and Federal sales taxes. As the major part of the ING complex can
be classified as an experimental facility, Federal sales tax is
only included on equipment in the following buildings: water and
sewage treatment plants, steam turbine and package boiler plant,
liquid waste disposal, drainage pumphouse and emergency diesel
station. Provincial sales tax is not included on any equipment.

The construction cost summary groups the direct costs
of the machine under component structures, and each group is com-
posed of four parts:

(a) Building and civil engineering work.

(b) Mechanical services, including all the more
conventional mechanical components for heating,
ventilating and cooling-water distribution.

1. AECL-2600

2. FSD/ING-67

3. FSD/ING-78
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(c) Electrical services including all the more
conventional a3pects of AC electrical power
supply and distribution.

(d) Machine components, comprising all the
unconventional equipment such as RF and
DC power supply, cavities, magnets, beam-
transport, etc., and instrumentation.

Direct costs for site development, offices and labora-
tories., cooling-water system, utilities and other support services
are listed separately.

Costs for mechanical and electrical components and
services are based on estimates received from manufacturers and
catalogue lists for standard items.

Machine component costs are derived from a number of
sources: from known market prices for materials, from estimates
from specialized manufacturers, from recent experience at CRNL for
comparable items, and from agencies in the United States where
similar facilities have been installed. Some of the items., such
as cavities, magnets, DC power supply and lead-bismuth target com-
ponents, have been studied by manufacturers who have submitted
approximate estimates based on their best experience in related
fields. Items such as the beam-transport system and injectors are
estimated on the basis of costs experienced at similar facilities
elsewhere.

Instrumentation costs are taken as a percentage of
machine component costs:

- 121-,% on the accelerator and beam-transport
(based on accelerator cost experience in the US)

- 18% on the thermal-neutron facility (based on
AECL's reactor experience)

- 10% on RF equipment (since part of the cost of
instrumentation is already included in the
equipment cost)

The contingencies reflect the precision of the estimate
on each particular item of the reference design:

- The IS% contingency on buildings and site develop-
ment, ut 1 and support facilities is expected
to cover unforeseen changes in quantities and price
variation, but does not take into consideration any
future modifications to the reference design.

- The 30% contingency on mechanical and electrical
components and services is also designed to cover
unforeseen changes, but from experience it is
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known that these items are much more difficult
to estimate precisely than building costs.

The contingency on machine components is estab-
lished in a somewhat different way due to the
variety of cost sources. Each item is considered
separately and a contingency factor applied in the
light of the manner in which each cost was de-
termined f4}.

Whilst contingencies are intended to cover variation in
quantities and prices chey do not cater for price changes over an
extended construction period. An escalation figure applied to
direct and engineering and management costs should cater for any
such variation. Statistics released by the Dominion Bureau of
Statistics (prices in construction) indicate the construction price
index to have increased 2 per annum from 19S7 to 1962 and 4 per
annum up to 1965. The latter rate of rise has been used to cal-
culate the escalation over the eight-year period from 1966 to 1974.

Engineering and management costs include design enginee-
ring, surveys, field inspection and project management. They do
noc include engineering design and development costs on ackage'
items such as RF equipment. These costs are included wit te
equipment.

Estimates of engineering are based on a review of actual
engineering costs for similar United States and Canadian completed
projects and from experience in heavy-engineering construction.
The results, analyzed in percentage form, are applied to the par-
ticular parts of the machine and its facilities. As actual costs,
they include any changes that may have taken place in design and
so in the ING Cost Summary they are applied to the direct cost
figures after adding the contingencies.

Items that have been revised since the 1966 estimate are
numerically identified in these estimates; details of revisions
are provided at the end of this division. In order to obtain an
estimate in 1967 dollars, the 1966 estimate has been escalated at
4%. The same escalation figure of 4 is simply applied to cover
the 7 year construction period 1967-1974.

4. T.A. Creaney,-et al. (The Shawinigan Engineering Co. Ltd.)
"ING Site Layout and Services, Cost, Schedule and Alternate
Linac", FSD/ING-61 section XI.C 1966).
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1. Construction Cost Summary

For Basic Facility - includes the complete accelerator,
thermal neutron facility, support services, one hot cell., a pion
facility from the main beam with meson experiments building.

Direct Cost

1. Site Development 1,748,900
2. Injector 1,648)400
3. RF Gallery 39.9435,000
4. Accelerator 17%969,300
5. Mechanical Equipment Rooms 413.1300
6. Main Control Center 247,400
7. Meson Experimental Facility 6S2,300
8. High Activity Tunnel 2,564,300
9. Thermal Neutron Facility Tunnel 848.0000

10. Thermal Neutron Facility 13IS64,000
11. Offices and Laboratories 33,000,000
12. Cooling Water System 1.9260.1000
13. Utilities Support Services 4,920,700
14. Sales Tax ISI 210,000

88.1481,600
Contingencies

16.9977)300
105,4S8,900

Engineering and Management
7 7 76 4 0

12311235�300
Escalation to 1967 Prices {6)

4,929$400
128,164,700

Escalation During Construction {6}
7 9 4 3 0 0 0

146�107.9 700

All costs are based on 1966 prices. No allowance is
made for interest during construction.

S. This item is the Federal Sales Tax on non-experimental equip-
ment. Federal and Provincial Sales Tax on building and civil
engineering costs is included in the estimate as part of the
facility.

6. Escalation is estimated at 4 per annum on direct and enginee-
ring and management cost.
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2. Construction Cost Abstract

2.1 Site Development

1. Soil Exploration 200,000
2. Site Clearing, Stripping 

Grading 627.9000
3. Landscaping Fencing 96,100
4. Site Roads Parking Areas 190,000
S. Main Access Roads 4573,000
6. Relocation of 115 KV HE PC

Transmission Line 28P800
7. Construction Offices Stores 1SOP000

19748,900*

2.2 Injector

1. Building

1 Excavation Backfill 79.1500*
2 Foundations 128,000*
3 Structure Cranes 1319800

339p3OO

2. Mechanical Services

1 Cooling Water Pipes, Tanks,
Valves, etc. 40,700

2 Fire Protection Steam Pipes 10J.000
3 Air Conditioning 40)000
4 Instrumentation Control S)OOO

9 S 7 

3. Electrical Services

1 Lighting Wiring 6�300
2 AC Distribution System 37JI100

43,400

4. Machine Components

1 Ion Sources 7SO2000
2 Vacuum Systems 11,9300
3 Electronic Equipment 501000
4 DC Power Supply 803,000
S Switching Magnets,

Quadrupoles Beam Tube 148)700
6 Instrumentation 130,000

7 0 0 0

11648�400

Costs applicable only to the reference site.
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2.3 RF Gallery and Equipment

1. Building

I Excavation Backfill 99,500*
2 Foundations Retaining Wall 769,800*
3 Structure Cranes 907,800

1,777,100't

2. Mechanical Services

I Heat Exchangers Pumps 9SS'000
2 Water Purification 383,000
3 Cooling Water Pipes, Tanks

Valves, etc. 2,826POOO
4 Fire Protection, Emergency

Cooling etc. 338�000
S Air Conditioning 6603,000
6 Compressed Air System 160,000
7 Instrumentation Control 46S,000

5,787 '0002

3. Electrical Services

I Lighting Wiring 2653,000
2 AC Power Distribution 1,348,SOO

1,613,SOO'

4. Machine Components

I Alvarez RF Equipment 29841POOO
2 Waveguide RF Equipment 24,469,000
3 Instrumentation Control 2,947.9400

30 92S7�4 004

39p43S,000

2.4 Accelerator

1. Building

1 Excavation and Backfill IP377)1000*
2 Foundation Slab 3579000*
3 Structure Cranes 1,630,000
4 Sand Shielding 8S1,500
S Access and Service Tunnels 811,000 5,0269500'

t See section 11.3 Details of Cost Revisions
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2. Mechanical Services

Included in Item 32 above.

3. Electrical Services

1 Lighting 126,500
2 AC Power Distribution 6539300

7 7 98 0 0

4. Machine Components

1 Alvarez Section
Accelerator Structure including
Tanks, Vacuum System, Quadru-
poles, Drift Tubes and
Instrumentation
370ft. at $6900/ft. 2)SS3,000

2 Waveguide Section
Accelerator Structure including
Tanks., Vacuum System, Quadru-
poles, Instrumentation, etc.
4730ft. at $2000/ft. 9,460.9000

3 Alignment equipment 1509000 12P163,000'

17%9693,300

2.S Mechanical Equipment Rooms

1. Buildings

1 Excavation and Backfill 19PSOO*
2 Foundations Floor Slabs 26,400*
3 Structures Cranes 367,400

4133*30 7

2. Mechanical Services

Included in Item 32

3. Electrical Services

Included in Item 33

4. Machine Components

Included in Item 34 and 44
4 3 3 
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2.6 Main Control Center

1. Building

1 Excavation & Backfill 121000*
2 Foundations Floor Slabs 13)100*
3 Structure Cranes 222,300

247P400

2. Mechanical Services

Included in Item 32

3. Electrical Services

Included in Item 33

4. Machine Components

Included in Item 34 and 44
24 74 

2.7 Meson Experimental Facility

1. Building

I Excavations & Backfill 14,900*
2 Foundations Floor Slab 29)000
3 Structure Cranes 267)000

310,900

2. Mechanical Services

1 Fire Protection 21,000
2 Heating and Ventilation 1821000

2035,000

3. Electrical Services

1 Lighting and Wiring etc. 3P400
2 AC Distribution 35)000

38,400

4. Machine Components

I Moveable Shielding 100,000
1009000

6 5 2_L3 0 0
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2.8 High Activity Tunnel

1. Building

I Excavation Backfill 156.9500*
2 Foundations 56.9500*
3 Cellular Walls 1189100
4 Cranes, Monorails and

Manipulators 150,000
5 Heavy Concrete 104POOO
6 Local Steel Shielding 1503,600
7 Liner Blocks 105POOO
8 Hot Cell Shelter 74,SOO

91 2 

2. Mechanical Services

1 Heat Exchangers and Pumps 3,800
2 Water Purification 1,000
3 Cooling Pipes, Tanks Valves 4POOO
4 Air Conditioning 18,0000
5 Compressed Air System 1,500
6 Instrumentation Control 17PSOO

4SP800

3. Electrical Services

1 Lighting Wiring etc. S31000
2 AC Distribution 25,000

3 00 0 0

4. achine Components

1 DC Power Supply 4OS31800
2 Vacuum System and Beam tube 54�600
3 Quadrupoles 87POOO
4 Bending Magnets 337�200
S Target 80POOO
6 Scraper 25.9000
7 Instrumentation Control 123.9700
8 Hot Cell and Equipment 460POOO

1PS73p3OO

2 564 300'
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2.9 Thermal Neutron Facility Tunnel

1. Building

I Excavation & Backfill 82,100*
2 Foundations 57,200*
3 Structure 146,200
4 Monorail 10,000

2 9 5 , 5 0 0

2. Mechanical Services

I Heat Exchangers and Pumps 9,200
2 Water Purification 2,000
3 Cooling Water Pipes, Tanks,

Valves etc. 11)500
4 Air Conditioning 14,900
S Compressed Air System 4,000
6 Instrumentation and Control 5�000

4 6 6 0

3. Electrical Services

I Lighting and Wiring 1.%900
2 AC Distribution 10,000

11,900

4. Machine Components

1 DC Power Supply 218,000
2 Vacuum System Beam Tube 63,300
3 Quadrupoles 78,200
4 Bending Magnets 79,600
S Instrumencation and Control S4)900

494,000

848POO09

2.10 Thermal Neutron FacilL�L

1. Building

1 Excavation Backfill 3S29300*
2 Foundations 323,SOO*
3 Structures and Cranes 2,S7S,600 3,2S1,400"
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2. Mechanical Services

1 Heat Exchangers 120,000
2 Pumps Motors 64,000
3 Water Purification 2511000
4 Cooling Water Pipes, Tanks,

Valves, etc. 310)000
S Fire Protection, Emergency

Cooling 61,500
6 Heating, Ventilation and

Air Conditioning 550,000
7 Compressed Air System 199000
8 Instrumentation Control 2SPOOO

1,1749soo

3. Electrical Services

1 Lighting and Wiring 463,500
2 AC Distribution 204,900

2 4 

4. Machine-Components

I D20 Moderator System 2,239.910011
2 Pb-Bi System 1,160P 00012

3 Permanent Shielding 2.1883%SOO
4 Moveable Shielding 100P000
5 Light Water System 5SP200
6 Quadrupoles Bending Magnets 72,700"
7 Vacuum System Beam Tube 18,200
8 Experimental Beams, Hot Cells,

etc. 6985,000
9 Processing Cave 2301,000

10 DC Power Supply 743,400
11 Instrumentation & Control 1,355,600

8.9886.1700

139564,000

2.11 Offices and Laboratories

1. Building 2 3.700,000

2. Mechanical Services 3004000
3,000,000

2.12 Cooling Water System

1. Cooling Towers 440,000
2. Make-up Water System 1701000
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3. Pumps Motors 173,000
4. Pumphouse & Switchgear 87.9000
S. Civil Work 120.%000*
6. Flywheels 40%000
7. Fire Protection 40POOO
8. Controls 190.9000

1)2609000

2.13 Utilities and Support Services

1. Water Treatment Plant 95,000
2. Steam Turbine and Package

Boiler Plant
3. Liquid Waste Disposal 13010000
4. Stack 16,SOO
5. Gatehouses 305,000
6. Heavy Workshops 100.9000
7. Workshop Stores 601000
8. Lunchroom 40,000
9. Drainage Pumphouse 30,000

10. Subsurface Soil Drains 150,000*
11. Sewage Treatment Plant SMOO
12. Additional Facilities at CRNL 200%000*
13. Switchyard 1)700,000
14. Construction Stand-by

Power Supply 137POOO*
1S. Emergency Diesel Station 290,000

4,920P700

2.14 Sales Tax

Federal Sales Tax on
non-experimental equipment 210POOO

2.IS Summary of Direct Costs

1. Buildings Site Development 17Y02SPSOO
2. Mechanical Services 7,652,600
3. Electrical Services 2 768,400
4. Machine Components S4,644,400
S. Utilities and Support Services 6,180,700

88,271,600

2.16 Contingencies

1. Buildings Site Development
at 15% 2,553,800
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2. Mechanical Services at 30% 2)295)800
3. Electrical Services at 30% 830.*500
4. Machine Components 10,370,100
5. Utilities Support Services

at 15% 927.-100
16P977P300

2.17 Engineering and Management Design Mana;ement Total
at 4%

1. Site Development
Utilities., Conventional
Buildings, and Services
is% 2�313.9500 694P000 3.9007.9500

2. Thermal Neutron
Facility Building
and Services 18% 13,006)700 2SI)700 1,258,400

3. Linac Buildings
and Services 7% 1,441,400 864P800 2p3O6,200

4. Linac Machine
Components 10-1,% 5922IP600 2)237,800 7)459P400

S. Other Machine
Components 20% 3POS7%100 6873,800 3,744,900

7�040,300 TP73T'-T00 171776,400

3. Details of Cost Revisions

RF Gallery - Building

The re-optimized length of the linac-S100 feet requires
a new length of RF gallery. The basic layout is unchanged from
AECL-2600.

2 RF Gallery - Mechanical Services

Since the total heat load from the re-optimized length
of linac is basically unchanged, the costs given in item 23.2 are
the sum of the Alvarez and Waveguide costs in AECL-2600. The Al-
varez section has been shortened and the Waveguide section
lengthened but no attempt has been made at this time to re-estimate
these costs.

3 RF Gallery - Electrical Services

As in item 2 above the new lengths have made no appre-
ciable difference in the total electrical costs, therefore the
costs shown are the sum of the costs for the Alvarez and Waveguide
section shown in AECL-2600.
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4 RF Gallery - Machine Components

The total cost of RF equipment has been modified due to
several factors which have been studied since AECL-2600 was pub-
lished.

The item which has received most attention is the DC
power supplies to the Waveguide RF equipment. This cost has been
reduced considerably. The new length of linac, however, requires
an increased number of RF chains and this has tended to offset the
savings in DC power supplies.

The costs of the F power supplies to te Alvarez sec-
tion ave been taken as the ratio of the power required by the
Alvarez section to the power required by the Waveguide section times
the costs of the Waveguide section equipment. It is recognized,
however, that the actual cost of te power supply to the Alvarez
section may be considerably reduced after a more detailed study.

The Control and Instrumentation costs shown in item
2.4.3 were taken as 12-1,% of Alvarez and Waveguide RF equipment
after deducting known control costs for the DC power supplies.

5 Accelerator - Building

The cost of the accelerator housing has been re-estimated
for the new length of linac 5100 feet. New unit prices have also
been established in the light of further information on procedures
employed in the construction of the Stanford Two-Mile Linear
Accelerator. The number of access and service tunnels has also
been modified.

Accelerator - Machine Components

The cost per foot of the Alvarez section has been modi-
fied to include the cost of drift tubes as detailed in the MURA
report. The unit cost of the Waveguide section is unchanged but
the total cost takes into account the re-optimized Iinac length.

The cost of alignment equipment has been added based on
the laser alignment system used at SLAC.

7 Mechanical Lquipment Rooms

The linac has been subdivided into 10 sections instead
of the previous 13 and, therefore, only 10 mechanical equipment
rooms are required.

High Activity Tunnel

The cost of te High Activity Tunnel has been re-esti-
mated due to changes in the layout and unit costs of the beam
transport system. A reference design for the beam transport sys-
tem in this area has been established in FSD/ING-80.
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9 Thermal Neutron Facility Tunnel

As for the High Activity Tunnel, the reference design
for the beam transport and the new layout necessitated a re-
estimation of the Thermal Neutron Facility Tunnel costs.

10 Thermal Neutron Facility - Building

The cost of the Hot Cell in the Thermal Neutron Facility
has been included in the cost of machine components item 210.4.

Thermal Neutron Facility - D20 Moderator System

The unit cost of heavy water for the system has been
reduced to 17 per pound as this is the projected unit cost of
heavy water in the 1970's.

12 Thermal Neutron Facility - Pb-Bi System

The total cost of the Pb-Bi system has been modified by
the addition of the cost of the lead-bismuth to water heat exchan-
ger ($350,000) and the reduction of the cost of the target tube
from 240,1000 to 160,000.

13 Thermal Neutron Facility - Quadrupoles Bending Magnets

The beam transport system in the Thermal Neutron Facility
has been re-estimated on the basis of the reference design for the
main beam transport estimated in FSD/ING-80.
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B OPERATING COST - ANPOWER

The estimates previously reported 12,3} in 1966 have
been revised to take into account cost escalation from 1966 to
1967 and a more logical distribution of staff. This increases
total operating costs from the 1966 figure of 14,211,000 to
$1S.%907P000.

Table 11.1 gives a summary (in 1967 dollars) and Table
11.2 some details of staff and cost distribution.

"Applied Science and Engineering", includes staff en-
gaged -in engineering design and development to support the basic
research program and improve operation of the machine and staff
engaged in experiments and studies of advanced ING machines and
components and their effect on nuclear power and other technolo-
gies.

"Works", includes staff to operate the machine (accele-
rator, experimental and target facilities); mechanical services;
electrical instrumentation and power services; machine shop
services.

"Power", is the cost of electricity based on a rate of
5.31 mills/kwh, with a monthly load factor of 0%, for 230 kv

firm power.

TABLE 11.1

OPERATING COST SUMMARY

MANPOWER ANNUAL COST

Research 110 2,015Y000

Applied Science Eng. 23S 2Y770,000

Works 325 4,988,000

Admin., Finance 
Health Physics 81 803,000

Power --- 5,331.%000

TOTALS 7S1 15,907,000
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ESTIMATE OF ANNUAL COST TO OPERATE AND MAINTAIN ING
(Exclusive of Power)

Applied WORKS Admin. Finance
Research Research Operation Mech. Services E.I. & P. Machine Shop Health Physics Totals

Engineering

Manpower Branch Heads, 4 4 3 1 1 1 14
e t c .
Professional 46* 91 35 4 2 1 7 186*
Other 60 140 77 141 44 16 73 ssi

Subtotal 110*_ 235 115 146 47 17 81 751*

Annual Labour 8 3 2 00 0 2 , 0 20 , 00 0 9 6 , 00 0 1 , 2 , 000 340 , 00 0 2 5, 00 0 S80, 000 S , 877 000
Costs Overhead on oil

Labour 83,000 200,000 96,000 100,000 34,000 12,000 58,000 583,000
Material 700,000 300,000 155,000 520,000 210,000 84,000 110,000 2,079,000 1
Fuel
(Heating) 110,000 110,000
Equipment
Replacement 100,000 50,000 S70,000 18,000 10,000 5,000 S'000 7S8,000
Capital
Equipment
Facility
Updating 300,000 200,000 600,000 8,000 8,000 3,000 S0,000 1,169,000

TOTALS 2 01 5 , 00 0 2 7 7 , 0 0 0 2 3 1 , 000 I 6 66 000 7 2 0 0 229 000 803,000 10 , 76 00 

Includes 14 visiting professionals not included in salary costs.
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C CONSTRUCTION SCHEDULE

The research and development work carried out at CRNL
over the past year 1966 - 1967) has not sufficiently affected
the schedule to warrant any change in logic at this time. The
schedule shown in figure 11.1 is therefore the same as the 1966
version, except that starting and completion dates have been modi-
fied. It indicates a construction time of about 7 years from the
date that both the site and the project design team are available.
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