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Abstract 

As a part of the HL-LHC upgrade, a cryomodule is 

designed to host two crab cavities for a first test with 

protons in the SPS machine. 

The evaluation of the cryomodule heat loads is essential 

to dimension the cryogenic infrastructure of the system. 

The current design features two cryogenic circuits. The 

first circuit adopts superfluid helium at 2 K to maintain 

the cavities in the superconducting state. The second 

circuit, based on helium gas at a temperature between 50 

K and 70 K, is connected to the thermal screen, also 

serving as heat intercept for all the interfaces between the 

cold mass and the external environment. An overview of 

the heat loads to both circuits, and the combined 

numerical and analytical estimations, is presented. The 

heat load of each element is detailed for the static and 

dynamic scenarios, with considerations on the design 

choices for the thermal optimization of the most critical 

components. 

INTRODUCTION AND HEAT BUDGET 

One key element of the next LHC upgrade, known as 

HL-LHC, is represented by the adoption of a crab-

crossing scheme, provided by a set of compact SRF crab 

cavities [1]. Prior to installation in the LHC, a prototype 

two-cavity cryomodule was designed and is under 

manufacturing, in view of beam tests in the SPS in 2018 

[2, 3].  

 

Figure 1: Cavity and interfaces. 

The cavities are cooled with superfluid helium at 2 K, 

and a second circuit with helium gas, at a temperature 

between 50 K and 70 K, is connected to the thermal 

screen, also serving as heat intercept for all the elements 

connecting the cold mass and the external environment.  

Detailed calculations were performed in order to evaluate 

the thermal losses to the two cooling circuits, a necessary 

input for the design of the cryogenic infrastructures. The 

thermal losses breakdown is shown in Table 1, referring 

to both circuits in static (without RF power) and dynamic 

(with RF power, cavity delivering 3.4 MV deflecting 

voltage) nominal HL-LHC working conditions. The main 

items contributing to the total losses and the thermal 

design choices are summarized in the next sections. While 

the He gas circuit is at a temperature comprised between 

50 K and 70 K, the connection to the intercepted 

components is done by means of copper flexures at a 

temperature conservatively assumed equal to 80 K. 

Table 1: Cryomodule Heat Loads. Values are in Watts 

 2 K 80 K 

Static   

Radiation 3.4 30 

Cold/Warm transitions 0.2 10 

Supports 2 40 

FPC 4 100 

Instrumentation 2.3 10 

HOM/Pickup 3.9 40 

Tuner 1 10 

Total static 16.8 240 

Dynamic 

Cavity deflecting mode 11 0 

FPC 5 10 

HOM/Pickup 4.9 10 

Beam current 0.5 0 

Total Dynamic 21.4 20 

TOTAL  38.2 260 

SUPPORTS, TUNING SYSTEM AND 

COLD/WARM TRANSITIONS 

These elements are not traversed by electrical currents 

and contribute therefore only to the static losses of the 

system. Their thermal design keeps into account the heat 

flowing by conduction from the thermal screen circuit to 

the helium tank (80 K – 2 K), and exchanged between the 

external ambient and the thermal screen (300 K – 80 K). 

The contribution of thermal radiation was also 

investigated and found to be negligible; therefore the 

problem is solved analytically, for each element, with the 

Fourier’s equation: ܳଶ௄ ൌ ௜௡௧ܮܣ න ݇ሺܶሻ݀ܶ	଼଴௄
ଶ௄  

଼ܳ଴௄ ൌ ܮܣ െ ௜௡௧ܮ න ݇ሺܶሻ݀ܶ	ଷ଴଴௄
଼଴௄  

(1) 
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where k is the thermal conductivity, A and L are section 

and length of the connection, Lint is the distance between 

the cold mass and the intercept on the 80 K circuit. This is 

valid for geometries of constant thickness; for more 

complex shapes or 3D problems, the calculation was 

refined with a finite element analysis (FEA). Good 

thermal performances have to be reached without 

endangering the structural resistance of the component, 

and the technical solutions aim at the best 

thermal/mechanical compromise.  

Supporting System 

As shown in Figure 2, the dressed cavities are 

mechanically supported via the external tube 

Fundamental Power Coupler (FPC) and two 316LN 

blades [4]. The helium biphase line is supported on 

316LN and Ti-6Al elements connected to the vacuum 

tank. All these components are quite massive; however, 

stainless steel and titanium are bad thermal conductors 

and the power losses to the cold mass, calculated with 

Eq. (1), are acceptable. 

 

Figure 2: Left: cavity supports. Right: He line support. 

Cold/warm Transitions (CWT) 

The CWT are elements connecting the cavity to the 

warm beam line, and are constituted of a stainless steel 

beam pipe and bellows of the same material (see Figure 

1). The system can be represented by two resistances in 

series, and since the bellows thickness is extremely low 

(0.15 mm), the thermal losses are negligible. 

Tuning System 

The tuner changes quasi symmetrically the distance 

between the two capacitive parts of the cavity. This is 

done by an actuator outside the cryostat that, acting on a 

titanium pushrod, creates a displacement between two 

vertical stainless steel concentric tubes [5].  

 

Figure 3: Left: tuning system. Right: detail of the 

connection frame/helium vessel. 

The thermal losses to the cold mass are generated 

through the pushrod, the tubes and a rigid titanium frame 

surrounding the helium tank. The frame is in contact with 

the helium tank in four points, designed to maximize the 

thermal resistance while sustaining the mechanical stress 

given by the tuning actuation, avoiding the risks of 

buckling (Figure 3). 

INSTRUMENTATION 

The cryomodule is extensively instrumented, by means 

of temperature probes and magnetic flux sensors. 

Moreover, heaters are included at the end of each 

cold/warm line, at the vacuum tank level, to avoid the 

formation of ice (Figure 4). The wires for the powering of 

these systems act as resistances in parallel. Although each 

wire is very resistive, due to the high number of wires the 

total loss to the cold mass is quite relevant (above 2 W).  

 

Figure 4: Wiring system. Different lines highlighted: 

thermal probes (purple), magnetic flux sensors (blue) and 

heaters (red). 

THERMAL SCREEN 

The thermal screen is a copper structure wrapped with 

multilayer insulation (MLI) and directly thermalized by 

the 80 K helium gas circuit (Figure 5). Its role is to 

minimise the thermal losses by radiation to the cold mass 

at 2 K [6]. In principle, the contribution of thermal 

radiation to the heat balance is not difficult to estimate for 

two grey bodies at a known emissivity by means of the 

Stefan-Boltzmann law. However, the addition of MLI 

complicates the problem, and the losses on the two 

circuits were estimated based on experimental 

measurements performed on LHC cryostats [7]. The 

thermal screen also presents openings required by the 

alignment instrumentation, allowing an optical access to 

the targets. At these openings, the cold mass exchanges 

heat by radiation directly with the external ambient. These 

additional losses were estimated with FEA. 

 

Figure 5: Exploded view of the thermal screen. 

FUNDAMENTAL POWER COUPLER 

The FPC is one of the main contributor to the losses on 

the cold mass. It is made of a copper-coated 316LN tube, 

3 mm thick, and a warm copper internal antenna. At 
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nominal operation the antenna dissipates 100 W by 

Joule’s effect. This could lead to high temperatures on the 

antenna, with possible issues of creep, outgassing, and 

radiation losses to the cold mass. Iterative analyses with 

HFSS [8] and ANSYS were performed to find the optimal 

design of the component, which is actively cooled by a 

room-temperature water flow of 1.5 m·s-1 circulating in 

an internal channel dug in the antenna straight section. 

The component reaches 100 °C (Figure 6) at the tip of the 

antenna, and emits heat by radiation towards the cold 

mass. These losses in dynamic conditions were also 

estimated with FEA. 

 

Figure 6: Left: FPC antenna and can. Right: thermal FEA 

of the tip of the cooled antenna. 

The stainless steel tube, is subjected mostly to 

conduction heat transfer. In this case, however, Eq. (1) 

can describe only the losses in static conditions. When the 

RF power is active, additional losses by Joule effect have 

to be accounted. An analytical solution of the problem is 

extremely complex, as the electrical resistivity of the 

component depends on the temperature field and vice 

versa. A semi-analytical approach was adopted, 

discretizing the system in several nodes and applying to 

each node the energy conservation law. The temperature 

of each discrete element of length dx is defined by three 

equations: 

ܳ ൌ െ න ݇ሺܶሻ ݔܣ݀ ݀ܶ	்ೣ೔శ೏ೣ/మ
்൫ೣ೔ష೏ೣ/మ൯

 

௜ܲ ൌ ͳʹ න ሻݔଶሺܫ ∙ ܴሺݔሻ݀ܺ௫೔ାௗ௫/ଶ
௫೔ିௗ௫/ଶ  

ሻݔሺܫ ൌ ଴ܫ ∙ ݊݅ݏʹ ቀ߱ܿ  ቁݔ

 

where the index i is referred to the i-th discrete element, 

Ta and Tb are the temperature at the inlet and outlet of the 

element, I is the current intensity and R the electrical 

resistance, P is the power, ω is the wave frequency and c 

the speed of light in vacuum. As it can be seen in Table 1, 

the Joule effect generated on the FPC tubes for a nominal 

duty cycle (P = 40 kW) is relevant, even with a copper 

coating of the 316LN walls, representing the 25% of the 

total dynamic losses of the cryomodule. 

HOM COUPLERS AND PICKUP 

The HOM and pickup lines feature a special design [9] 

with thin coaxial stainless steel tubes, copper coated 

(Figure 7). Commercial coaxial cables were also 

investigated, but the power loss at the duty cycle (1 kW 

on each) would provoke melting of the cable in operation. 

The calculation of the heat load to the cold mass in static 

and dynamic conditions was performed semi-analytically, 

with the method detailed in the previous section. 

 

Figure 7: Left: HOM coaxial lines. Right: HOM antenna. 

The HOM antenna is in superconducting niobium, as 

initial simulations showed that the losses on a copper 

component would be too high. The maximum temperature 

on the antenna without cooling is 3.4 K. As the niobium 

critical temperature is 9.2 K, this presents enough margin 

against quench, with negligible losses to the cold mass 

(see Figure 7, FEA performed on the preliminary version 

of the antenna). As an additional precaution, the antenna 

is cooled with superfluid helium. The pickup antenna, 

which is less loaded, does not require active cooling. For 

each line, additional 0.4 W of dynamic losses were 

included in the estimation, to account for a 50 µm shape 

tolerance. 

BEAM AND CAVITY LOSSES 

The beam passage inside the cavities generates surface 

losses due to resistive-wall impedance. These losses have 

been estimated to be 0.5 W based on previous experience 

on superconductive cavities at CERN [10]. The thermal 

losses on the cavity in operation depend on the thermal 

efficiency, expressed by the Q factor, degrading at 

increasing gradients. Recent crab cavity cold tests 

conducted at CERN for the SPS cavities showed a power 

loss of about 5 W/cavity at the nominal gradient of 3.4 

MV [11]. In the estimation of the total heat budget, 5.5 W 

per cavity were assumed, to keep into account possible 

deviations in operation with respect to the measured 

values. 

CONCLUSIONS 

The thermal performance of the SPS crab cavity 

cryomodule was optimized intervening on the design of 

the cooling circuits and the elements connected to the 

cold mass or radiating towards it. The design solutions 

detailed in this paper are the best compromise between 

the thermal and mechanical requirements of the different 

components, minimising the heat loss to the cold mass 

without endangering the structural resistance. The 

developed analytical and numerical calculation methods 

were also discussed.  
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