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3. INTRODUCTION

Fermilab and Jefferson Lab are collaborating with SLAC on their LCLS-II upgrade project by supplying SRF design and fabrication expertise [1].  The accelerating sctructures will utilize superconducting RF cavities packaged in cryomodules based on the design developed for the Europeon XFEL and the ILC.  The cryomodule design will be modified to allow operation in the CW mode.

The cryomodule design incorporates internal cryogenic distribution piping and therefore will not require an external cryogenic transfer line.  This accelerator will be housed in an existing tunnel the size of which does not allow for an external transfer line. As a result, the linac will be divided into two long strings of cryomodules by centrally locating the cryogenic refrigeration system.

This document provides the functional requirements to be used for the design, fabrication, testing, installation and commissioning of the superconducting RF cryomodules in support of the SLAC National Accelerator Laboratory LCLS-II project.

4. DEFINITIONS

CW
Continuous wave operating mode
FNAL
Fermi National Accelerator Laboratory

ILC
International Linear Collider
ISO
International Organization for Standardization
JLab
Thomas Jefferson National Accelerator Facility

JT
Joule-Thomson effect, fluid temperature change due to a throttling process
LCLS-II
Linac Coherent Light Source upgrade
MAWP
Maximum Allowable Working Pressure, a term that is used to define the safe pressure rating of a component or system
SLAC
SLAC National Accelerator Laboratory
SRF
Superconducting Radio Frequency

XFEL
X-ray Free Electron Laser
5. SCOPE OF WORK

Inclusions

Design, fabrication, testing, installation and commissioning procedures for SRF cryomodules required for a 4 GeV CW electron linac.
Exclusions

Non-cryogenic related equipment is excluded from this FRS, e.g. civil structures, RF power sources, controls, shielding, support structures, etc.
Cryogenic distribution system including transfer lines to/from the refrigeration system, Low temperature heat exchangers, cryogenic feed caps, cryogenic bypasses around warm beamline and cryogenic end caps.
6. KEY ASSUMPTIONS, INTERFACES AND CONSTRAINTS

(a) Necessary enclosures, support structures and utilities are available prior to the installation of the cryomodules
(b) Total electron acceleration of 4 GeV with 10% built-in redundancy 
(c) Temperature levels.   There will be three temperature levels of helium cooling in the cryomodules.  Designs will allow for any temperatures within the ranges given here.  
i. RF cavity:  1.8 K to 2.1 K are possible temperatures, the precise design temperature is to be determined.  This level is referred to as “2 K” in this document.  

ii. A next temperature level will be in the range 4.4 K to 8.0 K.  This level is referred to as “5 K” in this document.  

iii. The highest temperature level will be helium in the range 30 K to 80 K, the precise range yet to be determined.  This level is referred to as “70 K” in this document.  

iv. There will be no liquid nitrogen in the LCLS-II tunnel.  However, for test purposes in various test cryostats and facilities, the “70 K” thermal shield may be cooled with liquid nitrogen at approximately 80 K.  
(d) In order to remain within the cryoplant capacity, the following LCLS-II cryogenic system total heat load goal has been established: 

2 K Cavity
3,010 [W]

5 K Cold intercept circuit
770 [W]

70 K Warm shield circuit
6,440 [W]

(e)  The above system heat load implies the following crymodule goal for the 35 1.3 GHz cryomodules with an accelerating gradient = 16 MV/m.  
Q0 ≥ 2.7 x 1010 at an operating temperature = 2 K 
Nominal
2 K Static

6 [W]
2 K Dynamic

80 [W]
Cold intercept (5 K) circuit

22 [W]

Warm shield (70 K) circuit

184 [W]
Then we apply the following factors: 

Static heat load uncertainty factor = 1.30

Dynamic heat load uncertainty factor = 1.10

This results in the following weighted cryomodule heat load budget.
Maximum (with uncertainty factor)
2 K Static

7.8 [W]
2 K Dynamic

86 [W]
Cold intercept (5 K) circuit

26 [W]

Warm shield (70 ) circuit
 
222 [W]
The value of Q0 ≥ 2.7 x 1010 represents the current state of the art for single cell cavities. If this average value is determined to be unachievable in completed and installed cryomodules, the following options, or combination of options, are available to the project:

1. Operate within the cryoplant overcapacity factor

2. Operate with less installed accelerating gradient redundancy

3. Operate at reduced gradient and more cryomodules

4. Operate at lower temperature

5. Install more refrigeration capacity

(f) Indoor storage of cryomodules is available on-site prior to installation
(g) Controls system is provided elsewhere

(h) Cryomodule magnet’s power leads are conductively cooled
(i) Cryomodule cool down and warm up limitations

a. Rate limit

b. ΔT limit

(j) The cryomodules will be housed in a tunnel enclosure which has a 0.5% longitudinal slope

(k) The JT heat exchanger will be supplied externally as a part of the cryogenic distribution system

(l) Each cryomodule will have its own JT valve supplying LHe to its cavities

(m) Distribution of cryogenic circuits is internal to the cryomodule

7. REQUIREMENTS

(a) The system is expected to operate for 20 years

(b) 1.3 GHz accelerating structures

(c) Anchoring and thermal contraction of each cryogenic circuit will consider worst case pressure, temperature and alignment extremes

(d) All cryogenic circuits will be designed to allow cool down or wram up independent of the state of other circuits

(e) The cryomodules are subject to comply with Fermilab ES&H Manual (FESHM), in particular, FESHM chapters 5031, 5031.1, 5031.6, 5032, 5033 

(f) Cryomodule MAWP:  

	Region
	Warm MAWP (bar)
	Cold MAWP (bar)

	2 K, low pressure space 
	2.0
	4.0

	2 K, positive pressure piping 

(separated by valves from low P space)
	20.0
	20.0

	5 K piping 
	20.0
	20.0

	70 K piping 
	20.0
	20.0

	Insulating vacuum space 
	1 atm external with full vacuum inside

0.5 positive differential internal
	

	Cavity vacuum 
	2.0 bar external with full vacuum inside

0.5 positive differential internal
	4.0 bar external with full vacuum inside

0.5 positive differential internal

	Beam pipe vacuum outside of cavities
	1 atm external with full vacuum inside

0.5 positive differential internal
	1 atm external with full vacuum inside

0.5 positive differential internal


(g) The cryomodule system in combination with the distribution system shall provide for protection from over pressure of all circuits  

i. Helium piping and vessels shall be protected from exceeding their MAWP by means of relief valves and/or rupture disks in accordance with pressure vessel and piping standards. 

ii. Worst-case heat flux to liquid helium temperature metal surfaces with loss of vacuum to air shall be assumed to be 4.0 W/cm2 [2]. 

iii. Worst-case heat flux to liquid helium temperature surfaces covered by at least 5 layers of multi-layer insulation (MLI) shall be assumed to be 0.6 W/cm2 [2].  

iv. Consideration of back pressure and flow resistance from vent discharge lines and piping downstream of the relief valves must be included in the design.  

v. Relief valves and rupture disks for helium will be part of a vent piping system for ducting helium from the tunnel and most likely will not be mounted directly on the cryomodules.  

vi. The insulating vacuum is to be protected from over pressurization by means of a spring-loaded lift plate. 

vii. Worst case piping ruptures internal to the insulating vacuum shall be analyzed to determine lift plate size.  

viii. Provisions shall be provided to allow free passage of the helium out past thermal shield and MLI to the lift plate.  

(h) Beam tube requirements 

i. Beam tube extensions between cavities and at cryomodule ends are to be “particle free” and cleaned for UHV like the cavities themselves.  

ii. Attachments to the beam tube, such as vacuum valves and beam position monitors are to be clean and “particle free”, which means wet-washed, not just blown clean with gas.    

iii. Attention may be required for RF characteristics of bellows and any beam pipe cross-section changes or asymmetries [check on this]

iv. Beam tube vacuum system (pumping and instrumentation) is provided outside of the cryomodule and not part of cryomodule scope. 

(i) Cryomodule insulating vacuum system 

i. Vacuum vessel provides the insulating vacuum space 

ii. Evacuated multi-layer insulation (MLI) shall be used within the cryomodule 

iii. MLI shall be used on the thermal radiation shield 

iv. MLI shall be used on colder piping and vessels under the thermal radiation shield to reduce boiloff rates from loss of vacuum incidents 

v. Insulating vacuum pumping system and vacuum instrumentation are outside the scope of the cryomodule supply.  

(j) Thermal shields and thermal intercepts 

i. There shall be one level of radiative thermal shield at the nominally 70 K level.  

ii. A thermal radiation shield at the 5 K level is not included.  

iii. Thermal intercepts at the 5 K level shall be available for the support structure, input couplers, warm-to-cold beam tube transitions in the distribution system, and higher order mode (HOM) absorbers, if any.  

iv. Thermal intercepts at the 70 K level shall be available for support structures, input couplers, instrument wires, tuner wires, liquid supply valve, warm-to-cold beam tube transitions, and any other components of the cryomodule for which interception of heat at a higher level than 2 K is beneficial.  

v. The thermal shield shall be designed such that introduction of cold (process temperature) helium into the thermal shield piping when the thermal shield is warm, resulting in a very fast cool-down, does not damage the thermal shield or other parts of the cryomodule.  (The issues are warping and associated forces, thermal stresses, etc.) 

vi. Thermal shield trace piping shall be arranged such that counterflow heat transfer does not inhibit cool-down of the thermal shield.  

vii. System insulating vacuum, thermal shield, and thermal intercept system shall provide for reasonable static heat load 

(k) System will be manufactured using industry accepted QA procedures and standards. 
(l) ISO accepted testing procedures and standards shall be used for system and component tests
(m) Operating Parameters (nominal and tolerances) 

Operating pressures

Cavity bath – P ≥ 1600 ± 20 [Pa]

Cold intercept circuit – 0.3 ≤ P ≤ 1.8 [MPa]

Warm shield circuit – 0.3 ≤ P ≤ 1.8 [MPa]

Operating temperatures

Cavity bath – at saturation [1.8 K ≤ T ≤ 2.1 K]

Cold shield circuit – (5.0 ± 0.5) ≤ T ≤ (8 ± 0.5) [K]

Warm shield circuit – (30 ± 5) ≤ T ≤ (80 ± 5) [K]

(n) Tuning requirements
Slow tuning

Fast tuning

(o) Magnet requirements
(p) Coupler requirements

(q) Magnetic shielding requirements

(r) Adsorber requirements
(s) Instrumentation necessary to measure all warm up or cool down constraints
(t) The cryogenic circuits shall be supplied with flanged connections for individual cryomodule testing which can be removed for welded connection in the tunnel
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