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Abstract


This paper describes both a project to install, calibrate, and test the temperature sensors that will be used to gather data from Fermilab’s future horizontal test cryostat, as well as the International Linear Collider in which it will be used.

Introduction

The National Accelerator Laboratory was born in 1967 with authorization from the United States Atomic Energy Commission under a bill signed by then-President Lyndon Johnson.  The task of actually building and operating the new laboratory was handled by the Universities Research Association (URA). This organization was formed by National Academy of Sciences president Frederick Seitz, and was led by Norman Ramsey.  Robert R. Wilson was selected as the National Accelerator Laboratory’s founding director.  In May of 1974, the facility was dedicated to and renamed after the Italian Nobel Prize-winning physicist Enrico Fermi.  Throughout Fermilab’s existence, it has played an immeasurable role in the study and understanding of high-energy particle physics.  Fermilab is the largest high-energy physics laboratory in the Unites States, and possesses the highest-energy accelerator in the world.


Fermilab conducts fundamental research into particle physics.  Scientists are interested in the smallest components of matter separated by the most miniscule distances possible.  They are always seeking to comprehend these particles and the forces that hold them together and force them apart.  This comprehension is derived from the act of giving various sub-atomic particles exceedingly high energy and acceleration, then forcing them to collide and quickly disintegrate. The fragments of theses collisions are detected by several particle detectors.  Just as the human retina detects scattered photons that bounce off of objects in our environment, Fermilab scientists follow a similar approach to "see" into the structure of matter by scattering subatomic particles off of similar particles.  It is the results of these collisions that are the focus of the experiments.  Fermilab’s facilities and scientists have awarded it several “firsts”—including the first direct observation of the Tau neutrino in 2000, and the discoveries of both the bottom quark in 1977 and the top quark in 1995. 
Background


The blood of acceleration—the particles used in collision experiments—flows from an instrument known as a Cockcroft-Walton generator.  Named after John Douglas Cockcroft and Ernest Thomas Sinton Walton who in 1932 used it to power their particle accelerator, this voltage multiplier turns Hydrogen gas into H- ions by introducing it to a cesium-lined container.  The Cockcroft-Walton generator supplies a charge to accelerate the particles out of the container.  

These ions then enter Fermilab’s Linear Accelerator, better known as the Linac. This accelerator speeds the particles up to an energy of 400 million electron volts (or 400 MeV).  This is approximately 70% of the speed of light.  This is accomplished through the use of high-frequency radio waves.  After attaining this energy, the particles pass through a carbon foil, which converts the negative hydrogen ions to protons.  These protons travel with 120 MeV of energy and collide with a nickel target.  This produces a range of particles including antiprotons, which can be collected and stored in the accumulator ring.
 
The H+ particles and their counterparts are then sent to the booster ring.  The booster ring is a circular accelerator that bends particle beams in a circular path through the use of magnets.  The protons are circled around the Booster about 20,000 times to continuously expose them to electric fields, allowing them to gain ever higher energy.  The H+ particles circle the booster ring until they are traveling with an energy of about 8 billion electron volts (8 GeV).  

Once highly energized, the protons enter the Main Injector, a very useful device built in 1999.  It has the ability to perform three functions:  acceleration of protons, delivery of protons from antiproton production, and acceleration of protons coming from the Antiproton source.  These protons finally enter the final stage of the acceleration process—the Tevatron.

Fermilab’s Tevatron has been the highest-energy particle accelerator in the world since its completion in 1983.  The Tevatron’s superconducting, liquid helium-cooled magnets allow it to accelerate protons and anti-protons with an energy of 980 GeV, within 320 km/h of the speed of light.  These particles travel at this incredible velocity in opposite directions and meet at Fermilab’s CDF and D0 particle detectors with 1.96 TeV of energy.  The protons and anti-protons created in the Linac end their highly-energetic journeys in the Tevatron with the hopes that their collisions will provide information about conditions in the early universe and the smallest scale structure of the universe.

The Large Hadron Collider


In 2007, CERN, the largest particle physics research laboratory in the world, will begin operating its Large Hadron Collider (LHC).  Initially, it will only operate at an energy of 0.45 TeV, compared to the 0.98 TeV at which the Tevatron functions.  However, the LHC will initiate operation at its intended energy of 7 TeV in the Spring of 2008.  This mammoth accelerator has a circumference of 27 Km and will allow for particle collisions at an energy of 14 TeV, seven times the capability of Fermilab’s Tevatron.  The results of these interactions will be recorded by one of five detectors being constructed in underground caves with the LHC.  These include two general detectors:  ATLAS and CMS; and three more-specialized detectors:  LHCb, ALICE, and TOTEM.  There will no longer be a need for the capabilities of the Tevatron, taking away Fermilab’s primary research tool. 
The International Linear Collider


The International Linear Collider (ILC) will be a new positron-electron collider.  The ILC will be the result of the efforts and ideas of hundreds of scientists and engineers from the United States, Europe, and Asia.  It will be capable of accelerating positrons and electrons to a collision energy of 500 GeV.  Upgrades on the ILC will make it capable of energies of up to 1 TeV.  While these acceleration and collision energies are somewhat lower than the energies that will be produced at the LHC, the results of ILC collisions will be easier to analyze since electron-positron interactions are simpler than those of protons-antiprotons.  Because of this, the primary purpose of the ILC will be the analysis of particles discovered at the LHC.  Scientists are expecting the International Linear Collider to answer perplexing questions involving dark matter, extra dimensions, and many other physics conundrums.

The ILC itself will be composed of two 20 km-long super-conducting accelerators that will face each other upon completion.  These will carry either positrons or electrons with energies of 250 GeV, which will be upgraded to 500 GeV.  Each beam will contain approximately ten billion of its respective particles.  These particle beams will be magnetically compressed to a minute three-nanometer width as they travel down each accelerator.  They will finally collide at the meeting of both accelerators in intense crashes.  The energy of the ILC’s beam can be adjusted to home in on processes of interest.  

Along with detailing designs and assessing budgets for the ILC, the International Committee for Future Accelerators (ICFA) is also in the process of choosing a site for the construction of the ILC.  Fermilab is vying to become that site.  The lab currently has an extensive ILC research and development program in operation.  With the ILC on site grounds, Fermilab would maintain its position and status as a leader in the field of high-energy physics.  Since data gathered from the LHC and the ILC will be complementary, it would also give Fermilab prominence on the frontiers of new physics discoveries.

Radio-Frequency Cavities
[image: image8.wmf]
Fermilab’s current international linear collider research and development involve the assembly and testing of a horizontal radio-frequency (RF) test Cryostat.  This is a compliment of the vertical RF cavity testing that will soon be performed at Fermilab. In the vertical cavity tests, a bare RF cavity is dipped into a vat of liquid helium.  The cavity is made of a metal called Niobium.  This special substance is difficult to clean, but it serves as a superb superconductor.  A “bare” RF cavity is simply a cavity to which no equipment or instruments have been attached.  It is the end result of scrupulous assembly in what is known as a “clean room”, a facility designed to severely reduce or completely eliminate dust, airborne microbes, aerosol particles and chemical vapors.  
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Diagram of a bare RF cavity.



Diagram of a dressed RF cavity.

The cavity is dipped into the helium to detect any microscopic surface particles that may have clung to the surface of the cavity.  A piece of dust or microscopic microbe will serve as a resistor to the flow of the electricity once the cavity is part of an accelerator.  This also becomes a source of free electrons, serving to emit them at an increased rate, which also heightens the amount of radiation given off from the cryostat.  With the goal of accelerators being the extreme energizing of sub-atomic particles, a resistor will naturally waste electricity.  This will prevent the accelerator and its particles from reaching their full energy potential and thus hinder scientists’ efforts and new discoveries.  Therefore, all RF cavities must be thoroughly spotless.

Horizontal RF Test Cavities


Once a bare RF cavity passes the vertical dewar test, it is then ready to be dressed. The cavity is placed inside of a helium vessel. This shell holds liquid helium that is pumped into it, chilling the Cavity to 2 degrees kelvin.  This cooling allows for the superconductivity of the cavity.  This allows the massive amounts of electricity that is used to energize the particles to flow through the cavity with no resistance, as a resistor would generate enough heat to effectively evaporate the liquid helium and nullify the experiment.  


After being placed inside of the liquid level dewar, the entire structure is placed on a cavity cart and placed inside a cryostat, a large shell that chiefly serves as an insulator for the RF cavity.  This cryostat is then placed inside of a cave. A cave is an assembly of thick, square-cylinder concrete stones that are assembled end to end to eliminate any openings. Once they are assembled in the shape of a small room, more concrete is added to the roof.  The cave serves to keep radiation inside of the cryostat test area.  As a Horizontal Test cavity is being tested, electrons are emitted from the surface of the RF cavity for reasons not yet understood by scientists.  These free electrons strike other surfaces within the cryostat, creating X-rays and other types of radiation.  After it has been secured inside of the cave and the needed instrumentation has been connected, the entire cryostat is finally ready for testing.  The testing process is accomplished through the use of an electron gun.
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The Actual Horizontal Cryostat that Fermilab will use in its RF cavity tests.
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A diagram of a complete Horizontal RF Test Cavity.
Cryostat Instrumentation


In order to record temperature data and monitor conditions within the cryostat, various probes and sensors are required.  Some of this instrumentation is attached to the cryostat; others are simply attached to each cavity as it is tested.  There are numerous types of instrumentation.  These include:

1) Instruments that are attached to, but does not travel with, each test cavity:

a) Liquid Level Probe

b) Cartridge Heater

c) Temperature Sensor

d) Pressure Transducer

2) Instruments that are attached and will travel with each test cavity:

a) Coupler e-pickups

b) Transmitted RF power pickup

c) HOM pickups

d) Blade tuner motor and temperature sensors (3.9 GHz)

e) Slow tuner motor and temperature sensors (1.3 GHz)

f) Fast tuner/temperature sensors/strain gauges (1.3 GHz)

3) Instruments that are placed in the cave during cavity testing:

a) Cryovessel vacuum pressure transducer

b) Cavity and Coupler vacuum ion pump current

c) Coupler e-pick up

d) Coupler RTD, IR sensor, PMT, photodiode

e) Cavity RF forward power pickup


f) Cavity RF reflected power pickup

g) X-ray detectors.

The cryostat itself was several months late for arrival, forcing me to eliminate most of the instrumentation plans that were originally developed.  However, one type of instrumentation could be installed and calibrated without the actual cryostat being present: the temperature sensors.

Tools Required
The temperature sensors that are to be used with the cryostat were ordered from Lakeshore. There are four sensors in all: three Cernox temperature probes and one Platinum temperature probe.  A cernox sensor is sensitive to temperatures as low as 0.1 degrees kelvin. A platinum sensor, however, can only detect temperatures as low as 14 kelvin.
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The temperature sensors used for my project.  The cernox sensors are attached to the copper backings, whereas the platinum is  the narrow green sensor. They are soldered to the male 19-pin connector in the foreground. The black capsules are the 4-pin connectors.
Designing
Before work on the transmitters could begin, it was necessary to first decide how the wiring would be done.  It was important to make the connection in a way that would allow ample room for the sensors to be connected from their initial position in the cryostat, through the cave, and to finally terminate at a Programmable Logic Controller (PLC) box.  

Each sensor has four leads, one each for positive current, positive voltage, negative current, and negative voltage.  These leads serve as the basis of future tests.  A current is run through the positive and negative current leads.  Each sensor has an internal resistor to oppose this electricity flow.  The voltage drop is measured from the positive and negative voltage leads.  Using the standard relation of current, voltage, and resistance, it is a simple of matter of determining resistance by dividing the measured voltage by the current used.  The leads of the sensors were connected to a 4-pin hypertronics connector.  These connectors are fed through a patch panel, a simple sheet of metal that is used to securely hold a connector in place.  The four 4-pin connectors are then soldered via 3 foot cables to a male 19-pin connector.  These connectors are attached by a female 19-pin connector and 150-foot cables to each temperature sensors’ respective temperature transmitter. 

This was the pattern of two of the Cernox sensors and the one Platinum sensor.  However, since one temperature sensor will need to be placed inside of the liquid level dewar, a few extra steps are needed in order to accurately connect it.  Just as with the other sensors, this one is first connected to a 4-pin connector, but does not pass through a patch panel as of yet.  From here, this sensor is soldered to a 10-pin hermetically sealed connector.  Since there will be a vacuum inside the cryostat to serve as insulation, it is vital to ensure that no atmosphere from the outside can leak into it.  That is the purpose of hermetically sealing the 10-pin connector. After this process, the lead outs are then connected to another 4-pin connector, at which point they pass through a patch panel in order to secure the connector.  From here, the liquid level dewar’s temperature sensor is connected to the same 19-pin connector as all the others, and after 150 feet of cabling, is finally connected to its respective temperature transmitter.  
To ensure that all wiring was done correctly and that the ideal design was not flawed, a layout of the wiring involved was made using AutoCAD, a popular Computer-Aided Design software that is used primarily to draft and design electronics in 2- and 3-dimensions. 
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The AutoCAD schematics for the wiring of the temperature sensors to the temperature transmitters. 

Calibration
As the sensors were being prepared, the temperature transmitters were calibrated.  Each temperature sensor came with its own transmitter, a device used to convert the resistance value gathered from its sensor depending on its temperature and convert it to a current measurement.  The temperature transmitter, once powered, provides the current through each sensor’s current leads, as well as the voltmeter that measures the voltage drop across the sensor.  

The calibration process occurred for only the three cernox temperature sensors.  A previous platinum sensor had already been calibrated before, so that calibration file also fit the current platinum sensor that was used.  They are calibrated in a lab on the Fermilab site.  The calibration process is a means of ensuring that the resistance value that each sensor is supposed to output corresponds correctly to the current temperature it is measuring.  Once calibration is complete, the data is saved in the form of a Microsoft Excel Spreadsheet of resistance values versus temperatures.  Once this file is in hand, calibration is set to begin with the use of a resistance temperature detector (RTD) calibration generation program.  This program uses many points from each resistor on the Excel spreadsheet and does calculations of its current reading from its temperature and resistance value.  It creates a smooth calibration curve from these points.  Since it does this for all the sensors, it is necessary to select the three sensors of interest.  One at a time, each sensor is selected and interpolated, producing a curve with points that represent a sequential increase in resistance from 0 to 5.6 ohms to match a similar increase in temperature from 0 to 300 degrees kelvin.  The newly interpolated file is saved in notepad as a comma-delimited .234 file. This is the only file type that can be written to each temperature transmitter.  Each sensor’s interpolated resistance versus temperature file is written one at a time to a corresponding temperature transmitter.  
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The Microsoft Excel Worksheet containing various sensors’ resistance versus temperature data. It is this file that is read by the RTD calibration generation program.
Installation and Testing

Once calibration was completed and the 19-pin connector had been attached to the 150 foot cables, it was now ready to be installed.  The cables were channeled through a hole in the cave wall and along several wire racks in the Meson Lab, where the current Horizontal RF Cryostat will be tested upon completion.  The installation terminated at the future location of the PLC box, also in Meson lab.  The other ends of this wire were crimped into the Connectors that lead into the transmitters.  Each transmitter was placed inside of a Lakeshore crate that serves as the power source for the transmitters.
Objective
  
The temperature sensors, which were now attached to a small rectangular piece of copper shielding, were all connected to the male half of the 19-pin connector. It was a simple matter of making the connection between the male and female 19-pin connectors, and we were ready for testing.  The range of the temperature transmitters was set to 0-325 degrees kelvin; the range was set by opening and closing little switches on the circuit board of each transmitter.  The current output range was set for 4-20 milliamps.  In this setting, 20 mA corresponds to 300 degrees kelvin, which is approximately room temperature.  In the same sense, 4 mA corresponds to a degree measure of 0 kelvin, or absolute zero.  After connecting the sensors to their respective calibrated transmitters, we used a multimeter to check the current coming from the output of the transmitters.  Each displayed a current of 20 mA, correctly corresponding to the room temperature in which each sensor was placed.
Future Uses

Once the Horizontal RF test cavity is ready for actual beam testing, it will be a simple matter of placing each temperature sensor where it belongs on the cryostat, where it will monitor conditions to ensure that the helium is adequately cooled and being properly insulated.  As an increasing number of parts are added to the cryostat and it nears completion, other instruments will be added.  As some RF cavities run into problems and are refined, the process of producing these RF cavities will become riddled with fewer and fewer errors.  A plateau will be reached in which the cavities will be produced with none having any problems. At this point, it will be possible to begin producing RF cavities on a large scale according to the specifications determined by Fermilab’s horizontal tests.
Conclusion
The project worked well and performed as we hoped it would.  It is now ready for real experimentation.  I have acquired an immense amount of knowledge over the course of this summer.  I learned of the existence of the AutoCAD.  Although I am no expert, I feel confident enough to produce simple circuit designs and wiring schematics.  Gaining experience in AutoCAD greatly enhances my skill repertoire and strengthens my computer engineering prowess.  


I also learned greatly from the installation of the temperature sensors.  For the first time, I soldered wires and connectors together. I learned of different types of connectors, and had a vast amount of practice with crimping wires and connectors.  Both crimping and soldering are very vital skills used in Computer Hardware Engineering, my current concentration within the field of Electrical Engineering.  It is training that I can proudly carry into my future endeavors.
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