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Abstract 

The original focus was to test and analyze the performance of the Fermilab-built 
Cryomodule-2(CM-2). However, the research focus is shifted to Cryomodule-1 (CM-1) 
from DESY due to an observed pressure-test leaking issue in CM-2. The data from CM-1 
was studied to analyze the performance of the cavities and compare to the theoretical 
prediction. The experience is expected to be used in future testing and analysis for CM-
2.The Unloaded Quality factor was calculated in several methods with different baselines. 
It will be used to evaluate the performance of the cryomodule. There will be some 
comments on how to maintain the stability of the system during the measurement process. 
The low level RF feedback should be on in order to maintain a relatively stable electric 
field (accelerating gradient) within the cavities. This paper will address these problems 
and illustrate the importance of well working equipment. 
 
Introduction 
 

To produce more powerful and high-efficiency particle accelerator, efforts have 

been made for the application of superconducting radio-frequency (SRF) cavities. SRF 

cavities provide huge savings of operating power compared to traditional copper cavities. 

SRF cavities are currently being used in different accelerators, such as the Large Hadron 

Collider (LHC) at CERN, Argonne Tandem Linac Accelerator System (ATLAS) at 

Argonne National Laboratory, the Continuous Electron Beam Accelerator Facility 

(CEBAF) at Thomas Jefferson National Accelerator Facility, the Spallation Neutron 

Source (SNS) at Oak Ridge National Laboratory and the Free-electron LASer in 

Hamburg (FLASH) at DESY. 

SRF cavities are made using high purity niobium. Niobium has the highest critical 

temperature of elemental superconductors (9.2 Kelvins) and is easy to machine at room 
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temperature. Superconductors are being used in order to minimize the power dissipated 

and increase the figures of merit of a radio-frequency cavity, such as the accelerating 

gradient and quality factor. The accelerating gradient is the average electric field 

experienced by the charged particles in an RF cavity. The quality factor (Q) is the ratio of 

the energy gained to the power dissipated in one radio-frequency cycle. Higher Q means 

more acceleration per watt of RF power and therefore determines the efficiency of a 

cavity. Superconducting niobium cavity has nearly zero surface resistance in operation. Q 

for superconducting niobium cavities thus can be 10,000 times higher than Q for 

traditional copper cavities. 

At Fermilab, researches and developments have been done in order to improve the 

performance of high gradient SRF cavities. When a cryomodule (a string of cavities) is 

installed at the beam line, further investigations need to be done to test the performance 

of the cavities. 

The initial plan was to test and analyze the performance of the Fermilab-built 

Cryomodule-21(CM-2). However, due to an observed pressure-test leaking issue in CM-2, 

the research focus is shifted to Cryomodule-1 (CM-1). 

CM-1 is the 1.3 GHz superconducting radio-frequency cryomodule provided to 

Fermilab by DESY. It was assembled at Fermilab and installed at the New Muon Lab 

experimental hall. The cryomodule kit included the vacuum vessel and cold mass 

assemblies, as well as eight individual 1.3-GHz dressed cavities. The vacuum vessel is a 

longitudinal welded pipe which houses the sub-assemblies and provides insulating 

                                                           
1“As part of an agreement between FNAL and DESY, a cryomodule ‘kit’ was put together jointly by DESY 
and INFN-Milano and shipped to FNAL in July, 2007. The kit included the vacuum vessel and cold mass 
assemblies. The eight individual 1.3-GHz dressed cavities and superconducting corrector magnet were 
produced and tested by Fermilab. The cryomodule was assembled at Fermilab by FNAL personnel. This 
cryomodule was named Cryomodule 2, or CM2.” [1] 
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vacuum to the cold mass and the SRF cavities within. “The cold mass is cooled to less 

than 2°K with liquid helium. There are openings along the vessel that provide 

feedthroughs for the RF power couplers, the magnet current leads, and instrumentation.” 

[2] A dressed cavity has had a helium vessel and blade tuner installed. The helium vessel 

contains the cavity and liquid helium to keep the cavity superconducting. The blade tuner 

changes the resonant frequency of the cavity by adjusting the cavity length through a 

motorized driver. Each cavity in the cryomodule can be adjusted separately for 

temperature fluctuations. The blade tuner could also be used to keep certain cavity 

inactive (de-tuning) by tuning it at a different frequency than other cavities in the 

cryomodule. 

In operation, CM-1 is powered by a 5MW klystron and associated high voltage 

power supply. A helium refrigerator/liquefier provides 110 Watts of cooling for the 

cryomodule. A vacuum system, equipment interlock, and a controls system round out the 

infrastructure are also required [3]. 

The data from CM-1 unloaded quality factor (Q˳) measurement was studied to 

analyze the performance of the cavities and compare to the theoretical prediction. The Q˳ 

of the bare cavity could be measured with good precision. [4] “Due to the beam 

requirements for any future accelerator that will use either 1.3 GHz or 3.9 GHz cavities, 

the dressed cavities being tested in the horizontal orientation must be over-coupled, 

making any direct measurement of the cavity’s Q˳ impossible.” An indirect measurement 

of the Q˳ is to measure the dynamic heat load of the cavity and use that to calculate the 

Q˳. [5] It will be used to evaluate the performance of the cryomodule. There will be some 
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comments on how to maintain the stability of the system during the measurement process. 

The experience is expected to be used in future testing and analysis for CM-2. 

Experimental  

All 8 cavities in CM-1 would be powered simultaneously by the 5 MW Klystron. 

Cavities were tuned at 1.3 GHz via motorized blade tuner. Cavity#8 was not able to reach 

the desired resonant frequency due to a problem with the motor that drives the tuner.[2] 

This cavity was de-tuned and there were only 7 cavities on resonance during the 

measurement. 

Liquid helium was pumped into CM-1 to maintain designed low temperature. 

Liquid helium was below the superfluity lambda point of about 2.2K before it entered 

CM-1. Due to its superfluity, liquid helium formed the Rollin film and covered the 

interior of the helium vessel. Helium absorbed part of the dissipated energy within CM-1 

and was in liquid-gas mix state in the returning pipe. Dissipated RF power from the 

cavities is a dynamic heat load on the cryogenic system. This dynamic heat load would be 

calculated based on the change of helium flow pressure and temperature. A Fermilab 

designed Synoptic graphical user interface (GUI) is used to display and control all the 

parameters in a graphical format [3]. In the following figure, devices for pressure, 

temperature and mass flow are circled.  



5 
 

Figure 1-NML Feedbox and CM-1 Synoptic Viewer 

PT03 and PT91 are pressure gauges. TX03 and TX05 are Cernox thin film 

resistance cryogenic temperature sensors. PT03 and TX03 were used to measure the 

pressure and temperature of helium right before it entered CM-1. PT91 and TX05 were 

used to measure the pressure and temperature of helium after it left CM-1. The helium 

mass flow was measured by FTDIS. 

Before the dynamic heat load measurement at first day, CM-1was run without 

power input for 2 hours to measure the static heat load (baseline). When power was 

applied to the module (pulsing at 5Hz), N:M1FFA was set to 0.171 to test the cryogenic 

system. Cavity quench2 was observed at and above 0.170, implies the maximum 

accelerating gradient that the cavities can withstand in current setup.  

                                                           
2 A quench is a rapid heating of an area of the cavity that can cause the metal to heat past its critical 
temperature and lose its superconducting properties, such as zero surface resistance.[4] 
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N:M1FFA was set to 0.169 (~142.4 MV/m on the sum grad) and CM-1 was able 

to  stabilize there for an hour. The power level was later adjusted to discrete values, and 

stayed at each level for at least 1 hour. The first day measurement lasted about 12 hours. 

The second day also began with the static heat load measurement. CM-1was run 

without power input for about 1 hour. The low level RF feedback was turned on for the 

second day measurement. N:M1FFA was set to 0.154 and later adjusted hourly to 0.152, 

0.150 and 0.148. Then, the power input was off for 2 hours. The power input was turned 

on again and N:M1FFA was set to 0.167 for 1 hour. N:M1FFA was adjusted to 0.1655 

for another hour and the second day measurement was done. 

 
Results and Discussion 
  

Using the data obtained from two days’ measurements, the unloaded quality 

factors at different accelerating gradients were calculated. This can be obtained using 

Equation 1.  

𝑄0 = <𝐸𝑎𝑐𝑐2 >𝐿𝑐𝑎𝑣2

(𝑅/𝑄)<𝑃𝑐>
  (1) 

In Equation 1, the cavity length 𝐿𝑐𝑎𝑣 was measured to be 1.038m and the value of R/Q (a 

measure of cavity current), which obtained from former experiment, was 1036.  

The average dynamic heat load  < 𝑃𝑐 > for each accelerating gradient is 

calculated from data set for corresponding gradient. The pressure values from PT03 and 

PT91 were converted into SI unit (Pascal). The converted pressure values and the 

temperature values from TX03 and TX05 are used to determine the flow-in heat (before 

helium entered CM-1) and flow-out heat (after helium exited CM-1). These heat values 

are calculated in HePak, a computer program for calculating the thermophysical 
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properties of helium-4 (4He) from fundamental state equations. The HePak used in this 

analysis is a DOS executable program with an Excel Add-In function-only interface 

(version 3.40). The difference between flow-in heat and flow-out heat and the helium 

mass flow determine the total heat load value for the process. The total heat load values 

were plotted against time to estimate the stability of CM-1. 

 
Figure 2- Plot of the total heat load versus time at an average accelerating gradient of 
133MV/m 
 
For each accelerating gradient, CM-1 is expected to be stable in the last 30 minutes. The 

performance of CM-1 agreed with the expectation at most of the gradient levels. In these 

cases, the average total heat load was calculated with the data in the last 30 minutes for 

each gradient.  

CM-1 did not reach stability in some other gradient levels. The average total heat 

load value from unstable gradient level was calculated with the data points within a 

relative stable period based on the total heat load plot.  
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Figure 3- Plot of the total heat load versus time at an average accelerating gradient of 
138MV/m. The performance of CM-1 is not as stable as the former one (Figure 2). The 
total heat load values between 1200s and 3000s were used to calculate the average value. 
 
The static heat load was subtracted from the average total heat load to get the dynamic 

heat load, < 𝑃𝑐 >.  

The average of accelerating gradient square is calculated using Equation 2. 

〈𝑬𝒂𝒄𝒄𝟐 〉 = 𝑬𝟐

𝑻
�
𝒕𝒇+𝝉𝑳��𝟏−𝒆

−𝒕𝒇/𝝉𝑳 �−𝟒�𝟏−𝒆−𝒕𝒇/(𝟐𝝉𝑳 )��

�𝟏−𝒆−𝒕𝒇/(𝟐𝝉𝑳 )�
𝟐 + �𝒕𝒑 − 𝒕𝒇� + 𝝉𝑳� (2) 

In this equation, 𝑡𝑓 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑖𝑙𝑙 𝑡𝑖𝑚𝑒, 𝑡𝑝 𝑖𝑠 𝑡ℎ𝑒 𝑅𝐹 𝑝𝑢𝑙𝑠𝑒 𝑙𝑒𝑛𝑔𝑡ℎ,𝑎𝑛𝑑 𝜏𝐿 = 𝑄𝐿/𝜔, which 

𝑄𝐿 is the loaded quality factor and ω is the angular excited frequency, is the time it takes 

for the transmitted power to decay. 
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Figure 4-The accelerating gradients in different cavities 

An approximation was also used to calculate 〈𝐸𝑎𝑐𝑐2 〉.  This method treated the accelerating 

gradient as constant, using Equation 3. 

< 𝐸𝑎𝑐𝑐2 >= 𝐸2 × 𝐷𝐹,𝐷𝐹 𝑖𝑠 𝑡ℎ𝑒 𝑅𝐹 𝑑𝑢𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (3) 

The RF duty factor is the product of the flattop and pulse repetition rate. The flattop 

length was decided to be 950µs, instead of the actual pulse length (700µs), to make a 

better approximation. The pulse repetition rate was 5Hz. The unloaded quality factors 

calculated using these two methods were plotted as follow. 
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Figure 5-The unloaded quality factors calculated in two methods 

Based the above plot, it could be told that the constant E approximation was valid since 

the approximate values were close to the actual value. The calculated Q˳ agreed with the 

expectation scale ~ 1010. The unloaded quality factor values based on actual E was 

preferred since it was based on the real shape of the gradient and yielded a conservative 

value. Also, the calculated Q˳ dropped at higher gradient as expected. 

In the process of measurement, the stability of CM-1 was concerned. Analysis 

was done to study the stability of CM-1 at different gradients. The temperature and 

pressure of the flow-in helium and the accelerating gradient were analyzed to study the 

stability of CM-1.The standard deviation of temperature, pressure and accelerating 

gradient were used to show the stability of CM-1. 
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Figure 6-The standard deviation versus accelerating gradient 

The first day data (LLRF feedback off) was plotted at the right side, and the second day 

data (feedback on) was at the left side. It could be told that CM-1 with the LLRF 

feedback on had better (more stable) performance because the standard deviations of the 

temperature and gradient (E) in stable levels (feedback on) are about 10 times smaller 

than those in the unstable levels (feedback off). Additionally, based on the left plot, it was 

more difficult to maintain stability at higher gradient since the standard deviation of 

temperature and gradient increased as the gradient went higher. 
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