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Abstract
The purpose of this paper is to present a detailed description of the projects and on-going procedures that I was involved in at Fermilab on a summer internship.  These projects focused mainly on improving beamline testing techniques, designing testing apparatus, and calibrating testing equipment.  These tasks were accomplished while working in the External Beamlines Department of the Accelerator Division.
Introduction

Fermilab is a high-energy physics research laboratory which has as its primary mission discovering new elementary particles, understanding the behavior of these particles and generating a combined theory of particle interactions.  Discovering particles and their properties are done by high-energy collisions. The Neutrinos at the Main Injector (NuMI) experiment is currently producing man-made neutrinos.  This is accomplished by shooting a proton beam into a target composed of graphite disks.  Those protons interact with the disks and produce secondary particles.  The charged particles are then directed in a definite direction by two external beamline components known as focusing horns.  The horns produce strong magnetic fields that capture the particles and concentrate them in a fixed route.  The key secondary particles involved are π-mesons and K-mesons, which decay into muon neutrinos.  The neutrinos are then detected by various experiments at Fermilab and off-site at the Main Injector Neutrino Oscillation Search (MINOS) experiment in northeastern Minnesota.  
Fermilab aims to stay at the frontier of high-energy physics experiments by finding ways to feed more power into its experiments; improvements and upgrades are a continuous process.  However, emitting more power causes conflicts with key components and instrumentation of the external beamline; this is where the heart of my project began.  The focusing horns were experiencing a great deal of damage.  This damage was caused from mechanical stress from the several million pulses the horns have had throughout the years.  Eventually, some part of the horn will break and it would be better to replace the horn rather than repair it.  Two spare horns were designed and partially constructed, but not tested before I arrived at Fermilab.  This paper describes the method used to improve the horn testing procedure and calibrate the three-axis transporter for testing purposes.
Theory

Fermilab has not tested a focusing horn since the original horns were built in 2003.  Noticing that parts were missing, instrumentation was damaged, and many of the procedures were out-dated, my mission was clear.  Fortunately, my mentor was the original tester of the first horns built and his assistance was helpful.  I soon learned that doing the actual testing was going to be the simplest task I would undertake during summer.  Gathering the parts, redesigning the process and calibrating the system would take a substantial amount of time.


While looking for parts in old cabinets and drawers, I stumbled across parts that no longer worked, parts that were missing, and devices that seemed to be intact, however they were completely out-dated.  Instead of mixing and matching parts, I focused on understanding the project, then on re-ordering every part that needed to redesign the testing procedure.  With the help of Jim Wilson and Jim Hylen (Fermilab Technician and Physicist), an unused Dell computer was donated to assist with my project.  Most of the upgraded instrumentation that was ordered came from National Instruments.  It was important for me to select devices that were compatible with the new system while maintaining the key purpose of the original parts.
The main measurement tool involved in the testing process is the Hall probe.  This device is used for measuring the magnetic field of the horn in reference to the probe’s position.  The old Hall probe was permanently mounted on a piece of G-10 rod, and its physical condition was unusable because the wires from the probe were severed.  This presented an opportunity to order the latest upgrade to the type of probe that we needed, along with modules that were compatible with our Dell pc.  Our new Hall probe is described as an integrated 3-axis Hall probe.  It is a complementary metal oxide semiconductor (CMOS) sensor chip that contains Hall elements, biasing circuits, amplifiers, and a temperature sensor.  This new probe gives a high-level analog voltage for each of the three components of the measured magnetic flux density and for the chip temperature.  It has an accuracy of less than 1% and an angle recognition accuracy of plus or minus 0.5o to the reference surface.  Basically, this probe sends a precise measurement of the magnetic field and provides a very accurate indicator of its position in the magnetic field.
Other National Instruments modules were ordered because the older modules were not compatible with our computer.  Modules such as the NI-9215 and the NI Compact DAQ Chassis increased the accuracy of our testing system tremendously.  The NI-9215 has a sampling rate of 100 kilo samples per second.  This sample rate almost doubles the sample rate of the previous module used in 2003.  This faster sample rate is helpful because testers might be able to catch a glitch or fault that was overlooked in the past.  The DAQ Chassis has a USB 2.0 output, which increases the transfer speed of information.  This increase in speed resembles seeing the output in real-time versus the recording method that had been used.  An advantage of this increased speed is that if there is a problem, one can see the predicament as opposed to viewing an incident after it has already occurred.
Discussion

After purchasing the appropriate parts, mounting the probe was the next critical task to be performed.  Being that the probe measures the magnetic field; the challenge was to find a sturdy material that would not affect the results of our experiment.  G-10 rods are perfect for mounting because they are sturdy and can be machined into the shape and size needed.  The rod was designed to fit the probe and the requirements of the experiment according to the following scheme.  
The probe and the mount both have to fit inside a sleeve that prevents the horn from water damage from the horn’s cooling system.  The diameter of that sleeve was 0.418 inches which required me to order a rod with a diameter of 0.375 inches; leaving room for error and maneuverability.  The length of the rod would be determined by the length of the cord attached to the probe.  Although my project only dealt with testing horn one, I chose to draw a similar design to test horn two.  The only difference between the two designs is the length; a larger rod was ordered because horn two is about twice the size of horn one.  The picture below shows how and where I chose to mount the probe.
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Figure 1: First draft of the probe in the rod

Figure 1 shows the first draft of how the probe would sit in the rod.  The two dotted boxes are hollow areas in the rod.  The box on the left is cut precisely to fit the head of the probe snuggly.  The probe’s cord runs through the rod in the box shown on the right in Figure 1.  This first draft of  was not a perfect because the probe’s desirable position is in the center of the rod.  This position is vital in allowing testers to predict the true position of the probe accurately.
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Figure 2: Final draft of the probe in the rod
Figure 2 shows the final drafted copy of the probe mount.  Again, this is a hollow rod and the head of the probe will be bonded on the flat end of the left side using a sticky adhesive.  It was redesigned to be held in place by a plug at the end of that left side.  The final draft also includes an output for the cord attached to the probe.  The cord will run through the rod and exit at the slit on the right end of the rod.  This provides greater versatility and less chance of error because no wires will swing or dangle during the testing process.
The mounting redesign was not complete without designing couplers to connect the rod to each of the apparatus we used to test the horn.  This entitled precise measuring techniques of different diameters.  The couplers would have to match these diameters accurately.  The couplers would be completely hollow and each end would have an inner diameter that would fit snugly over the parts it connects.  Since the couplers would not have to enter the horn itself, they could be metal and the diameter was not restricted.  Each of the three couplers has an outer diameter of 0.75 inches and a length of 2.0 inches.  Each coupler was also designed with two set screws on each end to ensure that the connection is secure.  
The first coupler was designed for the vertical testing scheme and connected the G-10 rod to the vertical positioner.  The second coupler was designed for the horizontal testing scheme.  This scheme requires that the probe fit through the inner conductor to measure the magnetic field along the beam axis of the horn.  The expected field here is zero for a well centered inner conductor.  The existing mount resembles a fishing pole and this coupler connects the rod to the pole.  The third coupler was designed to be used with the testing of horn two.  Since the diameter of horn two is about twice that of horn one, an extension coupler was needed to couple two G-10 rods to increase the range of testing.  The manner in which the coupler was designed is shown in Figure 3.  
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Figure 3: First sketch of Coupler 1

Figure 3 shows the exact length of Coupler 1 and the inner diameters which were to be hollowed out.  Each coupler was designed in the same fashion, so only one coupler is shown.  The only difference in the three couplers is the inner diameter.  The screw terminals and the length of the couplers are congruent to one another.  This draft was sent to the shop to be constructed and this concluded the hardware redesigning aspect of my project.

While waiting for the arrival of our new instruments from the shop, it was necessary to test the temperature probes that were lying dormant since 2003.  The purpose of the probes is to transmit temperature signals from different areas of the horn during testing.  This permits testers to recognize if the horn is overheating during testing.  The probes can also assist with determining where the overheating is occurring and protect the horn from damage during testing due to overheating of the conductor.  The probes ultimately narrow the possibilities of human error and horn damage done during testing.  The probes will also trigger an automatic off switch during overnight testing, preventing the horn from overheating.  This overheating could cause the horn to melt and possibly burn through the conductor.
[image: image6.jpg]



Figure 4: Temperature probe setup

Figure 4 is a pictorial representation of the setup used to test the temperature probes.  First, each of the four probes was tested on the first terminal to ensure that each probe was working properly.  Next, one probe was used to test each of the four channels to ensure that each channel was working correctly.  It was soon discovered that one probe would not read out any signal at all and that the temperatures from the probes were not consistent.  The thermometer on the wall would read a steady temperature of 75o, whereas the probes would read within a plus or minus 10o.  This was declared a faulty system and needed to be calibrated.  After calibration, the system worked flawlessly.

Subsequently, the three-axis transporter was revived and tested to perform simple movements using the Motion Architect application.  However, the instructions seemed repetitive and writing a program to perform the same operations would simplify the process.  There were instructions that needed to be entered each time the transporter was started such as the positive and negative hardware and software limits of the transporter.  These limits basically ensure that the tester could not damage the transporter by commanding it to run off its track.  The limits also prevent the tester from running the probe into the inner conductor at the neck of the horn.  In an attempt to shorten the time required for setting up the limits of the transporter for testing movements, a setup program was written and the transporter was to perform this program each time the Motion Architect application was launched.  As shown in the Appendix, the Setup program sets hardware limits, software limits, and the standard velocity.  
Theoretically, after using the transporter, there were no parameters setup to automatically return the transporter to its’ original position.  This was another opportunity to write a program to simplify the testing process.  As shown in the Appendix, the Origin program enables all axis of the transporter and returns each axis to its initial position.  This program will run correctly assuming that the Setup program is run before performing any testing.  The Setup program tells the transporter where it is and defines the starting point as 0, 0, and 0, representing the x, y, and z axis of our transporter.  After testing, the transporter will be at different points on each of the three axes and when the Origin program is run, the transporter will go back to the point defined as the initial position.  This initial position is 0, 0, and 0, as defined in the Setup program and in essence, the two programs need each other to ensure the safety of the transporter and to prevent user error in future testing procedures.

Lastly, the program Adjust was written simply the process of moving the transporter.  This program was the most complex because it includes binary variables, string variables, and other complex commands.  Once the Setup program is run, this program can maneuver the transporter within the given limits.  However, this program allows user input which is helpful for beginner testers and first-times users.  The Adjust program asks the tester which axis to move and how far to move the axis.  The program can enable and disable different axis when not in use.  Consequently, after testing, the tester may run the program Origin to return the transporter to its original position. 
Conclusion

Redesigning the testing hardware and calibrating the three-axis transporter proved to be helpful tasks for future testing procedures at Fermilab.  The probe mount and the couplers are not dependent on each other and unlike past models, no instrumentation is permanently bonded.  This may be helpful for future testing procedures and if future redesigning is necessary.  The probe can easily be removed from the mount and the rods can easily be uncoupled for infinite forthcoming modifications. The programs written for the three-axis transporter reduce the possibility of human error in the future while testing the horns.  There may also be a need for more programs like Origin, Setup, and Adjust as the process of testing these horns complexes.  However, the redesign of the probe mount and the three programs written this summer confirm that the NUMI horn testing procedure has successfully been upgraded. 
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Appendix: Computer Programs for Three-Axis Transporter

Setup Program

;**************************************************************************

;*                Setup Program for the AT6400-AUX1 Indexer                              

;*                                                                         

;*                             produced by                                 

;*                                                                         

;*                Mike Mathis 07/27/2006                 

;**************************************************************************

;*********************** DEFINE SETUP PROGRAM *****************************

 DEL Setup                         ; Delete program, if any

 DEF Setup                         ; Begin definition of program

;*********************** PARTICIPATING AXES *******************************

 INDAX 3                           ; Specify number of participating axes

;*********************** HARD LIMITS **************************************

 LH 0, 0, 0                        ; Enable/disable hard end-of-travel limits

 LHAD 100, 100, 100                ; Specify hard limit deceleration (units/sec/sec)

 LHLVL 000000                      ; Define the active state of each hard limit

;*********************** SOFT LIMITS **************************************

 LSCW 350000, 3000000, 2500000    ; Specify soft limit POS (CW) range (units) 

 LSCCW -350000, -3000000, -2500000; Specify soft limit NEG (CCW) range (units) 

 LS 3, 3, 3                        ; Enable/disable soft limits

 LSAD 100, 100, 100                ; Specify soft limit deceleration (units/sec/sec)

;*********************** INITIALIZE POSITION ******************************

 D 0, 0, 0
;*********************** HOME LIMITS **************************************

 HOMA 10, 10, 10                   ; Specify home acceleration (units/sec/sec)

 HOMAD 10, 10, 10                  ; Specify home deceleration (units/sec/sec)

 HOMBAC 000                        ; Enable/disable home backup operation

 HOMEDG 000                        ; Specify home reference edge - POS/NEG (CW/CCW)

 HOMDF 000                         ; Specify home final direction - POS/NEG (CW/CCW)

 HOMZ 000                          ; Enable/disable Z-channel homing

 HOMLVL 000                        ; Define the active state of each home limit

 HOMV 1, 1, 1                      ; Specify home velocity (units/sec)

 HOMVF 0.1, 0.1, 0.1               ; Specify home final velocity (units/sec)

;*********************** MODE SETUP ***************************************

 MA 111

 MC 000

;*********************** VELOCITY SETUP ***********************************

 V 1, 1, 1
;*********************** END SETUP PROGRAM ********************************

 END                               ; End program definition

Origin Program

;**************************************************************************

;*                Origin Program for the AT6400-AUX1 Indexer                              

;*                                                                         

;*                             produced by                                 

;*                                                                         

;*                Mike Mathis 07/27/2006                 

;**************************************************************************

;*********************** DEFINE ORIGIN PROGRAM *****************************

 DEL Origin                         ; Delete program, if any

 DEF Origin                         ; Begin definition of program

;*********************** INITIALIZE POSITION ******************************

 D 0, 0, 0
;*********************** DRIVE ORIGIN *************************************

 Drive 111

 Go 111

;*********************** END ORIGIN PROGRAM ********************************

END                               ; End program definition

Adjust Program
;**************************************************************************

;*                Adjust Program for the AT6400-AUX1 Indexer                              

;*                                                                         

;*                             produced by                                 

;*                                                                         

;*                Mike Mathis 08/2/2006                 

;**************************************************************************

;*********************** DEFINE ADJUST PROGRAM *****************************

 DEL Adjust                         ; Delete program, if any

 DEF Adjust                         ; Begin definition of program

;*********************** AXIS ENABLEMENT ******************************

 VARB1=b0

 WRITE"ENABLE AXIS"

 WRITE"PRESS 1 2 AND/OR3"

 VARS1="<X=1 Y=2 Z=3>"

 VAR1=READ1

 DRIVE000

 IF (VAR1=1)

 DRIVE100

 VARB1=b1

 NIF

 IF (VAR1=12)

 DRIVE110

 VARB1=b1

 NIF

 IF (VAR1=123)

 DRIVE111

 VARB1=b1

 NIF

 IF (VAR1=2)

 DRIVE010

 VARB1=b1

 NIF

 IF (VAR1=3)

 DRIVE001

 VARB1=b1

 NIF

 IF (VAR1=13)

 DRIVE101

 VARB1=b1 

 NIF

 IF (VAR1=23)

 DRIVE011

 VARB1=b1

 NIF

 IF (VARB1=b0)

 DRIVE000

 NIF

;*********************** ENTER DISTANCE *************************************

 VARS2="ENTER X DISTANCE>"

 VARS3="ENTER Y DISTANCE>"

 VARS4="ENTER Z DISTANCE>"

 IF (VAR1=1)

 VAR2=READ2

 D (VAR2)

 NIF

 IF (VAR1=12)

 VAR2=READ2 

 VAR3=READ3

 D (VAR2), (VAR3)

 NIF

 IF (VAR1=123)

 VAR2=READ2

 VAR3=READ3

 VAR4=READ4

 D (VAR2), (VAR3), (VAR4)

 NIF

 IF (VAR1=2)

 VAR3=READ3

 D, (VAR3)

 NIF

 IF (VAR1=3)

 VAR4=READ4

 D,, (VAR4)

 NIF

 IF (VAR1=13)

 VAR2=READ2

 VAR4=READ4

 D (VAR2),, (VAR4)

 NIF

 IF (VAR1=23)

 VAR3=READ3

 VAR4=READ4

 D, (VAR3), (VAR4)

 NIF

 VARS5="PRESS '1' TO MOVE>"

 VAR5=READ5

 IF (VAR1=1)

 GO100

 NIF

 IF (VAR1=12)

 GO110

 NIF

 IF (VAR1=123)

 GO111

 NIF

 IF (VAR1=2)

 GO010

 NIF

 IF (VAR1=3)

 GO001

 NIF

 IF (VAR1=13)

 GO101 

 NIF

 IF (VAR1=23)

 GO011

 NIF

;*********************** END ADJUST PROGRAM ********************************

 END                               ; End program definition
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