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Abstract 

A preliminary design for a cryogenic system as required by an ADS accelerator has been 
proposed in previous studies developed within different Euratom Programmes (i.e. 
EUROTRANS). Currently, within the FP7 MAX programme, a more detailed study, adapted 
to the MYRRHA project, is being developed. Following the last updates and optimisations 
of the superconducting linac design, a more precise evaluation of the cryogenic 
requirements has been performed. In particular, operation temperature, thermal losses, 
and required cryogenic power have been evaluated. A preliminary architecture of the 
cryogenic system including all its major components, as well as the principles for the 
cryogenic fluids distribution has been proposed. A detailed study on the reliability aspects 
has also been initiated. Preliminary proposals for the technical buildings, their dimensions 
and layout in respect of the connexions with the accelerator tunnel have been proposed. 
Several similar size cryogenic systems, currently in operation, have been studied, in 
particular the LHC. The industrial feasibility and reliability of the main components is a 
major concern for the final design of the MYRRHA system. 
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Introduction 

Following initial proposals (PDS-XADS and EUROTRANS projects), detailed analysis and 
further optimisations have converged in a linac architecture which has been extensively 
discussed and compared with both existing linac and other more recently proposed 
projects. Initial proposals on the SC linac operation (heat loads, temperature levels) and 
cryogenic systems adapted to ADS were developed in the EUROTRANS programme [1]. 
This analysis resulted in several recommendations and an industrial feasibility analysis. 

More recently, within the framework of the MAX project (FP7, end of 2011 – beginning 
of 2014) one of the main goals was to develop, with much higher level of details, the 
cryogenic technology that could guarantee a reliable operation of the MYRRHA 
accelerator. First, the analysis of the optimal operating temperature was developed. It 
concerns mostly the intermediate-energy sections of the accelerator that could operate 
either at 4 K (normal liquid helium) or 2 K (superfluid helium). Following this analysis and 
a more precise evaluation of thermal loads, a preliminary description of the MYRRHA 
cryogenic system was presented, including its main components (cold boxes, transfer 
lines and ancillary systems), and practical solutions were proposed to be implemented 
depending on the section of the accelerator. This proposal was based on the following 
criteria:  

• complexity and reliability of the system; 

• associated investment and operation costs; 

• upgrading capabilities. 

All these aspects were presented and discussed at the MYRRHA Accelerator 1st 
International Design Review held in Brussels in November 2012. A panel of accelerator 
experts evaluated this proposal and advised on the cryogenic system optimisation. 

Cryogenic heat loads of the MYRRHA SC linac 

Figure 1 presents the MYRRHA project in its last updated configuration. 

Figure 1. MYRRHA project: Driver linear accelerator, subcritical reactor and ISOL Facility 
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The linear accelerator (linac) is one of the critical components in this project and it 
represents a major technological challenge: to deliver a high energy proton beam at high 
intensity in a continuous wave mode (CW). Only a solution based on Superconducting (SC) 
Cavities can offer the required feasibility and performances. Several design changes have 
been recently introduced into the SC linac, like injector frequency modification  
(352 MHz→176 MHz), a new design of SC – Crossbar H mode (CH) cavities, adopting a new 
modularity (6 cavities in 3 cryomodules for each injector), and, finally, slight changes on 
the modularity of the SC spoke (350 MHz) and elliptical (700 MHz) sections in order to 
optimise the “fault tolerance” architecture as needed for reliability enhancement. Table 1 
presents the current status of cavities, their different types and their composition. 

Table 1. MYRRHA linac SC cavities 

Sections Injector (SC – CH) Spoke Elliptical 

Energy 3 – 17 MeV 17 – 100 MeV 100 – 600 MeV 

nb. of cavities 6 (each injector) 48  (beta 0.35) 
34 (beta 0.47) 
60 (beta 0.65) 

nb. of cryomodules 3 (each injector) 24 
17 (beta 0.47) 
15 (beta 0.65) 

 

  
 

 

Cryogenic parameters of the MYRRHA SC linac 

Cryogenic temperature 

An important choice is the operation temperature of the SC linac. Given the RF surface 
losses on the elliptical cavity walls, operated at 704 MHz frequency (94 cavities over a 
total number of 154 cavities in the SC linac), these cavities must operate at 2 K in order to 
reach the accelerating fields with reasonable heat loads and RF power. The spoke cavities, 
operated at a lower frequency (352 MHz), could eventually be operated at 4 K, but a 
detailed analysis [2], comparing the two possibilities (2 K or 4 K) concluded with an 
overall SC linac operation at 2 K. An efficiency analysis shows that the electrical power 
required to operate the cryogenic system was very similar to the two options. He bath 
stability at 2 K is also an additional advantage for stable spoke cavity operation. 

Heat loads 

Nowadays the MYRRHA linac is one of the first linac’s where the SC cavities cover almost 
100% of the total accelerating range (between 3 MeV and 600 MeV), as compared with 
similar SC linacs like SNS (SC linac starting at 185 MeV) and the proposal for ESS (SC linac 
starting at 78 MeV). In addition, due to the beam operation in CW mode, the dynamic 
cryogenic losses are largely dominant compared to other SC linacs, which must operate 
in pulsed mode with beam duty cycle of only 5%. 

The evaluation of heat loads for the different cavity types has been recently updated 
(see Table 2). 
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Table 2. Summary of heat loads@2 K 

 
CH 176 MHz Spoke 350 MHz  Elliptic 700 MHz 

β=0.47  
Elliptic700 MHz 

β=0.65  

Number of cavities  12 48  34  60  

Static + Dynamic  
includ. couplers  

200 W@2 K 680 W@2 K 635@2 K 1360@2 K 

Total (W) Static (1015 W) + Dynamic (1860 W) = 2875 W@2 K 

 

This evaluation considers the two major loads contributions: 

• The heat loads are associated with the RF couplers. These devices connecting 
directly the RF amplifiers to the cavities through short coaxial lines need 
sophisticated cooling systems to reduce the thermal conductive losses that can be 
introduced at the low temperature level. This is obtained either by heat intercepts 
of the outer conductor at intermediate temperature levels, or by extracting the RF 
generated heat by heat exchange (double wall) using cold LHe supplied at 5 K. 

• The cavity static losses (related to conductive and radiative induced losses in the 
absence of RF driving power) are associated with the thermal and mechanical 
design of the cryomodule, in particular thermal shields, cavity supports, heat 
intercepts, etc.  Based on preliminary studies and extrapolations from similar 
projects, the following static loads were proposed: 5 W/m at 2 K and 40 W/m for 
the 40 K intermediate temperature level. 

Cryogenic refrigerator capacity 

In addition to the heat loads at 2 K presented in Table 2, cryogenic refrigeration should 
also be supplied at intermediate temperature levels for cooling of the thermal shields at 
40 K (total heat load of 15.2 KW), and the RF couplers’ outer conductor (equivalent load of 
500 W at 5 K). 

Table 3 presents the final cryogenic budget at the different temperature levels, 
including two important specifications: 

• Equivalent overall refrigeration capacity at 4.5 K. To ease the evaluation of 
cryogenic refrigeration requirements, the given loads at various temperature levels 
are all expressed as an equivalent load at 4.5 K. This is roughly estimated using the 
Carnot coefficient at the different levels of temperature. This approach allows a 
simple criterion of comparison with other installations in terms of size, capital 
cost, and operational demand. 

• Overcapacity to take into account uncertainties in the heat loads estimations and 
to enhance cool-down speed and eventual additional equipment. The philosophy 
of the LHC cryogenics design has been adopted: an uncertainty factor (=1.25) for 
cavities defects in production and preparation and refrigeration power margin 
(=1.5) for cryogenic safe operation. 

An overall margin of 1.875 is proposed for the MYRRHA cryogenic heat load at 2 K, 
and 1.5 for the heat loads at 5 K and 40 K. 
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Table 3. MYRRHA cryogenic refrigerator specifications 

Function T (K) Heat load (kW) Overcapacity Factor 
(equiv. 4.5 K) 

Cryo capacity (kW)@4.5 K 

Cavities 2.1 2.875 (x 1.875)  =  5.3 2.16 11.5 

Coupler 5 0.5 (x 1.5) =  0.75 ~ 1 0.75 

Thermal shield 40 15.2 (x 1.5) = 22.8 1/6.5 3.5 

 Total equiv @4.5 K 15.75 KW 

 

The size of the cryogenic plant, in terms of electrical power needed to operate the 
system, can be estimated, taking into account the practical efficiencies of the main 
components, in particular the room-temperature compressors. This is represented by the 
C.O.P. (coefficient of performance), which gives the refrigerator efficiency with respect to 
an ideal carnot cycle. In large cryoplants (i.e. LHC) the measured COP is around 230 W/W 
(for a MYRRHA cryoplant of 15 KW equivalent at 4.5 K, it corresponds to 3.5 MW of 
electrical input power). Compared to an ideal Carnot coefficient of 65.6 W/W, it 
represents an efficiency of 28.5%.  

MYRRHA cryogenic refrigeration system 

Figure 2 shows the main components of the cryogenic plant proposed for MYRRHA: 

• liquid and gas storage; 

• room temperature compressors with purifiers and oil removing systems; 

• 4.5 K cold box, including all heat exchangers and turbine expanders; 

• 2 K cold box including cold compressors; 

• cryomodules (cavities) with associated cryogenic interfaces (heat exchangers and 
valves).  

This scheme is based on two main principles:  

• The distributed subcooling heat exchanger scheme. The main cold box produces 
supercritical He (i.e. 4.5 – 5 K, 3 bars) for cavities and couplers. Each cryomodule 
will be associated with a cryogenic interface (valve box) incorporating the 
subcooling heat exchanger to reduce the temperature and the Joule-Thomson 
valve to expand and obtain the nominal He bath at 2.1 K and 30 mbar.  

• A “mixed compression cycle” as adopted by LHC [3] (Figure 3), the 2 K cold box, 
with the cold compressors and heat exchangers, recovers the low pressure cold 
gases from the cryomodules. One or two stages of room temperature compressors 
can be added in order to optimise the efficiency and dynamic range of the system. 
In this case the pressurised He gas reaches the main cold box at an intermediate 
temperature level. 
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Figure 2. Components of the MYRRHA cryogenic system 

 

 

Figure 3. LHC cryogenic refrigerator unit 

 

For MYRRHA, the overall power at 2 K was computed to be 5.4 kW, i.e., roughly twice 
that of one LHC refrigerator. One important issue will be to determine whether this 
higher mass flow can still be handled by the cold compressors designed for the LHC or 
whether a redesign of these components will be necessary.  

In the LHC, the 1.8 K boxes are installed underground at - 100 meters, close to the 
accelerator tunnel. The proposed installation of MYRRHA with a linac tunnel installed at 
the ground level and closer to the cryogenic buildings could lead to an integration of both 
cold boxes (4.5 K and 2 K). This is one major aspect of the cryogenic system of MYRRHA 
that would need further development.  

Similar cryogenic refrigerators for SC accelerators linacs can be considered as 
references for the MYRRHA design: the LHC (one unit) [3] with an equivalent cryogenic 
power of 18 KW at 4.5 K, and the SNS [4], with an equivalent cryogenic power of 10 KW at 
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4.5 K. Both operate at superfluid He temperatures (1.8-2 K) with a refrigeration capacity 
close to the MYRRHA proposal. Following the experience of LHC and SNS, all the new 
projects (like ESS and XFEL) propose now a distributed subcooling design, together with a 
centralised cold compressor station.  

MYRRHA cryogenic system implementation 

Buildings  

Based on building sizes of both LHC and SNS cryogenic systems, a preliminary proposal 
has been presented: Two main buildings are necessary for the installation of the 
cryogenic refrigeration systems and also some outdoor surfaces to install gas and liquid 
helium storage reservoirs. 

• compressor building: 40 x 24 m², with adequate sonic insulation; 

• cold boxes building: 36 x 24 m² including 4.5 K and 2 K cold boxes  

Close to these two buildings, there is a dedicated outdoor surface for helium liquid 
and gas storage of 5x20 m². A storage capacity of 7000 L of liquid He (~ reservoir of 2.5 m 
in diameter and 3 m long) and 200 000 L of gas (20 metres long, 3 m in diameter) at 20 bar 
was estimated.  

 

Figure 4. Preliminary design of MYRRHA cryogenic buildings and the linac tunnel 

 
 

The cryogenic plant should ideally be located as close as possible to the linac to 
minimise thermal and load losses in pipes. The heat load centre of gravity is located at 
140 m from the injector, close to the geometrical centre point of the linac (120 m) or the 
beginning of the high β elliptical section (132 m). One advantage of placing the cryogenic 
plant in the middle of the linac is that the travel length and the mass flow in each 
segment is divided by two compared to a scheme where the plant is placed at one end. 
This reduces load losses and the pipe diameters of the transfer lines.  

Helium distribution 

Figure 5 shows the cryogenic fluids supply requirements: 

• For thermal shield cooling, 40 K supercritical helium at ~4 bar will be provided. It 
will be returned at a temperature of approximately 80 K and ~3 bar (to account for 
load losses. 

• For coupler cooling, supercritical helium will be provided at ~5 K and approximately  
3 bar.  
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• Cavity cool-down requires a dedicated circuit within the interconnecting box 
associated with each cryomodule. The cavities are first cooled with helium 
vapours, then partially filled with liquid helium at 4.5 K. The 2 K cavity 
refrigeration requires an expansion of He through a Joule-Thomson (JT) valve to 
about ~30 mbar. It is therefore necessary to subcool the He gas to a temperature of 
about 2.2 K in a counter current heat-exchanger before the JT expansion. Each 
interconnecting box must integrate this heat exchanger and the associated JT 
valve. 

Figure 5. Cryogenic fluids distribution and heat loads 

 

Cavities and couplers need a supply of 4.5 K at 3 bar with a mass flow of 160 g/s and a 
pipe diameter of 40 mm, thermal shields need a supply of 40 K at 4 bars with a mass flow 
of 40 g/s and a pipe diameter of 45 mm. Low pressure He gas at 30 mbar requires a large 
pipe diameter of 240 mm. All the 5 pipes (supply and return) are grouped in a unique 
composed transfer line, vacuum insulated with a total maximum diameter of 400 mm.  

Figure 6 presents the preliminary view of the MYRRHA SC linac tunnel. It includes a 
spoke cryomodule, the cryogenic transfer line, and the interface valve box associated 
with each cryomodule. 

Figure 6. Preliminary design of the MYRRHA linac tunnel 
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Reliability aspects of the MYRRHA cryogenic system 

Studies developed during the EUROTRANS Project, gave a first estimate of reliability 
performances, and in the MAX Project, more ambitious reliability modelling and 
enhancement proposals are currently underway. Following the detailed analysis of 
fatigue and risks of the subcritical reactor (window, fuel assemblies and structures), the 
foreseen goal is to operate a 600 MeV-2.5 mA beam with less than 10 beam trips, of 
duration higher than three seconds, for a three-month period. This is equivalent to a 
MTBF (mean time between failures) greater than 250 hours. This goal must be compared 
to currently running high-power accelerators which operate with MTBF for only a few 
hours. 

In order to improve the reliability performances of MYRRHA, several major 
improvements are proposed:  

• redundancy of the injector sections (up to 17 MeV) with two complete injectors in 
parallel; 

• a SC linac with cavities operating at reasonably low accelerating gradients, to fulfill 
a “fault tolerance” scheme which can accept a certain number of cavities trips, 
recovering a nominal beam in a very short time; 

• use of solid state RF amplifiers, which can offer an internal failure acceptance, 
allowing avoidance of RF trips and their consequences on nominal beam operation. 

Concerning the MYRRHA cryogenic systems, it is difficult to imagine redundancies on 
the main components for such a large refrigerator. Nevertheless, their reliability 
performances need an in-depth analysis together with a more detailed failure mode 
study. In a first approach it can be stated that a cryogenic system does not induce fast 
transients on the SC linac operation. Unlike a large SC circular machines (synchrotrons), 
where a local magnetic field trip could trigger loss of beam, in a SC linac, an accident at 
the refrigerator level which imposes a stop on He nominal flow, can allow enough time to 
reduce the beam power on the target and perform a safe beam stop. The liquid helium in 
the transfer lines, interconnecting boxes, and reservoirs of each cavity, could offer a 
minimum refrigeration capacity for a safe stop. Of course, it will result in a stop 
procedure of the subcritical reactor, reducing its availability, but without a risk of fatigue 
on the mechanical structures induced by fast thermal transients. This possibility must be 
analysed in detail in order to provide an estimate of time constants and possible strategy 
to stop the beam in a safe way.  

Reliability of large cryogenic refrigerators used for accelerators 

Within the FP7-MAX activities, a special in-depth study has been performed on the 
cryogenic system reliability of three large accelerators: HERA synchrotron in DESY, in 
operation during 15 years (1992-2007) [5], SNS [6] with a SC linac very similar to the 
MYRRHA linac, started in 2006, and LHC [7] with a refrigerator unit size comparable to 
that proposed for MYRRHA, started in 2009. 

The HERA synchrotron refrigeration plant is composed of three units with a 
refrigeration capacity of 6.4 KW@4.5 K each. During this period the availability of the 
refrigeration plant was 99%. Failure statistics of cryogenic components show a total 
number of 200 events (more than 1000 hours of downtime), with the main causes related 
to:  

• the process control system; with failures on hardware (power supplies, 
multiplexers, PLC) and software errors, and some hardware failures are partly due 
to radiation damage; 

• the compressors stations, on average three times a year, a compressor-station 
caused an emergency stop of the refrigeration plant;  



NEA/NSC/DOC(2015)7 

194 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 

• power outages lead to technical breakdowns of the plant, in average 2.5 power 
outages per year, mostly short breaks due to thunderstorms; 

• other failures such as cooling water and compressed air cause discontinuation of 
the cryogenic supply, but with an average of one failure per every three years, the 
HERA technical group (Linde-DESY) concludes that a cryogenic plant availability of 
99% can be reached if periodical maintenance and replacement of critical 
components is carried out.  

The SNS SC linac is composed of 23 cryomodules with 81 SC elliptical cavities. Beam 
loss events from 2007 to 2011, induced by failure occurrences in the cryomodules, 
represent a total of 85 events. Many failures are related to sensors (pressure and vacuum), 
associated electronics due to radiation damage, mechanical parts within the 
cryomodules, ceramic feedthroughs, some bad welding, RF cables and connectors. It can 
be concluded that after 6 years of improvement, in 2011, only one beam trip (related to SC 
linac) per day is observed. The general availability has significantly increased in this 
period from 65% to 86%. 

Modelling of the SNS failure modes and analysis of operation, using the logbook data 
for recent operation periods was performed within the FP7 – MAX Project [8]. A detailed 
risk spectrum fault tree model (currently applied for nuclear power plants) was 
developed. Figure 7 presents the failure statistics. 

Figure 7. SNS failures statistics (period October 2011 – June 2012) 

 
 

The SNS availability improvements after the commissioning phase were impressive, 
increasing from 65.7% availability in 2007 to 91% in 2011. Cryomodules and cryogenics 
systems related failures induce only 6% of accelerator downtime.  

The LHC operation is extensively analysed due to the considerable amount of data 
concerning cryogenic system reliability. The LHC system was designed such that, to a 
certain amount, underperformance of one of the refrigerators (in total eight surrounding 
the collider ring) could be compensated by an adjacent refrigerator. Several major failure 
causes have been identified:  

• compressor station related failures are the most critical (vibrations, friction), as 
they completely forestall refrigerator operation; 

• turbine failures only reduce helium supply by a small percentage; 

• other component faults cited are: oil pumps, compressors shaft seals, and control 
valves of turbine bearings; 

• impurity problems are cited as one of the recurrent failure causes, repair times due 
to clogging problems can be considerable (a complete regeneration is sometimes 
necessary);  
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• a more insidious cause of LHC cryosystem shutdown has been controller 
malfunction due to neutron irradiation coming from residual radioactivity of the 
beam. 

Detailed analyses of LHC operation were published in 2011 and 2012 [9] [10]. In 2011, 
the machine operated for 269 days, delivering 63 days of stable beams (23.4%). Downtime 
due to failures was 73 days, and cryogenics systems (both technical stops and failures) 
contributed for 48 days. Considering only the failures (26 days) the cryogenics availability 
was 90%. In 2012, the machine operated for 257 days, delivering 73 days of stable beams 
(28.4%). Downtime due to failures was 67 days, due to cryogenics failures 15 days, with a 
final cryogenics availability of 95%. LHC cryogenic systems have achieved high availabilty. 
The availability of a single refrigerator is 99%. On average, one refrigerator can be run for 
8-9 weeks without interruption. This figure is close to the three-month irradiation period 
for MYRRHA. 

MYRRHA cryogenic system requirements and reliability improvements 

Following the analysis and the recommendations, a number of common cryogenic 
system failures can be identified. The requirements to guarantee good cryogenic system 
availability can be summarised as follows:  

• Mean Time Between Maintenance (MTBM) should be > 8 000 hous. 

• Valves, heat exchangers and turbines are particularly sensitive elements to 
impurities (dust, oil, gases). Improvements are necessary to keep a minimal level 
in these components.  

• Redundancy studies for all elements containing moving/vibrating parts (turbines, 
compressors, including their respective bearings and seal shafts) are necessary. 

• Periodic maintenance is mandatory: oil checks, control of screw compressors every 
10 000-15 000 hours, vibration surveillance programme, etc. 

• Special control and maintenance of utilities equipment (supply of cooling water, 
compressed air and electrical supply) is necessary.  

• Periodic vacuum checks to identify leakage appearance such as insulation vacuum 
of transfer lines and distribution boxes are necessary.  

• Easily exchangeable cold compressors are required. 

If an appropriate level of redundancy is implemented and the precautions listed 
above are taken into consideration, high levels of availability of the cryogenic systems 
(99%) can be achieved. This high availability can be achieved after one or two years of 
cryogenic system operation (“learning curve”). 
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