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Abstract
There are a variety of Hydrostatic Level Systems in use at Fermilab and the Deep Underground Science and Engineering Laboratory (DUSEL) at the Homestake gold mine in Lead South Dakota. Systems at Fermilab are used to measure motion of quadrupole magnets in the Tevatron and the low beta quadrupoles at the interaction regions. In addition there are deep HLS systems to study slow ground motion in preparation for future accelerators. Two types of HLS have been installed on the 2000 ft level at DUSEL to study the motion of the ground during the dewatering process.  Data will be presented on slow ground motion, the ATL law as measured by these systems and data on the stability of the measurement systems themselves.
HLS systems
Hydrostatic level systems have been in use at Fermilab for over ten years [1]. There are two types of systems; the first is used to monitor motion of accelerator components and the second to study ground motion for future accelerators. In the past two years HLS has been installed in the Homestake gold mine in Lead South Dakota the future site of the Deep Underground Science and Engineering Laboratory (DUSEL). These HLS are used to monitor ground motion during the dewatering of the mine.  Table 1 lists the current systems at Fermilab and DUSEL.
SYSTems in use
The fundamental principle is that in connected pools of water the height of the water can be measured and determine the elevation of the pools. Two types of sensors are in use at Fermilab and DUSEL; these are the Tevatron style and the Budker style. The Tevatron style is based on a commercial proximity sensor to measure the capacitance of the water in the pool. The Budker sensors use either capacitance measurement of ultrasonic transponders to measure the water level.  Both of types of sensors have been described elsewhere [2]. The systems at B0, D0 and the Tevatron are used to improve operations of the Tevatron. The interactions regions at B0 and D0 have a singlet and triplet low beta quadrupoles for focusing the beam into a small spot. Small movements of these magnets can affect the performance of the accelerator. On each of the magnets and the detectors there is a Budker capacitive sensor. The systems are a two pipe fully filled system. On each of the 204 regular superconducting magnets there is a Tevatron style monitor. These are commercial proximity sensors made by Balluff and have been described elsewhere [2].  
The systems in the MINOS hall and the LaFarge mine in North Aurora are Budker Capacitive sensors in a two pipe fully filled system. These systems are used to collect data for ground motion in the Galena Platteville dolomite. This formation is of interest for future accelerators that could be built at Fermilab. There is a data base with the level measurements, temperatures of sensors and air pressures available [3]
The systems in MP-8 tunnel are Budker capacitive and Ultrasonic sensors purchased by Montana Tech for use in DUSEL. Due to restrictions on underground access at the Homestake gold mine in 2010 these systems have been setup at Fermilab for testing of calibration and stability. Both systems are half filled single pipe arrangements 4 meters in length. The last system is in the MP-7 tunnel consisting of 3 Budker Ultrasonic sensors in a half filled single pipe system. This is a surface level system used to monitor floor motion for a Holometer interferometer experiment at Fermilab [4]. 
For more than a decade, the sets of HLS systems at Fermilab were extensively used for studies of the ground motion effects on the beam dynamics in accelerators. Many important observations were made during these studies, including confirmation and detail study of the ATL-like ground diffusion in both space and time [5]. With the development of the new sensors and expansion of the studies to DUSEL, we plan to explore dependence of the diffusion rates on the depth of the tunnel and connections between the slow diffusion and Earth tides and magnetosphere disturbances. 

Electronic stability of HLS sensors
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)Both temperature and pressure can affect the volume of water in water level systems. Temperature and pressure are measured during data taking, the changes can be calculated and the data corrected. To achieve micro meter resolution the stability of the sensor electronics must also be understood. 
Capacitive and ultrasonic systems have both analogue and digital electronics.  Each behaves in a different manner during changes in temperature. At present the Budker sensors have both circuits in the same housing. This makes it difficult to separate the effects due to either type of electronics. To test the temperature stability of the SAS and SAS-E type electronics a fixed aluminium disk was placed in a pool the sealing O-ring for the sensor was removed and the sensor head has securely attached to the pool. This method provides a fixed distance and capacitance for the sensor. The lab temperature was raised by the use of heaters to 30 C. the heaters were turned off and the lab was allowed to cool slowly over several days. Data were taken the entire time. Plots of distance versus temperature were made and least square fits were made to the data.  Figure 1 and 2 shows the temperature variation for two SAS-E type sensors. The vertical scale for both plots is the same 0.5 micro meters per division. Sensor 198 has a linear variation of 1.2 micro meters per degree C. Sensor 188 has a variation of less than 0.5 micro meters per degree C. Each of the 12 tested sensors has different temperature dependence.  The first set of temperature test of the Ultrasonic Sensors (ULSE) was done with the entire system. There was water in the half filled pipe system. The entire lab was heated to 26 C and then left to cool over night. Figure 3 and 4 show data for two sensors. This heated the electronics, the transponder and the water in the system. The variation with respect to temperature was found to be 19 and – 32 micro meters per degree C. 
The results are less than clear the plots have the same scale of 10 micro meters per division. Each sensor has a different response to temperature variation. In addition there is clear hysteresis in the heating and cooling of the electronics.  Future studies will be done when the analogue and digital electronics can be separated. A fixture for testing the ultrasonic sensors with fixed steps and a movable plate that will allow for different distances to be measured. The ultrasonic sensors have electronics in a separate box from the water pool and transducer. To test the temperature dependence the electronics for two sensors were put into and insulated box. On the bottom of the box an electric heating pad and a steel plate 1.5 mm thick were installed. A J type thermocouple measured the temperature of the plate. A controller was used to regulate the temperature. Inside of the insulated box was a small fan to circulate air. This was to avoid hot spots. Two sets of sensor electronics were tested at a time. The transponder remained connected to the pool. Data were taken for all 12 sensors. 

Table 1: HLS systems in use at Fermilab and DUSEL
	Name
	Location
	Type of Sensor
	Number of sensors
	Software version
	Operating system

	ADAPS90581
	LaFarge Mine North Aurora Il
	SAS
	5
	19_Mar-09
	Windows XP

	HLS-Minos-2
	MINOS Hall
	SAS-E
	7
	04-Mar-10
	Windows XP


	B0
	Low beta quads B0 interaction region
	SAS
	9
	19_Mar-09
	Windows XP

	D0
	Low beta quads D0 interaction region
	SAS
	9
	19_Mar-09
	Windows XP

	Tevatron
	Superconductiong Quads in Tev ring
	Balluff sensors
	204
	Java program
	ACNET

	Array A

	2000-ft level
Homestake Gold mine, Lead SD
	Balluff sensors
	6
	Java program
	Windows XP

	Array B
	2000-ft level
Homestake Gold mine, Lead SD
	Balluff sensors
	6
	Java program
	Windows XP

	Array C
	2000 ft level Homestake Gold mine Lead SD
	SAS-E
	6
	04-Mar-10

	Windows XP


	DUSEL-1
	MP8 tunnel Fermilab
	SAS-E
	12
	04-Mar-10


	Windows XP


	HLS-MP8-1
	MP7 tunnel Fermilab
	ULSE
	3

	04-Mar-10


	Windows XP


	HLS-MP8-2
	MP8 tunnel Fermilab
	ULSE
	12

	04-Mar-10


	Windows XP


	BDPHY14
	MP8 tunnel Fermilab
	
	Test and calibration
	04-Mar-10

	Windows 7

	Hot Spares
	MP8 tunnel Fermilab
	SAS-E
	4
	04-Mar-10

	Windows 7

	PK 50
	Porta Kamp 50 Fermilab
	
	Test and calibration
	04-Mar-10

	Windows XP
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Figure 1: SN 198 (SAS-E) vs temperature
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Figure 2: SN 188 (SAS-E) vs temperature
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Figure 3: Heating SN 53 

The test sensors were heated to 40C and held at that temperature for 2 hours. At that time the heater was shut off and the system cooled over night. 

It is clear from the graphs in figure 5 that the electronics are very stable.  Each plot has a vertical scale of 0.5 micro meters per division, but each sensor has a different coefficient and different sign. Sensor 60 has a positive heating coefficient and a negative cooling coefficient, while sensor 53 is the opposite and larger magnitude. This still does not explain the larger variation when the entire system is heated. 
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Figure 4: Heating SN 60 
[image: ]Figure 5: Heating the electronics for SN 53 and 60

Test of calibration SAS-E and ULSE sensors
Montana Tech purchased 12 SAS-E (capacitive type) and 12 ULSE (ultrasonic type) HLS sensors from Budker Institute. These sensors were sent to Fermilab for testing before installation in the Homestake mine. The sensors were setup in the MP-8 tunnel. This is a surface beam line the floor is 300 mm (12 inch) thick concrete on soil. Precast concrete sections make the walls the roof of the tunnel these are covered by 1 meter (40 inches) of earth. The tunnel has electric heaters used in the winter but no air-conditioning.  The temperature inside the tunnel tracks the outside air temperature. 
Water systems were set up for each type of sensor. Both systems were a half filled single pipe.  The sensors were place 380 mm apart, for a total length of 4 meters. The SAS-E sensors used a NetGear FS726TP Power over the Ethernet (PoE) switch; the ULSE sensors used a Cisco Catalyst 3560 PoE switch. Each setup had separate Micro-mini data logging computers running Windows XP. The settling time after addition of water was less than one hour. Data were sampled once every 15 seconds and 4 samples were then averaged and data points were recorded every minute. 
Data were taken in the first 12 days of July 2010 showed a difference in the change of water level. Figure 6 shows the levels in sensor SN 188 and SN 200. These are SAS-E type sensors on a common water system a distance of 4 meters apart. Figure 7 shows the temperature variation during that time. There was a one degree C change that affected both sensors. 



[image: ]
Figure 6: SN 188 and 200 changes as a function of time
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Figure 7: Temperature of SN 188 and 200 

To test that the calibrations of the sensors were not responsible for the difference observed the system was drained of water until all sensors were reading 9600 micro meters. This is near the maximum of the linear range. At two hour increments 50 cc of water were added until the readings were 5100 micro meters. Figure 8 shows the change in levels as water was added to the SAS-E system.  Figure 9 show the data for the ULSE sensors. The long breaks are overnight or weeks ends when the systems were un-attended.  Differences in level data were calculated from before water was added and two hours after water was added. The average change and standard deviation for each fill for all 12 sensors were calculated and are presented in Table 2 for SAS-E and Table 3 for Ultrasonic sensors.
Effect of water expansion

The expansion of water can be calculated. Volume expansion is given by;

ΔV = β V0 ΔT

Where V is the volume T the temperature and β the coefficient of expansion for water. The coefficient or expansion for water varies as a function of temperature but taking the value for 20 C of 207 x 10-6 per C is sufficient for these calculations.  

Δh = ΔV/A = β π r2 h ΔT/pi r2 =β h ΔT

Assuming the height of water in the ultrasonic pool is 75 mm the change in height per degree C change is 15 micrometers. The change in height for a pool is then; 15 micrometers.  This is not enough to explain the changes presented in figure 3 and 4. The only part of the system not tested separately is the transducer.

. [image: ]
Figure 8: SN 188 during filling
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Figure 9: Ultrasonic sensors during filling
Calibration of the Tevatron style sensors
The commercial proximity sensors used in the Tevatron are a simple LRC circuit consisting of a coil, variable resistor and the external capacitance. To set the active linear range there is a small variable potentiometer in the body of the sensor. The effective operating range is 2 to 20 mm. The sensors are setup for an operating range of 12.7 mm. To do this each sensor is inserted into a plastic ring attached to a moveable stage (Figure 10). There is a dial indicator that measures the travel of the stage over the desired range. The sensor is set 2 mm from a metal plate and adjusted such that the LED indicates the sensor is active. Then the sensor is moved upward 12.7 mm and again adjusted to the limit of the active range. This process is repeated several times. Then the sensor is move upward in 2.5 mm steps 5 times and the output is recorded. These data are then plotted to ensure linearity of the sensors (Figure 11). 

[image: ]
Figure 10: Tev sensor calibration system.
[image: ]
Figure 11: Tev sensor calibration data
Calibration of Budker sensors
There is nonlinearity in the sensors on the order of 35 micro meters. This nonlinearity varies with the sensor head and the electronics. At the Budker Institute detailed calibration process is used.  A moveable metal plate is position at 6, 7, 8, and 9 mm from the sensor. This is determined by an external sensor the values are recorded and a third order fit to the data is then made.  The coefficients to the fit are recorded in the calibration files and used in reduction of the data.
Field calibration of the Budker capacitive sensors (SAS and SAS-E types) is done using two fixed disks that when installed in a dry pool and the sensor head is placed on top with no O-ring. The thickness of the disks is set to give a read back of 5 or 10 mm. There is a calibration program that records ten samples when each disk is installed in the pool.  First the 5 mm disk is installed and 

Table 2: Average of fill for SAS-E type sensors
	Fill number
	Average change for 12 sensors micormeters
	Standard Deviation micrometers

	1
	232.2
	0.3

	2
	236.4
	0.4

	3
	238.5
	0.3

	4
	239.2
	0.3

	5
	240.9
	0.3

	6
	233.6
	0.2

	7
	243.7
	0.3

	8
	245.9
	0.3

	9
	237.0
	0.3

	10
	246.4
	0.2

	11
	242.5
	0.4




Table 3: Average of fill for Ultrasonic type sensors
	Fill number
	Average change for 12 sensors micrometers
	Standard Deviation micrometers

	1
	225.4
	5.4

	2
	216.3
	1.7

	3
	221.3
	1.6

	4
	216.2
	9.0

	5
	216.5
	4.4

	6
	227.6
	1.2

	7
	230.6
	1.4

	8
	228.9
	1.7

	9
	239.4
	1.3

	10
	226.2
	1.3

	11
	243.5
	1.2

	12
	244.7
	1.5

	13
	242.5
	1.3

	14
	237.2
	3.7


then the 10 mm disk. A linear fit to these values is then made and the calibration parameters are recorded. A text file of all sensors and their calibration values are then updated. When a system is installed the calibration file is read in and the values for each sensor are then available for the data acquisition systems. 
The ultrasonic sensors rely on a precision pillar inside of the pool. This pillar is made of stainless steel and has a step, see Figure 13. The step is precision machined and measured on a CMM machine.  The distance is recorded in the calibration file for each sensor. When an ultra sound pulse is sent out the timing of the three reflections are recorded. Given the known distance of the step this value can be used to calculate the speed of sound in water. 
For each pulse the calculated value is used to determine the distance from the top of the water to the sensor. There is also an offset value that can be used to shift the read out to any desired value for each sensor. 

Radiation damage to sensors
The radiation levels in the Tevatron are rather low. There are no exact measurements made. During a quench instantaneous level can be high. The SAS type capacitive sensors have been in use for over ten years in various beam lines. The DC to DC converters used in the sensors are most often damaged by radiation.  The next most sensitive component is the on board micro processor. The SAS-E sensors were used in the Tevatron. The TCP/IP board was very sensitive to radiation exposure. There were no failures but flipping of bits occurred that would change the IP parameters. MAC addresses or baud rates were randomly changed with small exposure to radiation. The digital electronics needs to be separated and shielding from beam line radiation. 
[image: ]

Figure 12: Cross section of Budker Ultrasonic sensor
Conculsions
There are a number of different types of HLS sensors used at Fermilab and DUSEL. These systems are used to monitor the operation of the Tevatron and to study ground motion for future accelerators and to understand rock mechanics. Calibration procedures give reliable read outs. The SAS-E type sensors show a small deviation for measurements of water level. The standard deviation of measurement for 12 sensors is on the order of 0.3 micro meters. The Ultrasonic type sensors have a larger variation. The standard deviation of measurement for 12 sensors is on the order of 1.5 micro meters. This may be due to temperature dependence of the transponders. There is a need to make more measurements to further understand the temperature dependence of the electronics used in the sensors. 
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