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Abstract

This section presents a conceptua design for the mercury-jet target system, beam absorber, and facility
for the target/capture region. The mercury system is a closed loop that includes a containment structure
in the high magnetic fidd region, a mercury pool beam absorber, conventional equipment such as
magnetic-coupled pumps, vaves, heat exchanger, and a specid nozzle insert. The superconducting
solenoids in the target region are protected from nuclear hesting and radiation damage with water-
cooled tungsten carbide shidlding; the decay channel solencids are protected with water-cooled steel
shidding. The target region and decay channd have high neutron fluxes resulting in components thet are
highly activated. Therefore, the facility configuration is based on remotely maintaining the target system
and the magnets, as wdl as providing sufficient shielding for personnd. Summaries of cost estimates for
the target system, magnet shielding, maintenance equipment, and the facility are aso presented.

5 TARGET SYSTEM AND SUPPORT FACILITY

The Target Support Facility conssts of the target region and decay channel, a crane hal over the length
of the facility, a maintenance cell a the ground floor devation for handling magnet components, a hot
cdl a the tunnd leve for mercury target system components, and various remote handling equipment
used for maintenance tasks. The facility is bounded by the proton beam window at the upstream end
and the firg induction linear accelerator a the downstream end. It contains the equipment for the
mercury-jet target, high field resstive and superconducting solenoids, low field superconducting
solenoids, water-cooled shidding to limit radiation dose and neutron heeting to the coils, biologica
shidding to protect personnel and the environment, and a 50 ton crane that is used for the initid
assembly and ingdlation of mgor components and for subsequent maintenance activities. The target
support facility is 12-m wide, and gpproximately 40-m long. FHgure 1 is aview of the overdl facility
looking downstream.

5.1 Target System and Proton Beam Absorber

The mercury-jet target system conssts of the process flow loop, a replacesble nozzle assembly
mounted in the bore of the iron plug magnet, a mercury containment vessd that is part of the decay
channel downstream to Z= 6.1 m, and the beam absorber which is located a 70<Z <245 cm. A



dedicated hot cdl that contains the flow loop components is located at the tunnd level. Figure 2 isa
schematic diagram of the overdl system.
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Figure 1: The overall target support facility.
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Figure 2: Target system and beam absorber schematic layout.

51.1 Process Flow Loop and Absorber

The process flow loop contains 110 liters of mercury ditributed as follows: 30 liters in the beam
absorber pool, 7liters in the heat exchanger, 35 liters in the sump tank, and 38 liters in miscellaneous
piping and vaves. A 200-liter tank provides storage for the mercury when the system is shutdown or
undergoing maintenance. The piping is doped towards the storage tank, and the devation of the sump
pump, the heat exchanger, the beam absorber pool, and the storage tank are arranged so that the
mercury level can be easly controlled among the components. Various valves are used to isolate
portions of the system for storage, flow, or drainage into the storage tank, and drainage is by means of
gravity. The system components are located in the target hot cell and are arranged to be accessible by
the wall-mounted manipulators. The various vaves are pneumaticaly actuated, but they can be manualy
operated using through-the-wal manipulators, if necessary.

The pumps for the flow loop are centrifuga magnetic drive. The low capacity pump is sdf-priming and
can pump at a rate of 36 gpm. This pump is used to transfer mercury from the storage tank into the
flow loop by firg filling the heet exchanger and the sump tank of the jet pump. The volume of the sump
tank includes the volume of Hg for the absorber pool as well as the jet pump volume, i.e. 65 liters. The
high capacity jet pump initidly transfers 30 liters of mercury into the pool before the high field magnets
are energized. During system operdtion, it pumps a a rate of 35-50 gpm to circulate mercury at 30 m/s
through the nozzle assenbly.

The heat exchanger is a welded-tube and shell congruction with a closed-loop water systlem. The inlet
temperature of the mercury is 122°C; the outlet temperature is 20°C. The water inlet temperature is
20°C; the outlet temperature is 47°C. These results are based on water flowing through the shell of the
exchanger a 4 literg/sec. Figure 3 isaview of the flow loop components located in the target hot cell.



The mercury storage tank is located under the shield floor in the target hot cell. The full inventory of
mercury is sored there when the system is shutdown. This is accomplished by cosing and opening the
aopropriate valves in the flow loop for gravity flow into the tank. There are drain lines from the sump
pump, the heat exchanger, and beam absorber pool. In addition, there is a secondary drain/vent located
a Z = 6.0 m. Its purpose is to extract and condense mercury vapors prior to maintenance operations
that require opening the mercury containment in the capture/decay region. The vent line is connected in
series to a mercury trap (condenser) and a vacuum scroll pump. The condensate is returned to the
storage tank by means of a bypass line and the vacuum exhaust passes into the first hold up tank. Gases
and mercury vapors are passed through a filter sysem that contains sulfur-treated charcod filter
modules, before passing into the facility ventilation exhaust.

MANI PULATORS

Figure 3: Arrangement of the mercury flow loop componentsin the target hot cell.



Mercury, mercury vapors, and rare gas reaction products are contained in the target/capture region by
means of windows. The upstream incond window is mounted on the target nozzle insert a the proton
beam line axis, the downstream beryllium window is mounted to the vacuum vessd a SC6. Figure 4
shows the location of the beryllium window.

The average beam power deposited in the jet is 400 W/g (128 kW) and the remainder of the LMW
proton beam power is assumed to be deposited in the absorber. The bulk temperature rise of mercury
in the absorber pool is 102°C, well below the boiling point. However, this assumes homogeneous
mixing occurs in the pool caused by the mercury jet tha is “injected” into the pool a a rate of
2.4 literg/sec.
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Figure 4. The beryllium window is mounted to areadily replaceabl e solenoid.



512  Target System Maintenance

The various components that make up the target system fal into three categories. Class 1 are life-
limited components that require frequently scheduled remote replacements during the life of the facility.
They are designed for remote handling and minima impact on operating availability, and remote handling
tools and equipment are included in the cost estimate. Class 2 are lifetime components with activation
levds that preclude hands-on replacement, and whose fallure shuts down the facility. They have afinite
probability of at least one fallure. These components are designed for remote handling, but remote
handling tools and equipment are not included in the cost edtimate (unless they are used for initia
ingalation). Their replacement could impact operating availability since spare components are not on
hand (nor included in the cost estimate). Class 3 components are not expected to fail during the facility
lifetime

Replacement of target system components must be done using remote- handling equipment because of
high levels of neutron induced gamma activaion, and the presence of (radioactive) mercury
contamination. The target sysem contains many components that are consdered to be life-of-the-
fadlity, numerous components that could require infrequent replacement, and severd that are life limited.
The maintenance requirements for this sysem are summarized in Table 1. The table is based on an
operating year of 10" seconds, which isthe equivaent of 4 months of continuous beam line operation.

Table 1: Maintenance requirements for the target system components

Component FailureMode |DoseRate| Expected Life| Replacement Time
(Class) (Rad/h) (yrs) (days) *

Nozzle Insart (1) eroson, embrittled

beam window >10° 2-3 11-16
Beryllium Window
(1) embrittlement 10— 10° 2 7-11

1-2 (plustime for beryllium

|solation Vave (1) | mechanical 10— 10° 5-7 window repl.)
Filters (1) saturated Contam. 2 2-3
Pumps, Vaves (2) | mechanicd Contam. 7.5 2-3
Heat Exchanger,
Piping, Tanks(3) | mechanicd Contam. > 40 5-8

* Based on assuming either 12-hour or 8-hour maintenance shifts.

513  Target System Cost

The costs associated with the mercury-jet target system are listed in Table 2. These estimates include
the cost of materids, engineering design, fabrication, ingalation, and a percent-based cost for qudity
assurance, inspection, and procurement. The costs do not include R&D, overhead burdens, or
contingency.

Table 2: Summary of target system costs



WBS Subsystem Name Cost ($K)
1.2.3 Mercury Jet System
1231 Storage Tanks 51.6
1-200 liter Hg storage tank, 1-70 liter sump tank,
3-1950 liter gas hold up tanks
1232 Pumps 55.0
1-magnetic drive transfer pump, 1-magnetic drive sump pump, 1-
vacuum scroll pump
1.2.3.3 Piping 21.1
1" and 1-1/2" sch. 40 gainless piping, flanges, ...
1234 Nozzle and Vaves 68.8
Nozzle insert + 1 spare insert; inconel beam window, 1" and 1-1/2"
actuated vaves, flow control valve, ...
1.2.35 Downstream Collection/Containment 284.1
Sted vessd insert (-45 < Z < 610 cm), 330-mm isolation vave,
330-mm beryllium window, mercury vapor condenser, ar exhaust
filter
1.2.3.6 Heat Exchanger (1.2°6 Btu/hr) 32.8
1.3.2 Beam Absorber costs areincluded in 1.2.3
Total Cost 513.4

514  Target System Design Issues and Near Term R& D

Two mgor assumptions for the target system design were made for this pre-conceptua design study.
The firs assumption is that hesting of mercury in the beam absorber pool is nearly uniform and any
localized heating does not exceed the boiling temperature. The second assumption is that the mercury-
jet emerges from the target interaction region as a stream and contributes to the thermd mixing in the
pool. Additiona smulations need to be carried out to better understand these suppositions, and tests
with a mercury-jet in an gppropriate magnetic field are needed to study the downstream effects on the
jet. Two near-term R&D activities are recommended to address these, as well as testing to assess the
lifetime of the nozzle

?? Determine the state of the mercury-jet downstream from Z= 0 to assess whether an active

mixing system is needed in the absorber pool. Develop design concept as required.

?? Quantify the extent of eroson d the mercury-jet nozzle and determine the impact to nozzle
lifetime. Test various materids at jet velocities up to 50 m/s; an obvious materia choice for a 1-
cm diameter insart is tungsten.




5.2 Target Support Facility

The geometry for the target support facility is defined around the intersection of the mercury jet, the
proton beam, and the magnetic axis of the solenoid magnets. The proton beam interacts with the jet
over a 30-cm region S0 that the downdream interaction point is & Z=0cm and the upstream
interaction point is at Z=-30 cm. The three axes intersect a Z=-15 cm. Thelocation of the coils and
other components are measured from Z= 0. The decay channd extends to Z= 35.60 m, which isthe
fadility interface with the firg induction linear accelerator. Figures 5 and 6 show the basic geometry of
the facility and its boundaries.
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Figure 5: Side elevation of the facility geometry.
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Figure 6: Plan view of thefacility geometry.

The proton beam window is located at Z = -330 cm and is connected to the core vacuum vessd with a
removable section of beam pipe. This desgn permits the window assembly to be close to the target
region, yet readily removable to replace the window or the mercury jet nozzle, or provide clearance for
the replacement of the inner solenoid module should that ever become necessary (Figure 15).

It is important to keep in mind that virtualy dl of the components that make up the target and capture
facility will be highly radioactive; therefore, replacing components after start-up operations must be done
using remote handling equipment and tools. The development of the facility arrangement was based on
conddering the initid assembly and inddlation of the various subsystems, and aso on modularization of
components to smplify remote handling and have minima impact on the operating availability.

521  Solenoid Magnets

The solenoid magnets are located in the capture and decay tunnd of the support facility, and athough
they are consdered to be lifetime components, the facility design is based on their remote replacement.
The tunnel begins in the target region upstream of the proton beam window and extendsto Z = 35.6 m.
The firg five solenoids (SC1-5) are contained in a common cryostat that extends to Z=6.1m. The
cyoda is desgned o that its inner shdl is the outer shell of part of the tungsten-carbide shield.



Therefore, thereisashield cylinder atached to the cryodtat that is 16-20 cm thick and containsinner rib
supports to diffen this cylindrical beam. The ribs are dso partitions for the cooling flow channels of the
shield. Figure 7 is a section through the main cryodtat that shows the magnet arrangement and the shield-
beam. Figure 8 shows therib structure of atypica shield module and the coolant line connections.
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Figure 7: Main cryostat containment for SC1-5.

There is a separate module for the resistive magnets and shielding contained within the bore of SC1. It
consgts of an iron plug, three resistive, water-cooled magnets (HC1- 3), and tungsten-carbide shielding.
The combination of these coils and SC1 provide the 20 Teda field-on-axis in the target region. Figure 9
shows the resgtive coil module dong with the nozzle insert for the mercury jet. Figure 10 shows a
section cut and end view of the resistive module. The target nozzle insart is mounted in the off- center
cutout in the iron plug.
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Figure 10: Section cut and end view of the resistive coil module.

The magnets downstream of the main cryodtat are two-coil solenoids contained in 4-m long cryodtats,
except for SC6, which has a 0.5m cryostat. These extend from Z=6.1-17.6 m and make up the
remainder of the trangtion coils (SC6-12). Figures 1 and 4 show the trangtion coails. In this region, the
fidd-on-axis decreases until itis1.25T at Z=17.6 m.

Coil SC6 is smdler and is designed to be the mounting support for the beryllium window located at
Z =6.1 m. The window is the downstream containment boundary for the mercury target vessel. The
window is replaced every two years by removing SC6 and ingaling a spare SC6 module with the
replacement window aready mounted. Figure 4 shows SC6 in the process of being removed.

The magnets from the end of the trangition region to the end of the decay channd are contained in 3-m
long cryodtats, each containing three coil-pairs. Figure 11 is a section and end-view of a typicd
cryostat module. The nuclear shidding for these magnets is smilar to the upstream coils except that a
homogeneous mix of sted ballsis used instead of the tungsten carbide bdls.
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Figure 11: Decay channel cryostat module.

Assembly and Installation

The assembly and inddlaion of the magnet system was the mgor consideration for determining the
facility arrangement. The coil/shield modules are the heaviest and largest components and were the basis
for establishing the building height and width, and determining the crane capacity needed for ingdlation
operations and subsequent maintenance.

The overdl dimensons of the coil modules and their repective component weights are given in Table 3.
The largest module weight was used to determine the lifting requirement in the crane hall. Ingaling the
tungsten-carbide shield for SC4-5 is the heaviest lift a gpproximatdly 43 tons. A 50-ton bridge crane

with a 46-ft gpan was chosen.
Table 3: Solenoid cail sizes and weights, and shield module weights.



Component Outer Diam. (cm) L ength (cm) Module Wt. (Ib)
Resstive Module 110 180 47,500
Iron Plug - - -

HC1 - - -

HC2 - - -

HC3 - - -

W-C Shidd - - -
Main Cryostat + Shield Beam 270 740 73,600
SC1 256 178 61,000
SC2-3 202 183 21,700
2-3 Shidd 128 183 59,600
SC4-5 176 351 17,900
4-5 Shidd 148 351 86,400
SC6 + Shidd 104 50 <4,000
SC7 + Shidd 104 185 11,800
SC8 + Shidd 104 185 10,800
SC9 + Shidd 104 185 9,600
SC10 + Shield 104 185 8,400
SC11 + Shidd 104 185 7,700
SC12 + Shidd 104 185 6,600
Decay Coils + Shidd (6) 87 296 12,600

High Field Region

The high fidld cails provide a 20- Tedafidd in the target region and consst of three resigtive coils (HC1-
3) and an iron plug surrounded by a water cooled tungsten-carbide shidd (Figures 9-10), and an outer
superconducting coil (SC1, Figure 7). The HC coils and part of the shield congtitute a single module that
isingdled into the cryodtat of the high fidld superconducting coil.

Coil-to-Cail Forces/Method of Support/Method of Assembly

The net force between SC1-12 is nearly zero, meaning it is abaanced system. SC1 reacts to the forces
of SC2-12 with an equa and opposte force. However, the coil-to-coil forces between individud

magnets are large. SC1 reacts to the accumulated forces of the downstream coils with 23 million
pounds (102.5 kN). The forces from SC2-5 are, respectively, 10.3E6 Ib, 6.6E6 b, 3.4E6 Ib, 2.3E6 Ib.
(The force contributions from SC6-12 are ignored here since they are small by comparison).

In order to minimize heat lesks into the SC1-5 cryostat caused by large-area cold-to-warm-to-cold
supports, use of a common cryostat was chosen by the solenoid coil designers. Therefore, the coil-to-
coil supports are cold, but the cryostat structure must support the total gravity load of coils SC1-5. This
is accomplished by making a cylindricd portion of the radiation shield part of the cryodtat (Figure 7).
Transition Field Coils

The cryodat is assembled from two sections onto a continuous cylindrica beam that is part of the
radiation shield. The cryostat/beam assembly is lowered into the target region of the tunnel, onto a pair
of trunnion supports. The trunnion is located midway dong the cryostat to minimize the depth of pit area




under SC1-5, and to minimize the eevation of the crane for ingaling SC4-5. The cryodtat is rotated so
that the upstream end points up for the ingtalation of SC1. The weight of the SC1 is 61,000 |b. The
bridge crane is used to assist lowering the main cryostat so that the downstream end points up and the
coil module congdting of SC2-3 is inddled followed by its inner shidd. The cryodat is then rotated
again with assstance from the crane so that the upstream end points up. The resigtive coil module (iron
plug, HC1-3, and shidding) isthen ingaled into the inner bore of the shidd-beam. The cryostat position
is reversed again and module SC4-5isingdled followed by itsinner shidd. This sequenceis necessary
for initid ingalation in order to stay within the 50-ton load limit of the crane. Figure 12 shows the
inddlation sequence of the coilsthat are ingdled into the main cryodtat.
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Figure 12: Installation sequence for the high field coils SC1 and HC1-3, and transition coils SC4-5.

Decay Channel Coils

Each of the remaining cryostat modules contains a 5-cm thick radiation shield beam mounted to the
inner diameter of the cryodtat shell. For the coils downstream of Z= 610 cm, the shidd materid is
water-cooled copper or sainless sted. A homogeneous mix of stainless sted balls (2<d <6 mm)is
judged to be the most cost-€effective gpproach, and was used for the design and the cost estimate.




A separate vacuum boundary for the muon decay channd is pre-inddled to the inner shell of each
shidd/cryodtat assembly. These are assembled so that the outer flange of the vacuum boundary shel
can be seal-welded to the flange of adjacent modules, and subsequently cut for disassembly. Figure 11
shows the typicd sde view and end view of the decay channd magnets, the vacuum flange atachments,
and clearance for coolant lines

522  Cail Replacement and Remote Handling

The solenoid magnets are designed to be lifetime components. However, they are configured for remote
replacement in the event of fallure ance they will become highly activated, and since the ability to
replace any of them is critical to the operation of the facility. The reverse of the assembly procedure
described above is the disassembly method to replace any of the coils. Remova of any solenoid
cryostat requires removing at least 24 shield dabs covering the tunndl. Each shield piece weighs 45 tons,
and there is ample space on the crane hdl floor to stack the shielding. Once the process of removing
shidding is started, personnd access to the crane hdl is not permitted and remova operations must be
done remotely using the bridge-mounted manipulator system. The maintenance cdll located above the
target hot cdl is configured to accommodate the cryostat modules for subsequent dismantling and waste
disposd. The maintenance cdl is located adjacent to the staging area where new components are
delivered and where waste disposad casks are shipped out of the facility. Figure 13 shows the
maintenance cdll and its relation to the target region and the staging area.

523 Facility Shielding

The facility dielding is designed to permit unlimited access to radiation workers in the crane hal. The
shidd materid and thickness limit the dose rate at the crane hal floor to 0.25 mrem/h (0.0025 mSv). A
Monte Carlo neutron, photon, charged particle trangport code (MCNPX) using cylindricd geometry
was prepared for neutronic caculations. The results show that the shield over the target region should
be 5.8-m thick and the shidld over decay channel should be 5.2-m thick. For the purpose of thisdesign,
an average thickness was used throughout consisting of 5.2 meters of sted to atenuate fast neutrons
and 0.3 meters of concrete to atenuate dow neutrons. The modd andyzed the shidding requirement
downstream to Z= 3600 cm, but it is clear that beyond the decay channd, into the first induction linear
accderator and beyond, smilar facility shielding is needed, and the solenoid components will have dose
rates too high to permit hands-on maintenance. Therefore, the crane hal and the remote handling access
that it provides to the target/capture magnets should extend well beyond the end of the decay channdl. It
may be assumed that the same crane hdl configuration could be used to service the linear accelerator
regions downstream, severd hundred meters to the storage ring.
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Figure 14 is atypical cross section in the decay channd showing the arrangement of removable shield
dabs. The dimensons for each shidd piece are determined by limiting their weight to 45 tons. The
amount of shield needed to limit the dose rate in the crane hdl to 0.25 mrem/h is 5.2 meters of sted,
covered with a 30-cm concrete layer. Each dab layer is 46-cm thick but the length and width varies, so
each layer has offset joints that avoid a streaming path to the crane hdl. It should be noted that the width
of the tunnel decreases from 7 meters in the target region to 5.2 meters a gpproximately Z= 700 cm
because of the smaller diameter of the magnets downstream from SC7.
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The shield requirement upstream of the target region to attenuate backscattering is 2.6 meters of sted.
This thickness was chosen to limit dose rate to 1 rem/h. A stacked assembly of stedl blocksislocated in
the 3-m diameter vacuum vessel that encloses the proton beam window and the mercury-jet nozzle. The
beam window is located at Z = -330 cm and is attached to the beam pipe feedthrough with a Grayloc®
or Reflange® remote connector. (The beam pipe diameter is assumed to be 25 cm dthough that isnot a
limiting factor for the remote connector.) This type of connector is well suited for reliable, robust

operaionstha are done frequently. Figure 15 is a section view of the vessel showing the arrangement of

the components it contains and the relation with the target sysem. Remova of the nozzle insert and

resstive coil module is through the vacuum vessel after removing shield segments.
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Figure 15: Vacuum vessel upstream of the target region.
5.24  Maintenance Operations



The components in the target/capture facility fdl into three categories. Class 1 are life-limited
components that require scheduled remote replacements during the life of the facility. They are designed
for remote handling and minima impact on operaiing avalability, and remote handling tools and
equipment are included in the cost estimate. Class 2 are lifetime components with activation levels that
preclude hands on replacement, and whose failure shuts down the facility. They have a finite probability
of at least failure. They are designed for remote handling, but remote handling tools and equipment are
not included in the cogt estimate (unless they are used during initid ingtdlation). Ther replacement will
impact operating availability since spare components are not available. Class 3 components are not
expected to fal during the facility lifetime. The basc maintenance requirements for the facility are
summarized in Table 4.

Table 4: Maintenance reguirements for the target/capture components.

Component Expected Life (yrs.) Replacement Time (wks.)
Proton Beam Window 2 1

Vacuum Pumps, valves, ... 7 1-2

30-40 (includestimeto

Resdive Solenoid Module >40 fabricate a replacement)

50-60 (includestime to

High Fidd Solenoids >40 fabricate a replacement)

30-40 (includestime to

Trangtion Field Solenoids >40 fabricate a replacement)

20-30 (includestimeto

Low Field Solenoids >40 fabricate a replacement)

525 Cost

The codts associated with the target/capture facility, including nuclear shidding for the target and capture
solenoids, are listed below. These estimates include the cost of materials, engineering design, fabrication,
ingdlation, and a percent-based cost for quality assurance, inspection, and procurement. The costs do
not include R& D, overhead burdens, or contingency. Table 5 summarizes the solenoid shield costs, and
Table 6 summarizes the facility costs.

Table 5. Summary of solenoid shield costs.

1.2.5 Nuclear Shield (high field and transition solenoids) $K

Tunggten-carbide shield + shidd structure for SC1-6 (includes
1.251 one spare SC6) 9,312.3
1.25.2 Sted shield + structure for SC7-12 674.5
1.3.1 Solenoid M agnets

Nuclear shidd (sted shidd + structure for low field solenoids, 278.5
1.3.1.5 17.6<Z2<35.6m)

Shidd Cost | 10,265.3

Table 6: Summary of facility construction costs.
| LAl | Target and Capture Facility | $K |




Crane Hall/Tunnd 4,642.5
Sted Shidd Sabs 8,589.8
Hot Cdl (Target System) 109.8
Maintenance Céll 260.7
Maintenance Equipment 1,680.5
Engineering Design, QA& I, Procurement 3,240.1
Facility Cost 18,523.4

5.2.10 Facility Design Issues and Near Term R&D

There are severd issues rdated to the facility configuration and design of the nuclear shielding for the
solenoids. The firgt facility issue dedls with the location and access of the target and magnet support
systems, namely, vacuum pumps, ducts, and vaves, cryogenic and eectrica lines routing, and diagnostic
equipment, as examples, to ensure that they are readily mantainable. A target hot cdl is dready
configured with access and maintenance in mind, and a more detalled iteration of the facility design
would accomplish the same for the other support sysems. The second facility issue is the extent that
remote handling capability and equipment are needed downstream from the target/capture region. An
extrgpolaion of the shidd andysis that was done for the floor shidd over the tunnd, -80 < Z < 3600
cm, indicates that Smilar requirements apply downstream. This requirement will have an impact on the
overd| facility codt.

There are severd issues that deal with the nuclear shield design, and it gppears they could be addressed
with R&D activities that smultaneoudy address mechanicd and thermd questions. It has been
determined that the optimum shield for the high field solenoidsis 80% tungsten-carbide, 20% water, and
the shidd design is based on using tungsten-carbide balls. Scale model tests are needed to investigate
how to digtribute the bals in a homogeneous matrix, and to assess properties such as pressure drop and
heat transfer coefficient, to name two. This shied is a costly component, and it is important for it to be
efficently designed.
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