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ABSTRACT 

The Long Baseline Neutrino Experiment (LBNE) is a DOE funded experiment aimed at 
furthering the understanding of neutrino physics. The high intensity neutrino beam for LBNE will 
be produced at Fermi National Accelerator Laboratory (FNAL) by delivering a high power, 120 
GeV proton beam to an underground target facility. The design proton beam power on target is 700 
kW with an expected future upgrade to 2.3 MW. Both these beam powers will be sufficient to 
activate critical equipment necessary for producing neutrinos; thus, the activated equipment must 
be maintained using remote handling tools and operations. Oak Ridge National Laboratory 
(ORNL) was tasked to develop concepts for the remote maintenance of the LBNE target 
equipment as well as provide recommendations for facility layouts. 

A discussion of the proposed LBNE Target Hall layout is presented along with concepts for 
the facility's remote handling systems and major remote operations. Concepts for replacement and 
maintenance of beam line components are also discussed. 

Key Words: List of no more than five key words 

1  INTRODUCTION 

The Long-Baseline Neutrino Experiment (LBNE) is a project managed at the Fermi 
National Accelerator Laboratory (FNAL) whose goal is to further the understanding of neutrino 
physics. LBNE will produce a beam of neutrinos at FNAL and direct them through the earth to a 
belowground detector at the Deep Underground Science and Engineering Laboratory (DUSEL) 
in Lead, South Dakota. The basic experimental facilities and operations will be based on an 
existing FNAL experiment, Neutrinos at the Main Injector (NuMI), a layout of which is shown in 
Figure 1. Whereas the NuMI beam power is 400 kW, the design beam power for LBNE will 
initially be 700 kW, with an expected future upgrade to 2.3 MW. Both these beam powers will be 
sufficient to activate critical equipment necessary for producing neutrinos. For personnel safety 
reasons the activated equipment must be maintained using remote handling (RH) tools and 
operations. Oak Ridge National Laboratory (ORNL) was tasked to develop concepts for the 
remote maintenance of the LBNE target equipment, provide recommendations for facility 
layouts, and provide cost estimates for the RH systems. 

∗ Operated by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the United States Department of 
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As the fundamental LBNE operational concept is based on the NuMI Experiment, it is 
desirable to incorporate the basics of the NuMI layout and to make design or operational 
improvements where experience shows they would be useful. The overarching goal of the LBNE 
conceptual design is to maximize facility availability by minimizing downtime due to target 
change outs since they are expected to be the most frequently replaced in-beam component. In 
the current NuMI operations, target changes require up to 10 days (excluding cool-down time) 
due primarily to setup operations (such as for video equipment, installation of the crane 
electronics, configuration of local shielding) and component alignment procedures. By designing 
the LBNE facility for remote operations from the start, it is hoped that these setup operations can 
be minimized and that target replacement time can be reduced to roughly 1–2 days. 

 
 

 

2 FACILITIES 

For the purposes of conceptual design of the LBNE RH system, two facilities are included. 
The first is the Target Hall, which is located approximately 200 ft. below ground and houses the 
in-beam components; the second, designated MI-67, is a surface facility that provides storage for 
spent components and serves as a maintenance area for component repair and preparation. Two 
vertical shafts connect the two areas—one is located in the Target Hall, and the other is located in 
an adjoining, personnel-accessible utility area that houses ventilation and water cooling 
equipment, system monitoring and controls, and other equipment required for facility operations. 

2.1 Target Hall 
The Target Hall contains the components for generating neutrinos and focusing them 

towards the near and far detectors. The beam-line component arrangement is shown in Figure 2. 
The beam enters the Target Hall inside a heavily shielded, actively air-cooled chase. The 
shielding is provided by a combination of steel, concrete, and marble. The beam enters the Target 
Hall through the beam window and passes through the baffle (a hollow steel cylinder that 
protects downstream components from a mis-steered beam) before it impacts the carbon target 
inside Horn 1, which causes the release of secondary particles. Horn 1 is an aluminum magnet 

MI-67 Target 
Hall 

Near 
Detector 

Absorber 
Hall 

Figure 1. LBNE facility arrangement. 
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that focuses the secondaries towards Horn 2, which further focuses them towards the near and far 
detectors, with the near detector being located on-site at FNAL and the far detector being located 
at DUSEL. As the Target Hall is located about 200 ft. underground, a vertical shaft connects it to 
the ground-level MI 67 facility. This shaft allows equipment to be moved between the two 
facilities and also provides space for a personnel elevator and utilities from the surface. There is 
a single Target Hall air volume, and this volume must be separated from MI-67 air space. 
Because of the difficulty in operating and maintaining a cover seal on the lower end of the shaft, 
the top of the shaft in MI-67 will be covered and sealed. While segregating the two air volumes, 
this seal precludes the possibility of moving items between the two levels while the Target Hall is 
operating. 

 
Figure 2. Target Hall elevation section through beam line. 

The layout of the chase is such that the beam line components are suspended from the top of 
the chase rather than being supported off the floor. The components are attached to structural 
support frames referred to as modules. The modules incorporate alignment features that interface 
with mating features on the chase. They also provide room for removable internal shielding 
which has dog-leg recesses that provide various utilities (power, water cooling, etc.) to reach the 
components while allowing hands-on access to the connectors at the top of the modules. 

The RH and maintenance of components in the Target Hall chase will be accomplished with 
a bridge crane, long-reach tools, and a shielded Work Cell. A concept of the Work Cell within the 
Target Hall is shown in Figure 3. Personnel access to the Target Hall will only be allowed during 
facility shutdowns after a short cool-down period. The Work Cell will be used for maintenance 
and replacement of the two horns but will also be capable of removing targets from Horn 1 
should the assumed in-chase method of target replacement fail.  
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Figure 3.  Target Hall with Work Cell. 

 

2.1.1 Work Cell 
The proposed Target Hall Work Cell, shown in Figure 4, incorporates three shield walls with 

a sliding shield door at the side facing the upstream end of the Target Hall. The cell is 
approximately 28 ft. long, 15 ft. wide, and 20 ft. tall. The top of the cell is covered with 
removable shield blocks that fit around the top of the module. Maintenance inside the cell is 
accomplished using a pair of thru-wall, master-slave manipulators (MSMs). A lead glass brick 
window on the back end of the cell allows for target alignment in the cell. On the floor of the cell 
is a translating cart with an elevating platform. The cart rails extend out of the cell under the 
shield door, allowing bridge crane access to the cart while the removable roof shield blocks are 
in place. Failed horns are removed from the cart and transported to a shield cask, and a new horn 
is placed onto the translating cart to slide under the module for installation using the bridge 
crane. 
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Figure 4.  Work Cell concept. 

2.1.2 Hot storage 
As shown in Figure 3, the Target Hall concept incorporates long-term hot storage of a failed 

horn along with its attached module and the associated utility connections above the module. The 
hot storage area can also provide temporary storage of a horn with module once it has been 
pulled from the chase. Hot storage is configured as a pit in the Target Hall floor next to the decay 
pipe with a removable shielding cover.  

2.2 MI-67 
MI-67 is the near-surface support building that provides an area for long-term storage of 

spent components. In addition, it also will serve as a maintenance area for in-beam components 
other than horns. MI-67 will be constructed underground to take advantage of dirt shielding but 
will be much closer to the surface than the Target Hall. Figure 5 shows the conceptual layout of 
this storage area. The following are some of the pertinent characteristics this facility: 

• Integrated truck bay for surface-level loading/unloading 
• Overhead bridge crane accessing both the MI-67 storage area and the Target Hall shaft 
• Shielded storage and repair areas for activated components (referred to as the "Morgue") 
• Maintenance Cell to allow repair or reconfiguration of window, baffle, and target 

components on their associated modules 
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Figure 5.  MI-67 concept. 

MI-67 is a dual-level facility with a ground-level Truck Bay of about 10,000 ft2 and a 
belowground Morgue of about 11,000 ft2. From a radiation protection perspective, the Truck Bay 
is expected to be open access for personnel, while the Morgue will be limited access. Each level 
has a 40 T overhead bridge crane, and floor space exists on the Morgue level that can be 
accessed by both cranes. Two shafts are housed within the facility—the Truck Bay shaft 
penetrates into the Target Hall utility area, and the Morgue shaft penetrates into the Target Hall 
itself. As the Target Hall ventilation system must be separated from MI-67, a sealed cover over 
the Morgue shaft is required during beam-on operations. For the baseline belowground Morgue, 
exterior wall thicknesses will be determined by civil construction rather than radiation protection 
requirements as groundwater activation is not a concern because of the low radiation energies of 
the stored components. 

2.2.1 Long-term storage area 
The initial MI-67 concept was configured to provide 6 years of storage space for spent 

components with the expectation that it would be expanded for future needs. This timeframe was 
chosen with the assumption that a power upgrade from 700 kW to 2.3 MW would occur, and the 
required facility shutdown for the upgrade would also provide time for the building expansion. 

Since horns are the largest components (with Horn 2 being somewhat larger than Horn 1), 
raised pit storage “cells” were designed to accommodate a pair of horns, each in a sheet metal 
containment liner and shield lid. For the 6-year storage space requirement, a total of six cells 
were allocated, three for the horns and three for the other items, with the assumption that 
multiple baffles, windows, and/or targets could be stored in a single cell. However, once some 
early building models were generated with this storage capacity, it was apparent the storage 
space was not a significant cost driver for the overall facility, so an additional 6 cells were added 
for a total of 12, which would accommodate 24 horns or a greater number of the smaller 
components.  
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2.2.2 Maintenance cell 
The conceptual design of the MI-67 includes a shielded Maintenance Cell. The primary 

purposes of this cell are to allow repair of failed modules (excluding horns) and to allow reuse of 
activated modules by replacing their associated spent components. All horn module maintenance 
will be performed in the Target Hall Work Cell. 

The Maintenance Cell is seen in Figure 5 as an alcove protruding from the Morgue area of 
the facility; this layout provided maximum usable floor space in the main area of the Morgue. A 
concept model of the Maintenance Cell is shown in Figure 6. It is equipped with an in-cell 
overhead bridge crane and multiple MSM window workstations. Remotely operated sliding 
doors allow unattended equipment access to the cell via the Morgue crane, so activated modules 
can be transported directly from the Target Hall. The cell will allow both remote and hands-on 
operations to be performed, assuming radiation levels permit entry; local shielding is provided by 
reconfigurable recycled steel blocks. 

 

  

Figure 6.  MI-67 Maintenance Cell concept. 

2.2.3 Casks 
While the Work Cell in the Target Hall was designed based on horn replacement, it is 

expected that the other in-beam components will be removed from their modules in this facility. 
It is assumed that the LBNE targets will not be attached to a module, but the beam window, 
baffle, and horns will be. The modules will remain in the Target Hall, but the spent components 
will be transported to MI-67 for refurbishment or long-term storage. Contamination and 
personnel protection are issues that must be addressed during this transport. When items are 
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removed from the chase, they will be handled without any local shielding, so personnel will not 
be allowed in the Target Hall during these operations.  

Once a spent component has been removed from its module, further handling and transport 
of the component will be performed either in a shielded cell or in a reusable steel transport cask. 
The wall thicknesses of the casks will be based on the crane capacities rather than on providing 
hands-on access. Internal steel liners will be used with each cask to protect the casks from 
contamination and to serve as permanent storage containers for spent components. These liners 
will be assumed to provide no radiation shielding protection as they will be designed as 
disposable items with minimal material. 

Concepts for casks and liners have been created for beam windows, baffles, targets, and 
horns. With an overhead crane being the only means of loading and unloading components into 
these boxes, the casks and liners have been designed to be top loading. Figure 7 shows the 
relative sizes of all the expected casks. 

 
Figure 7.  Casks for the various in-beam components. 

 

3 REMOTE HANDLING SYSTEMS 

LBNE will be designed with remote handling capabilities from the start of facility 
operations. The primary remote handling system in both the Target Hall and MI-67 will be the 
overhead bridge cranes supplemented by video cameras. Long reach tools will be implemented 
for hands-on access to component utility connections. Descriptions of the major remote handling 
components are given in this section. 
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3.1.1 Cranes 
A total of four overhead bridge cranes will be used within the LBNE target facilities – one in 

the Target Hall (40-ton capacity) and three in MI-67 (Truck Bay, 40 T; Morgue, 40 T; 
Maintenance Cell, 12.5 T). As the Truck Bay crane is not expected to remotely lift any 
radioactive loads, it is not considered part of the LBNE RH system but will be procured as a 
standard industrial bridge crane. The other cranes, being used for remote operations with 
unshielded, radioactive loads, will require several fail-safe enhancements not normally included 
on industrial cranes. In general, cranes used in radiation environments have features that are 
driven by requirements in one or more of the following areas. 

1. Being able to support and hold a load during and after a defined seismic event. 

2. Having dual load paths and redundant mechanisms to ensure loads cannot fall. 

3. Having features that allow recovery from a crane failure by being able to manually lower 
a load and move the crane to a safe area for repair. 

The ASME Standard NOG-1-2004 “covers electric overhead and gantry multiple girder 
cranes with top running bridge and trolley used at nuclear facilities and components of cranes at 
nuclear facilities” and specifically addresses items 1 and 2 above, which are considered as 
"single-failure-proof" features on nuclear grade cranes. These are considered to be requirements 
for the 40-ton Target Hall and MI-67 cranes, so nuclear grade cranes are recommended for these 
applications. 

Cranes operated in radiation environment are typically specified with additional features that 
aid in remote operation or with failure recovery. True vertical lift is a critical feature, along with 
variable speed creep mode motion. Provisions for on-board lights and cameras are required. 
Powered hook rotate capability is recommended along with overload interlock and cable slack 
detector. Remote and local crane control via a pendant are needed. Recoverability features 
include provisions for a manual winch for recovering a failed bridge and pneumatic brake 
overrides that would allow controlled lowering of a suspended load. 

The Target Hall crane will be unique in that it will be located within a neutron environment 
during facility operation. This environment is damaging to electronic equipment, so the 
electronics that are usually on-board will be located outside the Target Hall. Items being lifted by 
the MI-67 Morgue crane will either be unshielded or stored in a container that may not provide 
enough shielding to allow direct human contact. However, since neutron radiation will not be an 
issue in the Morgue, the electronics on the Morgue crane can be installed on the crane itself 
rather than in a remote location. The crane for the Maintenance Cell will also be used for lifting 
activated, unshielded components on an infrequent basis. However, the consequences of crane 
failure in this instance are not nearly as significant as the items will be contained within a 
shielded hot cell, so a nuclear grade crane is not justified.  

3.1.2 Control rooms 
As a means of increasing facility efficiency and overall availability, it is recommended that a 

Remote Handling Control Room be set up in the personnel-accessible area adjacent to the Target 
Hall. The control room will provide operators an environment conducive to carrying out all 
remote operations required in the Target Hall but would not be used for beam operational control. 
Provisions for crane control would be needed along with camera and lighting control. Local 
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ventilation system control would also be included in this room. In addition, the control room 
could provide system monitoring functions during beam-on operations if desired.  

Because the Morgue area crane will be handling activated components in shielding which 
does not allow hands-on access, it will be necessary to remotely operate the crane. A control 
room in MI-67 is also recommended, to be located in the Truck Bay of MI-67 both for its 
convenience in personnel accessibility and its proximity to the end of the Morgue area crane 
rails, which should simplify the required cabling. A shield window will be installed that allows 
direct viewing of the Target Hall shaft in the crane overlap area. 

3.1.3 Video system 
With no personnel allowed in the Target Hall during most of the maintenance operations, a 

remote viewing system is essential. Rather than set up a portable system for each operation, the 
facility will be designed with this capability incorporated. The Target Hall video system will be 
based on off-the-shelf charge-coupled device (CCD) cameras and components to minimize cost. 
The cameras will be equipped with pan/tilt capabilities installed on the camera mounts, providing 
overlapping views of the Target Hall work areas. Camera mounts and cables will be preinstalled 
in the Target Hall on the walls, on the bridge crane, and in the Work Cell.  

CCD cameras have a limited radiation tolerance (about 104 rads total integrated dose) and 
were it not for the neutron radiation could potentially be left in the Target Hall during beam-on. 
However, the neutron exposure will likely render the cameras inoperable, so during beam-on 
operation, the cameras will be removed from the Target Hall and placed in a protected area. 
Given the relatively low background radiation levels expected in the Target Hall during 
maintenance operations and the relatively low cost of the CCD cameras, they will be considered 
disposable. 

The MI-67 video system will be similar to the Target Hall video system in that the Morgue 
area crane bridge and storage area walls will be outfitted with cameras adequate to allow remote 
transport of items from the Target Hall to either the Maintenance Cell or the Morgue storage 
area. Because neutron radiation will not be an issue in the Morgue, these cameras can be left in 
place when not in use. The Maintenance Cell will also require video cameras, so a common 
video system will be designed that will allow viewing of any MI-67 camera from either the 
control room or from a portable video station located outside the Maintenance Cell. 

4 TARGET HANDLING  

While all the beam line components require remote replacement, the target was considered 
in the most detail because it has the shortest expected lifetime and is the most difficult to replace 
due to the tight alignment requirements it has with the geometry of Horn 1.  

4.1 Target description 
The LBNE target is a water-cooled rod of solid carbon approximately 1 meter long with a 

diameter of 25 mm. It includes some structural supports and attached piping on one end, and has 
a weight of approximately 20 kg. The proton beam enters the target along its axis. 

During operation, the target resides within Horn 1 but does not touch it. The horn has an 
internal bore into which the target must be inserted without contacting, and the diametral 
clearance is approximately 5 mm. The horn will be designed with mounting structures to hold the 
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target in place during operation, but the insertion and retraction operations will be performed 
using remotely operated tooling. All the beam line components are angled downward at 
approximately 6 degrees, which further complicates the target replacement process. It was 
decided that the target would be replaced in the chase without removing Horn 1 in order to 
minimize facility down-time required for target replacement.  

4.2 Target handling scheme 
Target replacement will be completed using two major pieces of equipment, a Chase Frame 

and a Target Handler. There is space along the beam line between the baffle and Horn 1 that is 
adequate to allow the target to be extracted from the horn without removing the baffle. 

The Chase Frame has two primary functions, one being to accurately locate the Target 
Handler with Horn 1, and the other being to provide utility services to the Target Handler. Shown 
in Figure 8, the Chase Frame is accurately aligned to the horn via kinematic locating features on 
both the Chase Frame and the supporting frame of Horn 1. 

 
Figure 8. Target Handler in Chase Frame. 

The Chase Frame guides the Target Handler into position as it is lowered by the overhead 
crane. The Chase Frame incorporates a multiport utility connector plate that mates to the Target 
Handler, thus removing the requirement that the Target Handler have its own set of umbilical 
cables and hoses. The Chase Frame will be designed and fabricated such that when the Target 
Handler is lowered into it, the Handler will be within rough alignment (±6 mm) with the failed 
target. Final alignment will be accomplished via features built into the Handler. 

The LBNE targets will be securely mounted to an external structure on Horn 1 that precisely 
locates and orients the targets with respect to the bore of the horn. This alignment structure 
would be precisely set up using optical surveying equipment prior to facility startup, and it is 
expected that this alignment would remain consistent between target replacements, because the 
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Target Handler will rely on this alignment structure for its operation. The mounting structure 
must have sufficient stiffness and rigidity to minimize the deflection of the mounting structure 
while the Target Handler is attached. In addition to minimizing deflection during the target 
replacement, the structure must rigidly hold the target relative to the horn during operation. 
Radiation heating from the target can potentially deform the mounting structure, so material 
selection will be an important consideration and water cooling will likely be required. The design 
of this structure is critical to the accurate positioning of the target. 

The LBNE Target Handler is designed to both extract a failed target as well as install a new 
one. It is expected that the facility will have two handlers to minimize the time required for target 
replacement. The Target Handler concept is shown in Figure 9.and Figure 10. It consists of a 
rectangular framework that interfaces to the Chase Frame through the connector plate. The active 
components of the Handler reside within the frame and include provisions for axial motion and 
target holding. Passive alignment and compliance features are also included, along with multiple 
cameras and sensors.  

 
Figure 9. Target Handler compliance features. 

The six degree tilt of the Handler is incorporated via manually operated jack screws; 
precision adjustment of these screws is performed hands-on using alignment jigs outside the 
target facility. No angular adjustments are made during the remote operations – the passive 
compliance built into the system allows for final, precise alignment.  

The Target Handler uses two sets of linear slides. The upper set is used to provide axial 
movement of the targets during insertion and extraction. This mechanism is mounted to a moving 
plate which is attached to the lower set of slides. These slides move axially to allow a Handler 
locating feature to engage with a corresponding alignment feature on the horn. A set of airbags 
underneath the lower slides passively allow minor motion during this process; in addition, lateral 
compliance is provided by cross-way rollers on the upper slides. Once the alignment features 
engage, pneumatic clamps are used to provide final locking of the Handler to the horn. When this 
is accomplished, the target holding mechanism is driven forward and clamped to the target. 
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Captured fasteners that attach the target to the horn are loosened, and the spent target can be 
extracted from the horn. All these operations are performed using feedback from onboard sensors 
and cameras. 

When the spent target is retracted into the Handler frame, the Handler is lifted out of the 
Chase Frame and placed in a cask. The cask is lifted into the Work Cell in MI-67 for removal 
from the Handler and final storage in the Morgue. A new target would be pre-loaded into the 
second Target Handler and inserted into the horn using a technique which is essentially a reversal 
of the removal process. 

 

 
Figure 10. Target Handler clamping features. 

 

5 CONCLUSIONS 

A conceptual design of the remote handling system proposed for the Long Baseline Neutrino 
Experiment has been presented. No remote manipulation capabilities are envisioned either for 
the Target Hall or in MI-67. Remotely operated bridge cranes will be the primary remote 
handling tools in both buildings. 

Target replacement is the most difficult remote process anticipated for LBNE, with an in-
chase replacement method required for maximizing facility availability. No remote manipulation 
capabilities will exist in the Target Hall, so a complex, remotely-controlled Target Handler was 
conceptually developed. This handler can meet the precise positioning alignment requirements, 
but significant mockup testing will be required for a successful implementation. 
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