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INTRODUCTION

A four-cavity module operating at 3.9GHz, designated as ACC39, has been designed, fabricated, tested, and assembled by Fermilab as part of the TESLA Technology Collaboration (TTC) activities between DESY and Fermilab [Figure 1]. This module will be sent to DESY, tested there as a complete module and installed in the VUV FEL, FLASH. 
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Figure 1.  Model image of ACC39 with cutaway showing internal structures

This module will be attached to the downstream end of the injector 1.3 GHz module [Figure 2]. It will allow for linearization of the time energy correlation within the electron bunches and thus provide for better and more uniform bunch compression. In turn the better compression should yield more efficient and more stable FEL lasing. 
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Figure 2.  ACC39 will be installed between ACC1 and Endcap in the above schematic for FLASH.  Particle beam goes from left to right in this figure.  Cryogenic feed box is at the top, just out of this portion of the schematic.  The rest of FLASH cryomodules are cooled by the separate branch of cryogenic lines going off to the right in this schematic.  
 As installed at the TTF / VUV-FEL the 3.9 GHz system will include:

1) The RF power source

- Modulator

- Klystron and auxiliaries

- Modulator controls/interlocks

- Low Level RF (LLRF)

- Coupler interlock

- RF distribution- Waveguide, Load, Isolator, etc

2) Cavity Module (the operating goal of each cavity is 14 MV/m at Q0 of  109 )

- Cavities- four 9-cell cavities with helium vessels

- Couplers

- Tuners

- Module cold mass, vacuum vessel, etc

- Coupler vacuum manifold

The general agreement between DESY and FNAL is that DESY will be responsible for the RF power source and integration into the TTF / VUV-FEL, and FNAL will be responsible for providing the Cavity module. 

FERMILAB RESPONSIBILITIES
Fermilab is responsible for fabricating and shipping the four cavity 3.9 GHz module to DESY. The cavity module has been developed at Fermilab. The following steps have been carried out in preparation for shipment to DESY. 

· Fabrication, processing, tuning, and vertical dewar testing.

· Testing of the cavities at FNAL through horizontal dewar tests of dressed cavities.

· Assembly of the cavity string at FNAL.

· Joining the string to the cold mass–300 mm He gas return pipe with the cold ends of the  input couplers attached.

· Mounting the cold mass assembly in the vacuum vessel.

· Pressure testing and vacuum testing the assembly.
· Shipping the vacuum vessel module assembly and warm coupler parts, etc. separately.  

· Mounting the module on a special carriage to reduce shocks during shipment.
The final assembly and check out of the module and warm couplers will be done at DESY after shipment. DESY and Fermilab personnel will collaborate in this final assembly and checkout.

DESY RESPONSIBILITIES
DESY is responsible for the RF power source and for installation and commissioning of the complete system. The modulator will be supplied by DESY. DESY has ordered a klystron of the same type as Fermilab has procured from CPI. The Fermilab klystron may act as an emergency spare for commissioning or in FLASH once the 3rd Harmonic system becomes operational.  Procurement of a spare at DESY is being addressed.

DESY will be responsible for modulator controls / and interlocks development as well as for the coupler interlock system. The coupler vacuum manifold including pumps, valves, controls are also in the DESY responsibility. The LLRF and master oscillator will be based on the existing FLASH system. DESY will provide advice to Fermilab as requested in implementing controls and LLRF systems for the A0 injector and 3.9 testing at Fermilab. These systems include both injector and module integrated systems. Fermilab will aid DESY in its development of the 3.9 GHz LLRF system.

The waveguide distribution up to the input couplers will be DESY responsibility, as the actual layout of the waveguide runs are specific to the TTF / VUV-FEL layout. There probably is mutual advantage in using like components at both labs for isolators, directional couplers, etc. 

MODULE COMMISSIONING
The module will be installed first in the DESY CryoModule Test Bed and will receive its first full-module RF tests there. It will then be installed into the FLASH/VUV-FEL facility by DESY. Fermilab personnel may participate in these installations and commissioning activities.

LIST OF PARAMETERS AND REQUIRMENTS 
Below is a table of initial parameters from W. D. Moeller including later updates by mutual consent of DESY & Fermilab.  
Parameter List for the 3.9 GHz Cavities W. - D. Moeller, 14.08.02

	Type of structure
	standing wave

	Accelerating mode
	-mode

	Voltage
	20 MV

	Accelerating gradient, Eacc
	14 MV/m

	Phase
	-179°

	Cell to cell coupling
	3.97 %

	Stored energy
	1.2 J

	Frequency
	3.9 GHz

	cavity
	9 - cell

	R/Q [=U2/(W)]
	375 Ohm  [750 Ohm]

	Epeak/Eacc
	2.26

	Bpeak/Eacc 

Bpeak @ Eacc = 14 MV/m
	4.86 mT/ (MV/m) 

68 mT

	Tuning range
	3900 ±1 MHz 

	∆f/∆L
	2.39 MHz/mm

	Lorenz force detuning constant KLor
	6 Hz/(MV/m)

	Number of cavities
	4 (+2 spares)

	Beam current
	9 mA

	Qext
	13.0 x 105

	Total Energy
	20 MeV

	Bandwith
	4.1 kHz

	Forward power
	11.5 kW

	Coupler power (per coupler)
	45 kW

	BBU limit for HOM, Qext
	< 1.0 x 105


	Active length of 9 cells
	345.96 mm

	2 x taper in beam pipe
	0

	2 x length of beam pipe (for power- and HOM- couplers)
	159.94 mm

	Cavity overall length 
	505.9 mm

	Bellow length
	102 mm 

	Total length needed (end flange to end flange)
	2329.70 mm


Thermal requirements 


The ACC39 cryostat must operate cryogenically in series with ACC1 as stated in the introduction above.  All cryogenic circuits must be compatible with temperatures, pressures, and operational requirements for the FLASH string, including operational requirements for warm-up and cool-down.  To avoid potentially slow warm-up or cool-down due to a thermal “short” between 70 K shield supply and return lines, insulating shims are located between the pipe and thermal shield for the 70 K pipe on the right when facing in the beam direction.   
SHIPPING 

Both the shipping crate and cryomodule assembly will be exposed to shock and vibration accelerations during handling and transport. Maximum values that the base frame is likely to experience according to measurements conducted by NASA and the US Department of Defense for the modes of transport, by aircraft and truck is as follows.  [See 3.9 GHz Cryomodule Crating and Shipping Specification for details.]

· Maximum transmitted vertical shock acceleration: ± 6.0 g

· Maximum transmitted transverse shock acceleration: ± 2.0 g

· Maximum transmitted longitudinal shock acceleration: ± 5.0 g

Fermilab assumes responsibility for maximum loads established above.

PRESSURE VESSEL REQUIREMENTS FOR ACC39 

General rules 


The ACC39 cryostat must meet various pressure vessel and vacuum vessel requirements.  ACC39 has to conform to the European legal regulations. DESY will be the importer into the European Union and has to certify the conformity to the European regulations.


As part of the FLASH-linac (former TTF2-linac) cryogenic system, the 3.9 GHz cryostat will be treated according to the TTF2 risk analysis (Gefahrenanalyse nach Anhang I der Druckgeräterichtlinie DGRL, May 8, 2003).  With reference to this analysis, the cryogenic equipment of the 3.9 GHz cryostat will be assessed to fall below module I of the DGRL.  As a consequence the cryogenic installations require no authorized third party inspections.


In accordance with the TTF2 risk analysis, the 3.9 GHz cryostat shall be treated in line with the standard 1.3 GHz cryomodules: the niobium material of the cavities cannot be certified for the use at low temperatures. The thermal shields and the vacuum vessel of the cryostat act as containment for the inner 2K pressure vessel (see also DESY note D5/591, December 1, 1993.)


The DESY safety rules are fulfilled as soon as the cryostat is conforming to the EU rules.

Technical rules


The design and construction of the 3.9 GHz cryostat has to be conforming to the DGRL. According to the DGRL, the manufacturer has to take the responsibility for the application of suited technical rules, which are not defined in detail in the DGRL. In case of the 3.9 GHz cryostat, DESY as the importer takes action for the manufacturer outside the EU.  


DESY applies the AD2000 technical rules or the European harmonized rules. But according to DESY’s risk analysis also the US ASME regulations for pressure vessels can be applied. This is underlined by the fact that since a decade, DESY has already cryogenic components in use at TTF and FLASH, which were designed and constructed according to ASME regulations (FLASH feed box, test cryostats).  

Apart from the cavity made from niobium, all parts of the 3.9 GHz cryostat shall be designed and manufactured in accordance to the ASME pressure vessel code for the use at low temperatures. Note that parts of the helium vessel end are also niobium or NbTi and will be “exceptions” to ASME.  Fermilab will document that the safely level is very conservatively acceptable and, to the extent that we can verify so, as good as the code.
Choice of materials for low temperature use


The choice of materials for use at low temperatures must accord to the European harmonized rules (see attachmentA1). The use of austenitic stainless steels  316L (1.4435 DIN EN 13445-2) or 316LN (1.4429)  should be perfectly in line not only with the EU rules but also with ASME.

On default, materials may be used, which are allowed by the ASME rules for pressure vessels at low temperatures (but steel 321 must be avoided!). For the Ti-vessel DESY uses titanium  DIN/EN 3.7035, which corresponds to Ti grade 2. 


According to the DGRL there is no way to certify niobium for the use at low temperatures.


All ‘pressure vessel parts’ – all parts of the 2K, 4.5K and 40/80K circuits (apart from niobium)- require material certificates. (On default, the content and quality of the certificates should correspond to the ASME code for pressure vessels and use at low temperatures.)


The weld additives used for the pressure vessel parts shall correspond to the ASME code (or related rules), shall be suited for low temperatures and need material certificates.

Specification of pressures and temperatures of cryogenic circuits

40-80K shield circuit:  Design temperature: 40K; design pressure request from DESY (MAWP): 18 bar abs.  (Fermilab confirms 18 bar MAWP, and test pressure at Fermilab = 20 bar abs)
4.5K shield circuit:  Design temperature: 4K; design pressure request from DESY (=MAWP): 5 bar abs.  (Fermilab confirms MAWP = 5 bar absolute and test pressure at Fermilab = 5.5 bar abs)
2K circuit:  Design temperature: 2K; design pressure request from DESY (=MAWP) (*):  1.8 bar abs.  This MAWP corresponds to a test pressure of 2.0 bar.  (After initially planning on a 1.8  bar MAWP as stated here, Fermilab changed to a 2.0 bar abs MAWP and a 2.3 bar pressure test, which is 1.15 x MAWP in accordance with ASME Sec VIII, Div 2.)  

(*) at room temperature an outer pressure not higher than 2 bar abs (cavity under vacuum) can be applied to the cavities. As a consequence, all safety valves of the 2K circuit of FLASH are set to an opening pressure of less than 2 bar abs. At cold the cavities may tolerate pressures up to 4 bar abs. Therefore it is recommended to design all parts of the 2K circuit – apart from the cavities – to a pressure of 4 bar abs, if possible.

In summary, pressures described above are: 

	Temperature level
	MAWP 

(bar)
	Test pressure (bar)
	Relief pressure (bar)

	2 K
	2.0
	2.3
	1.7

	5 K 
	5
	5.5
	

	40 – 80 K
	18
	20
	


Pressure containment standards and procedures

All standards and procedures according to the ASME pressure vessel code (including test procedures) shall be applied. In particular:

1. Complete certification for all pressure vessel materials is required. 

2. All welding procedures have to be supervised and documented.

3. All test procedures, in particular pressure tests, have to be documented.

4. A complete technical documentation has to be delivered (technical drawings, engineering docs etc.)

5. A short operation description is required.
Exceptions to the ASME pressure vessel code 

In the course of fabrication of the helium vessels, several specific requirements of the ASME Boiler and Pressure Vessel Code could not be met.  Each helium vessel engineering note tabulates these exceptions in Table A1.  Below is a copy of the Table A1 from the cavity #5 engineering note.  These exceptions are the same for all four cavities.  
Table A1 – Specific areas of exception to the ASME code

	Location or procedure
	Reference 
	Explanation for exception

	Niobium material
	pg 17
	Used for its superconducting properties, not explicitly allowed by the code

	Calculated stress in Nb cavity at the iris.  
	pg 41
	Worst case tuning extension (0.5 mm) with internal pressure at room temperature (82.4 MPa vs 60 MPa allowable).  This stress is self-limited by the tuner and results at worst in an offset of the neutral tuning position.  

	Niobium-Titanium material 
	pg 19 
	Used for compatibility in welding with niobium and titanium, a transition between the two metals

	Partial penetration welds in Ti and between NbTi and Ti
	pp 79 - 85
	Care not to burn through the material 

	Weld procedure specification (WPS), procedure qualification record (PQR), and welder performance qualification (WPQ) were either not performed, or initiated after completion of the work
	pg 74
	The 0.8 factor taken on allowable material stress per FESHM 5031 is intended exactly for this issue, to mitigate incomplete code-specified information.  

	Incomplete testing of bulk and weld affected zone material
	pg 74
	See note above regarding 0.8 factor.  

	No X-ray or ultrasonic inspections of welds (Div 2 requires 100% radiography, plus 10% ultrasonic testing on welds.)
	pg 74
	Access difficulty.  Samples were welded, cut, polished, and photographed instead in order to establish degree of weld penetration.  



The engineering notes for these helium vessels demonstrate that, in spite of these exceptions to the code, these helium vessels experience acceptable levels of stress and are very safe.  

One additional exception to the ASME code is documented in “3.9-GHz Helium Vessel, Low Temperature Maximum Allowable Working Pressure”, which is the document verifying the safety of 4 bar cold operation.  If we use room temperature allowable stress as the ASME code requires for titanium, then the titanium bellows exceeds allowable stress at 4 bar.  However, the 4 bar cold stresses do not exceed allowable when we consider conservative data for the increase of yield and ultimate strengths for all three helium vessel materials:  niobium, titanium and NbTi.

Appendix 1.  Low temperature materials 

European Harmonized Rules

Stainless steels for the use at low temperatures

DIN EN 13445-2

B.2.2.4  Lowest material temperature for austenitic stainless steels

Apply also for 2K !

Tabelle B.2-2—Niedrigste Werkstofftemperatur TM nichtrostender austenitischer  Stähle

(material spec corresponding to ASTM type AISI may differ  ! On default apply ASME spec)

	Material spec
	DIN EN number
	ASTM type

AISI
	TM (in °C)

	X1NiCrMoCu 31-27-4
	1.4563
	
	-270

	X1CrNiMoN 25-22-2
	1.4466
	
	

	X1CrNi 25-21
	1.4335
	310 L
	

	X2CrNiMoN 17-13-3
	1.4429
	316 LN
	

	X2CrNiMoN 17-11-2
	1.4406
	
	

	X2CrNiMoN 18-12-4
	1.4434
	
	

	X2CrNiMo 18-15-4
	1.4438
	317 L
	

	X2CrNiN 18-10
	1.4311
	304 LN
	

	X2CrNiMo 18-14-3
	1.4435
	316 L
	

	X2CrNi 19-11
	1.4306
	304 L
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