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Abstract. Fermilab has a project to improve the proton beam energy which is 
called PIP-II (the 2nd Proton Improvement Plan). There is a superconducting 
linear accelerator, LINAC, to improve the proton beam power and the LINAC 
consists of 5 types of cryomodules (CM), 1 HWR CM, 2 SSR1 CM, 4 SSR2 CM, 
LB650 CM, and HB650 CM. The prototypes of these cryomodules are being tested 
at Fermilab’s CryoModule Test Facility (CMTF).  Heat load measurements are an 
important part of the prototype CM testing.  
The CMTF cryogenic control system was developed based on the ACNET 
(Accelerator Control NETwork) for CM testing for other projects, but the PIP-II 
cryogenic control system will be implemented using the Experimental Physics 
and Industrial Control System (EPICS). As part of the prototype CM testing 
campaign, an EPICS based control system has been implemented at CMTF. This 
EPICS cryogenic control system includes real-time heat load calculation software 
utilizing the Fortran implementation of Hepak.   
This paper details the real time heat load calculation software developed for the 
prototype CM testing including the first results from the HB650 CM. 

1.  Introduction 
The slogan of PIP-II, Proton Improvement Plan II, project is “the future of Fermilab”. The goal of the 
PIP-II project is to construct an intense high-energy proton beam LINAC with beam power of up to 
800 MeV. The beam from the LINAC will serve the international Deep Underground Neutrino 
Experiment (DUNE) at the Long-Baseline Neutrino Facility (LBNF) and the DUNE experiment 
system will be used for neutron applications. 
Some prototype cryomodules for the LINAC were tested in the CryoModule Test Facility, CMTF, in 
Fermilab. Now their designs have been improved and upgraded based on the test results. 

In 2024, a prototype of HB650 cryomodule which is one of 5 types of the cryomodules was 
tested in CMTF. The tests were done under a new integrated control system, EPICS, which is the 
standard control system of the PIP-II.  

With EPICS, there was a chance to use the Hepak Fortran in real-time. It means that, during 
the test, EPICS can calculate all helium properties, like density, latent heat, and enthalpy, at any 
helium condition. (i.e., any temperature and any pressure)  

With the Hepak Fortran under EPICS, the non-isothermal heat loads of the cryomodule were 
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Figure 1. PIP-II construction area in April 2025 

 
automatically calculated and EPICS showed the trend of the heat loads in real-time. The results 
from the EPICS were almost same as the results of the Excel spread sheet with the archiving data. 

This paper briefly introduces the CMTF in chapter 2 and the cryogenic control system in 
chapter 3. It explains how to measure the non-isothermal heat loads of the cryomodule in real-
time with a developed EPICS software in chapter 4 and shows the test results in chapter 5.  

In chapter 6, it summarizes all and mentions the plans of the software updates. The software 
will be improved to calculate the isothermal heat loads of the cryomodules, and it will calculate 
the total helium amount of the cryomodules in real-time. 

The developed software can be applicable for the PIP-II LINAC cryogenic system. 

2.  Cryomodule test facility (CMTF)  

2.1.  Cryogenic system of CMTF 

 
Figure 2. Layout of CryoModule Test Facility, CMTF 
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For cryomodule tests, there is a cryogenic plant which is called “Superfluid Cryogenic Plant 
(SCP)” in CMTF and its cooling capacity is about 500 W at 2 K, 600 W at 5 K, and 5 kW at 40 K. 
The SCP fully supports any kind of cryomodules in test caves. [1] The cryogenic plant has three 
cold compressors and five warm vacuum pumps to keep the cryomodule temperature under 2 K. 
However, Fermilab installed three additional warm vacuum pumps and is using them without 
the cold compressors. 

Also, there is a cryogenic distribution system to supply and return the cryogenic helium 
to/from the cryomodules in the caves. The distribution system consists of a distribution box, a 
valve box to control the DESY type cryomodules in a test cave and two small valve boxes for 
testing other types of cryomodules in the other test cave. 

There are two separate cryogenic control systems. SCP is controlled with WinCC under 
Siemens PLC and the other cryogenic system is working with Fermilab control system, 
Accelerator Control Network which is called ACNET via Siemens PLCs. WinCC only controls the 
SCP cold box and the ACNET controls the others, including compressors, a recovery system, and 
a cryogenic distribution system and monitors the cold box. 

2.2.  Test caves of CMTF 
The CMTF in Fermilab has two test caves for testing different kinds of cryomodules. One of the 
caves, we call CMTS cave, is dedicated to the SLAC, LCLS-II HE cryomodules and the other cave 
called PIP2IT cave is for the PIP-II cryomodules. 

The cryogenic distribution system of the CMTS cave was designed for SLAC LCLS 
cryomodules. All LCLS-II cryomodules fabricated by Fermilab were successfully tested and now 
LCLS-II HE cryomodules for their beam energy upgrade, have been tested in this cave. 

PIP2IT cryogenic distribution system can test two cryomodules simultaneously. There are 
two valve boxes for the two cryomodule and they can manage the cryogenic helium for both 
cryomodule. 

2.3.  Test schedule 
There are five types of the cryomodules, a HWR cryomodule, SSR1 cryomodules, SSR2 
cryomodules, LB650 cryomodules, and HB650 cryomodules.  

In 2024, the prototype cryomodule of the HB650 cryomodules was tested in the PIP2IT cave 
and in 2025, the prototype of the SSR1 cryomodule will arrive at Fermilab for tests. Fermilab is 
preparing the test equipment and improving the cryogenic system.  

3.  Cryogenic control system in CMTF 

3.1.  Past, control system 

  
Figure 3. ACNET user interfaces (Left) and Synoptic user interfaces (Right) of cryogenic system 
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ACNET is a main control system in Fermilab. All Fermilab control systems are based on ACNET 
and all beam lines and experiment systems are still controlled under this control system.  

ACNET is a text-based interface and there is a Graphical User Interface, GUI, called Synoptic, 
between ACNET and operators. (See Figure 3.) 

The cryogenic system in CMTF is displayed by Synoptic GUI and cryogenic operators can 
easily operate and monitor the system with Synoptic. [2] 

3.2.  Now, additional control system 
EPICS is the standard control system of the PIP-II. EPICS is developed as a control system for big 
science experimental system. It is an open-source software so it is possible to modify the EPICS 
for the CMTF cryogenic system. 

The GUI of EPICS was developed by the Phoebus and the GUI screens have updated before 
every cryomodule tests. With these screens, the cryomodule can be controlled. Figure 4 shows 
one of the GUI screens. [3] 

3.3.  Future, integration control system 
The Accelerator Controls Operations Research Network, ACORN, [4] is the next control system 
for Fermilab accelerators. It will integrate ACNET and EPICS and modernize the Fermilab 
accelerator control system by replacing the old hardware and software. 

4.  Real-time heat loads 

4.1.  Non-isothermal heat loads 
Non-isothermal heat loads are calculated by the below equation. 

 
                                                         𝑞̇𝑞𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑚̇𝑚  × (ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑖𝑖𝑖𝑖)                                                                (1) 
 
Where, 𝑞̇𝑞𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is the heat loads [W or J/s], 𝑚̇𝑚 is the mass flow rate [g/s], ℎ𝑖𝑖𝑖𝑖is the enthalpy at 

inlet [J/g], and ℎ𝑜𝑜𝑜𝑜𝑜𝑜 is the enthalpy at outlet [J/g]. 
The cryogenic system measured the mass flow rate, pressure/temperature at inlet, and 

pressure/temperature at outlet. Based on the measured pressure and temperature, the enthalpy 
can be calculated by Hepak software. 

 

 
Figure 4. One of GUI screens for HB650 cryomodule tests in EPICS 
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Figure 5. Heat loads measurement points (HTTS: red, LTTS: blue) 

 
In case of the High Temperature Thermal Shield, HTTS, and the Low Temperature Thermal 

Shield, LTTS, of the prototype HB650 cryomodule, their heat loads can be calculated by the 
equation (1). The inlet/outlet points of the HTTS heat loads were defined as red circles in Figure 
5. Also, the inlet/outlet points of the LTTS heat loads were defined as blue circles in the figure. In 
both cases, they use the same flow meter, FT600A. (Green circle in Figure 5) So, both heat loads 
cannot be calculated at a time. 

4.2.  Helium properties with EPICS 
Hepak software has two different versions. One is for the excel spread sheet and the other is 
Fortran version. EPICS can use the Hepak Fortran by C++ or Python. The Fermilab EPICS source 
code was developed based on C++. [5] It informs all properties of helium 4 in real-time. 
 
 

 
Figure 6. HTTS heat load calculation equations 
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Table 1. EPICS PV for heat load calculation 

EPICS PV Description Unit Accuracy 
PIP2IT:pHB650_CRYO_PT607H:GHePP HTTS inlet pressure kPa - 
PIP2IT:pHB650_CRYO_h607H:Enthalpy HTTS inlet enthalpy J/g - 
PIP2IT:pHB650_CRYO_PT608H:GHePP HTTS outlet pressure kPa - 
PIP2IT:pHB650_CRYO_h608H:Enthalpy HTTS outlet enthalpy J/g - 
PIP2IT:pHB650_CRYO_h608-7H:Enthalpy HTTS differential enthalpy J/g - 
PIP2IT:pHB650_CRYO_608-7H:HeatLoad HTTS total heat load W - 
PIP2IT:pHB650_CRYO_PT605H:GHePP LTTS inlet pressure kPa - 
PIP2IT:pHB650_CRYO_h605H:Enthalpy LTTS inlet enthalpy J/g - 
PIP2IT:pHB650_CRYO_PT606H:GHePP LTTS outlet pressure kPa - 
PIP2IT:pHB650_CRYO_h606H:Enthalpy LTTS outlet enthalpy J/g - 
PIP2IT:pHB650_CRYO_h606-5H:Enthalpy LTTS differential enthalpy J/g - 
PIP2IT:pHB650_CRYO_606-5H:HeatLoad LTTS total heat load W - 
PIP2IT:pHB650_CRYO_608-7H:HeatLoadOn HTTS heat load measurement on/off - 
PIP2IT:pHB650_CRYO_606-5H:HeatLoadOn LTTS heat load measurement on/off - 
PIP2IT:pHB650_CRYO_PT607H:Press HTTS inlet pressure psig 0.13% FS 
PIP2IT:pHB650_CRYO_TX607H:TempK HTTS inlet temperature K 0.05% FS 
PIP2IT:pHB650_CRYO_PT608H:Press HTTS outlet pressure psig 0.13% FS 
PIP2IT:pHB650_CRYO_TX608H:TempK HTTS outlet temperature K 0.05% FS 
PIP2IT:pHB650_CRYO_PT605H:Press LTTS inlet pressure psig 0.13% FS  
PIP2IT:pHB650_CRYO_TX605H:TempK LTTS inlet temperature K 0.05% FS 
PIP2IT:pHB650_CRYO_PT606H:Press LTTS outlet pressure psig 0.13% FS  
PIP2IT:pHB650_CRYO_TX606H:TempK LTTS outlet temperature K 0.05% FS 
PIP2IT:pHB650_CRYO_FT600A:GHeF LTTS/HTTS mass flow rate g/s 0.50% FS 

4.3.  Software of real-time heat load measurement in EPICS 
To develop the source code of the heat load calculation in EPICS, first, all EPICS Process 
Variables, PV, were defined. Table 1 shows all necessary PV. Second, the calculation logics are 
defined as Figure 6 and Figure 7, based on the equation (2) and equation (3). [6] Third, the GUI 
was developed by the Phoebus.  

HTTS heat load calculation equation is below. (Red line in Figure 5) 
 

𝑞̇𝑞𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑚̇𝑚  × (ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑖𝑖𝑖𝑖) =  𝑚̇𝑚  × (ℎ608 − ℎ607)                             (2) 
 
 

 
Figure 7. LTTS heat load calculation equations 
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Figure 8. HTTS heat load results in real-time 

 
And the equation of LTTS heat load can be defined as equation (3). (Blue line in Figure 5) 
 

𝑞̇𝑞𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑚̇𝑚  × (ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − ℎ𝑖𝑖𝑖𝑖) =  𝑚̇𝑚  × (ℎ606 − ℎ605)                             (3) 

5.  Results 
The prototype HB650 cryomodule was tested in the PIP2IT cave. There were various tests 
including the heat load measurements.   

The HTTS heat loads were measured under different operational conditions, such as the 
LINAC condition and the standard condition. [7] Under all conditions, the developed EPICS 
software worked well and calculated the non-isothermal heat loads of the cryomodule in real-
time. Figure 8 shows the HTTS heat loads at the LINAC condition 1. The HTTS heat loads which 
included the heat loads from the bayonets and the U-tubes were saturated at around 290 W.  

Similarly, the LTTS heat loads were measured under the same operational conditions. [7] The 
software also calculated the heat loads. Figure 9 is the results of LTTS heat loads at the LINAC 
condition 1. The heat loads also included the heat loads from the bayonets and the U-tubes. The 
results were around 45 W.  

At the other conditions, the software calculated the heat loads in real-time. The results were 
almost same as the calculated values from the archiving data. The difference between the 
software results and the calculation results was from the mass flow meter. The software used 
the FT600A (Figure 5, green circle) of which measuring range is from 0 to 100 g/s, but the 
archiving data chose the FT600B (Figure 5, green circle) which can measure the mass flow rate 
between 0 and 10 g/s for simple tests. In the future, the software can automatically choose one 
of two flowmeters based on the range of the mass flow rate. 

 
 

HTTS heat loads 
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Figure 9. LTTS heat load results in real-time 

6.  Conclusion 
The EPICS software for calculation of iso-thermal heat loads was developed and the software 
calculated the HTTS and LTTS heat loads during the prototype HB650 cryomodule tests. It was 
working well and showed us the heat loads in real-time. It was useful to understand the 
cryomodule is stable or not. 

After the cryomodule tests, the test results were analysed and the heat loads of the 
cryomodule was calculated from the archiving data. The results of the heat loads were almost 
similar as the values from the EPICS software.  

The next step of this software upgrade is to calculate the isothermal heat loads at 2 K and to 
estimate the mass flow rate through cryogenic valves. Also, EPICS with Hepak Fortran can 
calculate the density of the helium at certain condition. With this information, the total helium 
inventory can be calculated and monitored in real time. This will be useful for checking helium 
loss in any system.  
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