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Abstract. Superconducting radio frequency (SRF) cavities for particle accelerators are at risk of failure due to sudden 

catastrophic loss of vacuum (SCLV) adjacent to liquid helium (LHe) spaces. To better understand this failure mode and 

its associated risks an experiment is designed to test transient effects, specifically the longitudinal effects, of SCLV 

within the beam tube of a scaled SRF cryomodule that has considerable length relative to beam tube cross section. The 

scaled cryomodule consists of six individual SRF cavities each roughly 300 mm long, initially cooled to 2 K by a 

superfluid helium bath and a beam tube pumped to vacuum. A fast-acting solenoid valve is used to simulate SCLV on the 

beam tube, from which point it takes over 3 s for the beam tube pressure to equalize with atmosphere, and 30 s for the 

helium space to reach the relief pressure of 4 bara. A SCLV longitudinal effect in the beam tube is evident in both 

pressure and temperature data, but interestingly the temperatures responds more quickly to SCLV than do the pressures. 

It takes 500 ms (roughly 100 ms per cavity) for the far end of the 2 m long beam tube to respond to a pressure increase 

compared to 300 ms for temperature (approximately 50 ms per cavity). The paper expands upon this and other results to 

better understand the longitudinal effect for SRF cryomodules due to SCLV. 
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INTRODUCTION 

One of the next generation experiment proposals at Fermilab is the Project X linear accelerator which utilizes 

SRF cryomodules to accelerate charged particles to nearly the speed of light. The SRF cavities which comprise these 

cryomodules are held at temperatures in the range of 1.8 to 2.0 K by baths of superfluid helium (He II) to maintain 

superconductivity. If the insulating vacuum systems protecting the He II baths fail, heat transfer resulting from 

atmospheric air condensation onto the cryogenic LHe vessel leads to rapid vaporization and pressurization of the 

helium cooling system within the cryomodule. SCLV is often considered the worst-case failure scenario in the 

design of large cryogenic systems, and specifically SCLV of accelerating particle beam tubes has been shown on 

average to be worse than SCLV of the space surrounding a LHe vessel due to the impedance of radiation shields 

and/or multi-layer insulation (MLI) [1,2]. Because heat transfer via air condensation is largely dependent on air flow 

cross section and condensation surface area, the geometry of a system plays an important role when considering the 

effects of SCLV failure. Previous work on SCLV failure in SRF systems has focused on quantifying the heat flux 

from air condensation on the LHe vessel(s), with mean heat fluxes largely on the order of 1 - 4 W*cm
-2

 [1-4]. Most 

relevant to the present experiment is a SCLV failure experiment performed by the German Electron-Synchrotron 

(DESY) of a XFEL cryomodule consisting of 1.3 GHz elliptical cavities similar to what is proposed for Project X. In 

this test DESY measured a mean heat flux from beam line SCLV failure of 2.3 W*cm
-2

, as well as a time delay in 

the pressure propagation from vacuum failure of 4 s along the 12 m long cryomodule beam length [1]. This paper 

presents the design of an experiment with considerable axial length and LHe cooled surface area relative to beam 

tube cross section to observe the longitudinal effect observed by the DESY XFEL during SCLV and present data to 

help characterize the effect. 
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THE EXPERIMENT 

Design 

 
The experiment is designed to simulate SCLV failure for a scaled Project-X style SRF cryomodule, which 

consists of six 1 L LHe cavities connected by a 25 mm diameter riser pipe to a common 100 mm diameter helium 

gas (GHe) header and a common 25 mm diameter beam tube spanning the 2 m length of the experiment through 

each of the six LHe cavities. A diagram of the experimental setup is shown in Figure 1. To capture the longitudinal 

effect of SCLV in the beam tube, absolute pressure measurements are recorded along the axial length at increments 

of approximately 35 cm (see Table 2 for more details) using Validyne differential pressure variable reluctance 

transmitters, referenced to cryostat vacuum, nominally 10
-9

 mbar. In addition temperatures are recorded at similar 

intervals along the length of the beam tube on the vacuum (failure) side as well as the LHe side using Lakeshore 

Cernox CX-1050 RTDs, bonded by Stycast to the experiment. The entirety of the experimental is constructed from 

304 stainless steel for ease of fabrication and to limit axial conduction between cavities. Pressure and temperature 

transmitters are also located on the LHe and GHe circuits as shown in Figure 1. Differential pressures are measured 

on the external orifice flow meter on the inlet to the beam tube vacuum space and on the exit of the GHe header 

upstream of the 4 bara helium relief.  
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FIGURE 1.  Experiment Schematic. 

Initial Conditions 

TABLE (1). SCLV Experiment Initial Conditions  

Variable Value Units 

LHe bath temperature 2.0 K 

LHe bath pressure 3129 Pa 

Initial  beam tube pressure 10-5 mbar 

Initial LHe volume 8.2 L 

Total GHe volume 17.5 L 

RESULTS 

Data 
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FIGURE 2.  Beam Tube Pressure Profile 800 ms following SCLV 

 

 

Figure 2 shows the pressurization profile of the beam tube vacuum rupture for 800 ms immediately following 

SCLV, where P1 (diamonds with line) and P7 (squares with no line) are the transmitters on the near and far ends of 

the cryomodule, respectively. Also included is a small section of the differential pressure measured across the air 

orifice upstream of the beam tube (dashed line along the vertical axis) shown to reference the onset of SCLV. One of 

many interesting features of this plot is the time delay between the initial pressure spike recorded by P1 on the first 

cavity, in reference to the flow path of incoming atmospheric air, and each subsequent pressure transmitter axially 

along the length of the beam. Compiled in Table 2 is information regarding the timing of the initial pressure spike 

for each transmitter, that transmitter’s axial displacement from P1 along the beam tube and the average incident air 

pressure propagation velocity to each transmitter downstream of P1. It takes over 500 ms for P7 in cavity six to 

record the incident pressure increase first recorded by P1 in cavity one. The average pressure propagation velocity in 

the beam tube generally decreases with axial distance from the beam tube inlet from about 7.0 m*s
-1

 at P2 to  

4 m*s
-1

 at P7, this is several orders of magnitude lower than the speed of sound for air at atmospheric conditions. 

This average pressure propagation velocity is consistent with results from the DESY XFEL cryomodule crash test 

which had a 4 s delay along the length of a 12 m long cryomodule for an average pressure propagation velocity of 

approximately 4.0 m*s
-1

 [1]. This slow pressure propagation is firm evidence of the longitudinal effect in strings of 

SRF cavities which have considerable cold length and surface area relative to vacuum venting cross section.  

The slow pressure propagation velocity is a result of a condensation rate on the 2 K inner surface of the cavity 

that is sufficiently higher than the incoming atmospheric air flow rate for the first 10-100 ms of flow exposure to 

each cavity along the length of the cryomodule. This temporary delay only lasts until the cavity condensation rate 

peaks, at which point the condensation rate of the cavity starts to decay due to excessive air condensate build up on 

the cold surface which inhibits effective heat transfer from the air molecules flowing into the cavity. As the 

condensation rate in cavity one decays, only some of the air molecules flowing into cavity will condense, allowing 

the remaining molecules to flow further downstream and start condensing on cavity 2. Even if not all of the 



molecules entering cavity one are able to be trapped/condensed in cavity one, they are still partially cooled which 

helps to reduce the energy transfer requirement for condensation in cavity two and later in cavity three, etc. This pre-

cooling effect helps to explain why the pressure propagation delay gap grows wider with each subsequent incident 

pressure spike downstream. This process then repeats down the length of the cryomodule for each cavity until 

reaching cavity six, over 500 ms after SCLV. 

 

 
TABLE (2). Beam tube pressurization: time until initial pressure spike and uniform pressurization, and average air pressure 

propagation velocity along beam tube axis after SCLV 

Sensor 
initial pressure spike 

after SCLV 

distance 

from P1 

avg. velocity of pressure 

spike propagation 

time to achieve 

uniform pressurization 

P1 7 ms - - 732 ms 

P2 57 ms 349 mm 7.0 m/s 692 ms 

P3 132 ms 691 mm 5.5 m/s 632 ms 

P4 277 ms 1037 mm 3.8 m/s 602 ms 

P5 407 ms 1384 mm 3.5 m/s 587 ms 

P6 507 ms 1730 mm 3.5 m/s 507 ms 

P7 512 ms 2120 mm 4.2 m/s 512 ms 

 

 

For cavities one through four, after the initial pressure spike and fast pressurization rate there is a slower 

intermediate pressurization rate with a more horizontal slope than at the initial pressure spike. This is the result of 

each of the upstream cavities experiencing declining condensation rates and allowing pre-cooled air molecules to 

travel downstream to the next adjacent cavity. This intermediate, slower pressurization rate can be thought of as a 

period of downstream condensation. Even as air inflows into the beam tube persist at fairly constant rates for the 

first 600+ ms after SCLV (see Figure 3), the pressurization rates along the beam tube vary significantly during this 

time period. The inflow of air into cavity one causes its pressure to rise rapidly for the first 60 ms after SCLV, and 

then the pressurization rate slows considerably until about 732 ms after SCLV when cavity one experiences uniform 

pressurization. Once P2 first detects the incoming air molecules, cavity one has already reached its peak 

condensation rate. Any additional air flowing into cavity one that is not condensed in cavity one is partially cooled 

but moves on to cavity two, where it starts condensing. As time passes, cavity one’s condensation rate continues to 

decline due to excessive build-up of condensed air, and more and more air reaches cavity two until cavity two then 

achieves its peak condensation rate, around the same time that P3 starts to experience the incoming air molecules, 

etc. This process continues until no more cavities are available downstream for additional condensation due to a 

critical build-up of condensation on the inner beam tube surface, a reduction in the amount of LHe available for heat 

exchange, or a significant increase in the pre-cooling temperature of molecules that are flowing downstream as a 

result of one or both of these reasons. When this happens cavity six begins pressurizing rapidly at a rate comparable 

to the initial pressure spike pressurization rate because more air molecules are entering the beam tube than can be 

condensed and because they have nowhere downstream to go at cavity six, the local pressure at cavity six starts to 

increase with increasingly warmer gaseous air. This is the reason why cavity six never experiences a period of 

slower, intermediate pressurization, because once the flow reaches cavity six it has nowhere downstream left to 

condense.  

Another interesting characteristic of the pressurization profile in Figures 2 and 3 is the period of uniform 

pressurization across all cavities in the cryomodule beam tube, which is visible shortly at around 700+ ms. Uniform 

pressurization occurs as a result of the beam tube pressure being well below atmospheric pressure and the inability 

of any cavities to condense a significant portion of the incoming air molecules. This allows the new air flowing into 

the beam tube to start mixing with the stagnant air trapped at cavity six, because it has nowhere left to condense 

downstream, and starts warming and expanding the air inside all of the beam tube cavities. Because cavity six does 

not have any cavities downstream for its air to condense, it is the first to resume a rapid increase in pressure, 

followed by cavity five, then cavity four, and so on until all six cavities are experiencing a rapid, uniform 

pressurization. This process occurs from about 700 ms after SCLV until the beam tube internal pressure is equalized 

to atmosphere which it begins approaching asymptotically around 3500 ms after SCLV.  
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FIGURE 3.  Beam Tube Pressure Profile 3500 ms following SCLV 
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FIGURE 4.  Beam Tube Temperature Profile 400 ms following SCLV 

 

While pressure profiles are the dominant information in a loss of vacuum study, in SCLV on LHe cooled 

systems, temperature profiles also provide a useful insight on the longitudinal effect in a SRF cryomodule. Figure 4 

shows the temperature profile on the inner surface of the cryomodule axially along the beam line, and spaced 

comparably to the pressure transmitters (see Figure 1 for orientation of thermometers and Table 3 for specific 

dimensions and temperature spike incidence velocities). Of note on Figure 4 is that the temperature data from this 

experiment is particularly noisy and largely unreliable quantitatively, therefore only qualitative judgments will be 

taken from this data set with exception of the time delay of the incidence of temperature spike. Despite the 

uncertainty in the absolute temperature readings provided, it is still very useful to analyze the time delay in this data 

to better understand the longitudinal effect. While the temperature profiles look somewhat similar to the pressure 

profiles in Figure 2, it is interesting that the time delay measured between the spikes from the thermometry is much 

shorter than those of the pressure spikes, while still showing the same trend of an increasing time delay gap as the 

molecules travel further downstream, likely also because of the pre-cooling effect. The cause of the shorter time 

delay could be due in part to greater sensitivity of the Cernox RTDs than the Validyne pressure transducers, but in 

spite of this it is reasonable to perceive this as a real effect and not just a case of instrumentation bias. As air 

molecules start to flow into the 2 K beam cavity they cling to the very low temperature surfaces inside the beam line 

and condense. As this happens the pressure in the cavity starts to increase very slowly, because only very few 

molecules can avoid condensing on the inner cold surface of the cavity. Simultaneously most of these molecules do 

condense on the cavity inner surface because of the very low temperatures inside the beam cavity. This deposits a 

relatively large amount of energy to the walls of the cavity surface, to which the thermometry is attached. Because 

the pressure transmitters are not very sensitive to heat transfer they require additional free gaseous molecules to 

record an increase, by which time significantly more molecules are already condensing inside of the cavity. It is 

because of this effect that the longitudinal temperature lag along the length of the beam tube is only about 300 ms 

compared to 500 ms for the longitudinal pressure lag. As a result, the average air velocity of the temperature spike 



propagation is at least 40% faster (up to 400% higher on the near end of the cryostat) than the incident pressure 

propagation velocity and also decreases with axial distance from the inlet to the beam cavity. 

 
TABLE (3). Beam tube pressurization: time until initial temperature spike and average air temperature propagation velocity 

along beam tube axis after SCLV 

Sensor 

initial temperature 

spike after SCLV 

distance 

from T1 

avg. velocity of temperature 

spike propagation 

T1 3 ms - - 

T2 5 ms - - 

T3 12 ms 346 mm 38.5 m/s 

T4 49 ms 692 mm 15.0 m/s 

T5 97 ms 1038 mm 11.0 m/s 

T6 181 ms 1384 mm 7.8 m/s 

T7 298 ms 1730 mm 5.9 m/s 

CONCLUSSION 

Despite some erroneous temperature data, the SCLV experiment shows a clear longitudinal effect along the beam 

tube axis for the first 500+ ms. Comparing this longitudinal effect to other literature it appears that this effect is not 

unique to this experiment and is scalable to other systems of similar geometries [1]. The causes of the longitudinal 

effect are the result of warm, atmospheric air entering a very low pressure beam tube and getting trapped to the very 

low temperature surface, via condensation. As the first cavity in the beam tube develops a layer of air condensation 

on its cold, inner surface its effective heat transfer and condensation rate start to decline, allowing the new warm air 

molecules entering the beam tube to be drawn downstream to colder cavity surfaces. As this process develops a slow 

moving front of air molecules pushes further downstream to colder surfaces, all the while being pre-cooled by the 

cavities upstream which can no longer condense all of the incoming air molecules. Eventually this deposition of 

molecules downstream peaks, when the air molecules reaching cavity six form a critical thickness on the inner 

surface such that the condensation rate in cavity six can no longer condense all of the air molecules that are able to 

reach it. At this point the condensation rates in the far end of the beam tube decline rapidly and because there are no 

more cavities downstream the uncondensed molecules begin to rapidly pressurize each subsequent upstream cavity 

until the entire beam tube reaches a period of uniform pressurization, which lasts through the duration of the 

experiment.   
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