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Introduction
This document provides a complete description of the cryomodule transport.  There are three basic components to the LCLS-II Cryomodule Transport System; a base frame, an isolation fixture and the isolators.  The base frame is a welded truss with much of the strength found below the transport isolator elevation.  The vertical and cross members found at the cryomodule level (elevation) and above serve to protect the device (however, these members are not designed to support cryomodule loading).  The isolation fixture is an even more basic welded structural, used for cryomodule attachment to the transport system.  Finally, the isolators exist between the base frame and isolation fixture and these components reduce the external shock load from the environment.  
Between Fermilab and Jefferson Lab (35) 1.3 GHz Cryomodules will be transported to SLAC.  Fermilab is responsible for (18) 1.3 GHz Cryomodules.  These include a prototype built and delivered by each Lab.  Another (2) 3.9 GHz cryomodules will be built, tested and transported by Fermilab to SLAC1.  Figure 1 shows the LCLS-II Cryomodule Transport System with a 1.3 GHz cryomodule loaded within.  This assembly will be transported over-the-road from Fermilab or Jefferson Lab to SLAC using an air-ride trailer.
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Figure 1: Proposed LCLS-II transport system with 1.3 GHz Cryomodule attached.
Structural Design
The base frame is a structural steel truss with a sturdy foundation (the structure at the isolator level and beneath), primarily 8” x 3” x ¼” and 6” x 3” x ¼” structural steel tube.  The upper (protective) frame consists mainly of 3” x 3” x ¼” structural steel tube.  The upper (or top) cross members are removable for loading and unloading from above with a quick release (pinned) feature.  The inner isolation fixture also has a structural steel construction and consists mainly of 6” x 3” x ¼” structural steel tube.  A structural analysis of the base frame and isolation fixture shown in Figure 2 is considered in Fermilab TeamCenter ED00029082. 
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Figure 2: Proposed LCLS-II transport system - base frame and isolation fixture.
The design for each transport system (shown in Figure 2) to be used by both Fermi and Jefferson Labs is identical.  A provision was added to the general design to accommodate the transport of a 3.9 GHz cryomodule as well.  The 3.9 GHz cryomodule is similar to the XFEL 3.9 GHz design and will have 8 cavities.  Two inward cross-members are added for support of the 3.9 GHz cryomodule.  These cross members help to stiffen the isolation fixture in the 1.3 GHz cryomodule case.  Only (22) isolators will be needed during the 3.9 GHz cryomodule transport as opposed to (32) for the 1.3 GHz cryomodule case.  
Each 1.3 GHz and 3.9 GHz Cryomodule will be off-loaded from the transport system at SLAC such that the upstream (US) (feed cap) end is brought into the Sector 10 enclosure first.  Therefore, the upstream end of the cryomodule (and transport system) must always be aft (at the rear) of the air-ride trailer.  1.3 GHz Cryomodules loaded at Jefferson Lab for example, will be taken in-line from the test cave with downstream (DS) (quad) leading.  Note that the feed cap end is positioned at the opposite end of the test cave.  The base frame of the transport system is not designed to be lifted with a cryomodule attached (either a 1.3 GHz or 3.9 GHz Cryomodule).  A typical loading sequence is as follows; loading the transport system (base frame and isolation fixture attached with isolators in place) and then lift the 1.3 GHz cryomodule into the transport system and finally, secure.  
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Figure 3: Transport Base Frame Weldment (Drawing # F10038882).  
Figure 3 shows the transport base frame weldment (from Fermilab drawing # F10038882).  The overall dimensions for this frame are 45.83 ft (length) x 7.5 ft (width) x 6.83 ft (height).  The overall available air-ride trailer internal dimensions are 53 ft (length) x 8.5 ft (width) x 13 ft (height).  The maximum (due to restrictions within the United States) are 80 ft (length) x 8.5 ft (width) x 13.5 ft (height) and 80,000 lb load capacity.  are Secure attachment of each cryomodule to the isolation fixture is achieved through a docking system which has a robust clamping frame for ease of loading and unloading from the system while mounted on the trailer.  This docking/clamping system (drawing # F10040189) is shown in Figures 4(a) and 4(b).  
	Parameter
	LCLS-II Frame Requirement
	Trailer Available
	Allowable within US

	Length
	45.83 ft
	53 ft
	80 ft

	Width
	7.5 ft
	8.5 ft
	8.5 ft

	Height
	6.83 ft
	13 ft
	13.5 ft

	Weight
	31,000 lbs
	45,000 lbs
	80,000 lbs
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Figure 4(a): Cryomodule docking/clamping system.  4(b):  Attachment to isolation fixture.
Reinforcement of input coupler manifold system is required, since the pumping systems for each coupler station will be mounted at the time of final cryomodule assembly (Fermilab drawing # F100xxxxx).  This fixturing system located beneath the input coupler manifold (aisle side) is a simple support structure which will be removed once each cryomodule is in place within the LCLS-II tunnel at SLAC.   The center of gravity for each cryomodule is off-set slightly in the transverse plane due to the input coupler manifold protrusion on the aisle side.  Steel material will be added to compensate for this shift of weight to balance (and therefore the center of gravity) the isolation system.  
Suspension System
Essentially, the original XFEL transport suspension system was used as a basis for the LCLS-II Cryomodule Transport System design.  There are certain differences, such as the total assembly weight and relative location (position) of isolators.  In general, the same isolator (wire rope design) manufacture was applied using the compression/roll (45 deg.) configuration represented in Figure 5(a)3.  A uniform spring constant in each axis is most possible when using this compression/roll isolator configuration.  A typical wire rope isolator produced by Isolator Dynamic Corporation (IDC) is given in Figure 5(b)3.  
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Figure 5(a): Compression/roll configuration plot.  5(b):  Example of a wire rope isolator.
The specification of this suspension system begins with the total isolated weight (termed Isolation System Assembly) as defined in Table 1.  These weights are used to estimate the isolator design loads during over-the-road transport. As a rule of thumb, an isolator is chosen based on two simple parameters; ~ 0.1” static deflection and providing a system (isolated) natural dynamic frequency of ~ 10 Hz.  These parameters are determined using the total weight and the number of isolators (providing the weight per isolator).  In our case, a weight per isolator (based on the total weight given in Table 1 of 19,772 lbs and (32) “design” isolator positions) is 636 lbs/isolator.  This design choice places the system between points 1 and 2 on the deflection plot shown in Figure 5(a).   The dynamic spring constant (Ks) of such a system is 2,500 lbs/in, given the IDC M28-525-08 isolator design.  There are (38) isolator positions available for tuning.  
Table 1: Summary of transport component and assembly weights.
	Component
	Weight (lbs)
	Total Weight (lbs)
	Drawing #

	1.3 GHz Cryomodule
	13,585
	---
	F10010030

	Isolation Fixture
	2,060
	---
	F10039628

	Transport Caps (US – Feed Cap)
	1,560
	---
	F10039921

	Transport Caps (DS – End Cap)
	1,310
	---
	F10040659

	Cryo Clamp Assembly 
	130 (x4)
	520
	F10040189

	Isolators Assembly
	806
	---
	---

	Ion Pumps and Supporting Features
	 500
	---
	---

	Isolation System Assembly
	  ---
	20,341
	---

	Base Frame
	9,830
	---
	F10038882

	Transport System
	---
	30,171
	F10039188



Fs = 6.3 Hz
Nominally, given the parameters described above, the isolation system will reduce the shock by 80%.  The practical nature of these suspension systems require more thought and experiment as system tuning is conducted after the initial assembly of the transport system using a realistic (dummy) load, if not actual.  Isolators may be added or subtracted during this process.  A key consideration involves understanding the natural frequency of the proposed trailer and avoiding this value with respect to the transport system.  For example, the specified air-ride trailer has an estimated natural frequency between 2 and 5 Hz4.  The estimated natural frequency of the transport system is 6.3 Hz (for the 1.3 GHz cryomodule) and 6.5 Hz (for the 3.9 GHz cryomodule).  An extra set of isolator positions are available for tuning in the 1.3 GHz Cryomodule case.  
Supporting Features
Conestoga flatbed trailers are constructed with sides and ends to handle shifting loads.  The over-the-road transport will carry each cryomodule across America in different weather conditions.  An enclosed trailer is therefore one of the transport requirements.  The proposed enclosure to be used in conjunction with the air-ride trailer for transport is the Conestoga 2 by Aero Industries5.  These Aero trailers have steel wheels on a stainless steel track and the patented DOT-rated bulkhead.  This bulkhead meets both US Department of Transportation width regulation 23 CFR 658.16(b)(2)(iv) and standard 393.114(c)(2) for loads up to 50,000 lbs.  The patented panelized tarp will enclose the cryomodule during transport.  
The US (drawing # F10039921) and DS (drawing # F10040659) transport cap designs are a modified version of the original INFN/DESY design used for XFEL.  The LCLS-II transport cap design considers a different material, aluminum and specific geometric changes between these designs.  Figure 6 provides an internal attachment example of the XFEL transport cap system as connected to the 300 mm diameter Helium Gas Return Pipe (HeGRP) and vacuum vessel.   
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Figure 6: Example of XFEL transport cap system attached to cryomodule.
Figure 7(a) shows the original INFN/DESY design fabricated by Babcock Noell GmbH6 and Figure 7(b) depicts the current LCLS-II transport cap design.  This LCLS-II design is made from aluminum to reduce the weight.  Another important feature of these transport caps involves the insert used to axially support each HeGRP end.  This feature allows for external stabilization of the HeGRP on each end when transport caps are attached. The idea is to completely support each end of the HeGRP during transport as any transverse force from the HeGRP transmitted may compromise the G-10 portions of the column supports. 
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Figure 7(a): Example of a transport cap used by DESY.  7(b):  Solid model of the LCLS-II transport cap.
Figures 8(a) and 8(b) show the transport cap insert design and swage feature, respectively.  Ten bolts hold and expand the swage feature within the HeGRP at each end.  The insert rod is secured externally after attaching each transport cap (shell).  
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Figure 8(a): Transport cap insert design.  8(b):  Transparent model of swage feature. 
An Americanized strong-back fixture (drawing# 5525-ME-443525) was developed for cryomodule transport at Fermilab in 2010, based on the INFN/DESY design used for XFEL transport.  This design shown in Figure 9 will be implemented for the LCLS-II Cryomodule transports.  
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Figure 9: Example of XFEL style 10-ton strong-back used for cryomodule development at Fermilab.

Modal Analysis
The dynamics internal to cryomodule is also of concern during transport.  Modal shape and frequency are equally important. 

Over-the-road Transport
A proposed transport scheme has been developed between Fermilab and Jefferson Lab, which outlines transport protocol and possible routes given different initial points of origin.  The transport protocol addresses questions regarding weather and other possible risks incurred over-the-road.  Routing is effected by weather conditions and seasonal change.   
During Spring, Summer and Fall months, a Northern route along I-80 W from Fermilab to SLAC is possible given 2,161 mi (31 hours) as shown in Figure 10(a).  Similarly, a Northern route is proposed from Jefferson Lab along I-64 W and I-80 W given 2,975 mi (44 hours) as shown in Figure 10(b).  Conversely, a Southern route during the Winter along I-40 W from Fermilab involves 2,397 mi (34 hours) as shown in Figure 11(a).  Finally, a Southern route from Jefferson Lab along I-64 W and I-40 W given 2,960 mi (42 hours) as shown in Figure 11(b).  
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Figure 10(a): Northern route from Fermilab.  10(b): Northern route from Jefferson Lab.
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Figure 11(a): Southern route from Fermilab.  11(b): Southern route from Jefferson Lab.
Special provisions during transport are necessary to ensure that the cavity string has not been exposed to contamination.  This will include a rough-vacuum monitoring system.  Other instrumentation will include (3) tri-axial accelerometers with a DAQ function (GP1 device) made by SENSR7.
A transport specification will outline the shock limitations, transport conditions and other important requirements during the over-the-road shipment of each cryomodule.  Also, a transport risk assessment will be developed to identify hazards, assess and control risks8.  

	Transport Cap Material
	Total CM Lifted Weight [lbs]
	Total CM Lifted Weight [Tons]
	Required Strongback Lift Capacity [Tons]

	Aluminum
	19,535
	9.77
	10

	Steel or SS
	25,066
	[bookmark: _GoBack]12.53
	14



	Assembly
	Aluminum Transport Cap Weight [lbs]
	Steel or SS Transport Cap Weight [lbs]

	F10039921 (Feed Cap Side)
	1,560
	4,623

	F10040659 (End Cap Side)
	1,310
	3,778
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