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1. Executive Summary

When a stretched conduct coil moves (translates or rotates) inside an insertion device, the coil will generate voltage due to the integral magnetic flux variation. The Magnetic Field Integral Measurement System is used to characterize the vertical and horizontal components of the field integral generated by the APS Insertion Devices. The system consists of the following hardware components:
· Stretched measurement coil.

· 6 linear stages with SmartMotors (SM) and SM power suppliers.

· 2 rotating stages with SmartMotors and SM power suppliers.

· 2 rotary encoders (Heidenhain RON 225) with 1,800 pulses per revolution (PPR).

· 1 PXI shelf (National Instruments (NI-PXI-1002).

· 1 PXI embedded controller (NI-PXI-8174).

· 1 PXI reconfigurable I/O module (NI-PXI-7831R).

The software control system coordinates the motion and coil voltage measurements. It synchronizes the stage (linear and rotary) absolute positions with the motion speed parameter and voltage measurements, as well as data analysis and real time plotting.
This document provides the system engineering design for the Magnetic Field Integral Measurement System. The current issue of the document provides system descriptions, principle of operation, and detailed system configuration information. The document is structured to provide guiding information, in meeting the current and possible future needs of the developers of the system.
2.  Introduction

This document provides the engineering design information for the APS Magnetic Measurement Lab Magnetic Field Integral Measurement System. It includes a general overview of the principle of operation, system high-level requirements, descriptions of all the sub-systems, and the software system that integrates the sub-systems and automates the measurements. This document shall be revised to meet the needs of the system developers and scientists who carry out the measurements.  This is a living document. 

All the design, coding, and testing documents of the system shall reference to this document. 

3. System Overview
All the Insertion Devices (IDs) at the APS are characterized and fine tuned against their design specifications at the Magnetic Measurement Lab before they get installed into the storage ring. The ID magnetic field integral are characterized by the Magnetic Field Integral Measurement Systems. The Magnetic Field Integral Measurement System comprises the following sub-systems:

· Stretched measurement coil.

· 6 linear stages with SmartMotors (SM) and SM power suppliers.

· 2 rotating stages with SmartMotors and SM power suppliers.

· 2 rotary encoders (Heidenhain RON 225) with 1,800 pulses per revolution (PPR).

· 1 PXI shelf (National Instruments (NI-PXI-1002).

· 1 PXI embedded controller (NI-PXI-8174).

· 1 PXI reconfigurable I/O module (NI-PXI-7831R) that reads out two rotary encoder positions, measures coil voltage readings, and records time stamps.

Here is how the system shall operate:
1. The coil shall be positioned inside the interested field by moving the linear stages to the certain x, y, and z positions. 

2. Both rotary stages shall rotate 1.5 revolutions simultaneously, start from a pre-settable angle, at the same speed and acceleration.
3. At a pre-settable angle position, with a pre-settable step, say, every 0.1 degree, the system shall record the angle positions of the rotary encoders, the pre-settable number of coil voltage samples, and the time stamp over 360 degree (3601 sample positions for 0.1 degree step setting.)
4. The system shall then integrate the voltage measurements over time for each 90 degree of rotation to yield the flux variations, that in tern provide the x and the y components of the magnetic field integral.
All the motorized stages, equipped with Animatic SmartMotor Servo Motors that has RS232 serial interfaces. The position read out and the voltage digitizer functionalities are carried out by the reconfigurable I/O module.
4. Theory of Operations

The x and y components of the magnetic field integral generated by insertion devices along the longitudinal axis (z), noted as 
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 respectively, are defined as following:
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In order to measure the magnetic field integral for an insertion device, a long coil is used.
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The system then is composed of two sets of translation tables to move the coil in all directions of x, y and z, that allow us to position the coil. The two rotary stages are used to rotate the coil thus induce the flux variation used to determine the two components of the field integral.

When the coil rotates, a flux variation is created. By integrating the voltage generated from the coil over time, it gives the value of this flux between two different positions. If we integrate the voltage by four quarters over a revolution, that gives us four values of flux variation, 
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. The x and y components of the magnetic field integrals can then be calculated by the following equitions
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5. System High Level Requirements
The key system requirements are categorized into the following areas: Motion Control, Motion Readout, Data Acquisition (DAQ), and Synchronization.

5.1 Motion Control
There are two motion tables to hold each end of the coil. Each has 4 freedoms of motion. They are x, y, and z linear motions and w rotary motion. Each linear motion is realized by a linear stage and the rotary motion is by a rotary stage. All the motion stages have to be non-magnetic. The stages are driven by servo motors that can be holding currently disabled to reduce the EM noise while it is not in motion. The linear motion scales are 0-400mm and the rotary motion scales are 0-360 degrees.
5.2 Motion Readout
The motion position readouts for linear stages are not critical. 25 μm resolution is good enough to position the coil into the right poison. The linear stage speed shall be up to 50 mm/s

The rotary position readouts are critical in this case. If we want to have 0.1 degree step size, we need absolute angle position readout of 0.01 degree that is 36,000 steps per revolution. The rotary stage speed shall be up to 1 second per revolution. The nominal rotary stage speed is 3 seconds per revolution.
5.3 DAQ

Coil EM Voltage Measurement Resolution shall be 16 bit (5 digits) with sampling rate of up to 1.5 kS/s. The normal sampling rate is about 833 samples per second based up 0.1 degree step size with 3 seconds per revolution speed.
5.4 Synchronization

The most crucial requirement to this system is synchronization. One has to have (rotation) speed in order to generate measurable coil EM voltage. Therefore, one has to have position, voltage measurement (with 16 bit resolution) and speed (time stamp) information synchronized within 10 micro seconds, that then gives absolute position of 0.01 degree resolution at 1.5 kS/s. We need sample rate of no less than 100 kHz.
6. System Description

Based upon the high level requirements, the Magnetic Field Integral Measurement System we proposed shall comprise the following sub-systems:

· Stretched measurement coil.

· DC Differential Pre-amplifier with 40/60 dB amplification.
· 6 linear stages with SmartMotors (SM) and SM power suppliers.

· 2 rotating stages with SmartMotors and SM power suppliers.

· 2 rotary encoders (Heidenhain RON 225) with 1,800 pulses per revolution (PPR).

· 1 PXI shelf (National Instruments (NI-PXI-1002).

· 1 PXI embedded controller (NI-PXI-8174).

· 1 PXI reconfigurable I/O module (NI-PXI-7831R) that reads out two rotary encoder positions, measures coil voltage readings, and records time stamps.
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The above proposed system has the following key features:

1. Integrated real time encoder readout, triggering, and Coil voltage measurement.

2. TCP/IP Interface, securely access the system remotely, anywhere, anytime.

3. Commercial off-the-shelf components.

4. Same hardware can be used for both 6 meter bench and 3 meter bench Hall Probe Measurement Systems.

6.1 Stretched measurement coil

We will use the exiting multi-strand Litz wire technology to make the stretched measurement coil. The coil will have 10 strands with the pre-load spring system. The gravity-loaded system is under development and will eventually replace the spring-loaded system.
6.2 DC Differential Pre-amplifier

DC differential Pre-amplifier will use the Physical Acoustics Corporation’s 1220C low noise pre-amplifier. The amplifier has the option of 40 and 60 dB amplification selections. The filter frequency response is DC to 20 kHz.

6.3 Linear and rotary stages

There are two motion tables to hold each end of the coil. Each has 4 freedoms of motion. They are x, y, and z linear motions and w rotary motion. Each linear motion is realized by an APS made linear stage and the rotary motion is by a Parker rotary stage. All the motion stages are made of non-magnetic aluminum materials.
6.4 Motion control and position readout

All the stages are motorized with Animatics SmartMotors via RS-232 serial control interface. The Animatics SmartMotors have built-in encoders that is adequate for the linear motions. The rotary position readouts are critical in this case. If we want to have 0.1 degree step size, we need absolute angle position readout of 0.01 degree that is 36,000 steps per revolution. Therefore, we use Heidenhain RON 225 Rotary Encoder that has 18,000 pulses per revolution. With a quadrature readout, it gives 72,000 positions per revolution or 0.005 degree angular resolution. The rotary stage speed shall be up to 1 second per revolution. The nominal rotary stage speed is 3 seconds per revolution.
6.5 Data acquisition

Data acquisition includes the synchronized angular poison, coil EM voltage, and time stamp readout. All these are realized via a National Instrument’s (NI) PXI-7831R reconfigurable FPGA I/O card hosted in a PXI shelf. The FPGA card has 96 digital I/O ports, 8 analog out puts and 8 analog inputs. All the analog I/Os are 16 bit in resolution. The first 3 digital I/Os (0-2) are used for the first (active) rotary encoder. The next 3 digital I/Os (3-5) are used for the second (reference) rotary encoder. The first (channel. 0) analog input is used for coil voltage readout, at a user configurable number of samples per readout, from 1 to 100 samples. Data acquisition steps and number of sample points per revolution as well as other parameters are all user configurable at the run time.
The host PXI shelf uses NI PXI-1002 that has four PXI slots, exclude the embedded controller slot. The PXI embedded controller card uses NI PXI- 8174, that has an RS-232 serial port, used to control the SmartMotors. 

7. Open Issues

8. Acronym List

APS 
Advanced Photon Source
GPIB
General Purpose Interface Bus

GUI 
Graphic User Interface

ID 
Insertion Device
NMR 
Nuclear Magnetic Resonance
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