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ABSTRACT 

A facility for measuring high gradient time variant magnetic fields has 

been developed. 'The system consists of pickup coils, integrators, a multiplexer, 

one analog-to-digital converter, and an IBM 1401 computer. There are nine 

precision -wound dipole pickup coils that are placed in the unknown field. The 

induced coil voltages are fed into nine precision integrating amplifiers whose 

outputs are proportional to the 6B that is seen by the nine coils. These outputs 

plus the signal from a current shunt placed in the magnet excitation line are then 

sequentially scanned by a ten-channel multiplexer. The multiplexer feeds a high 

speed analog-to-digital converter which feeds the computer through a parallel to 

serial converter. This measuring system was designed to be fast enough so that 

interpolation to any point in time is possible. The coils were designed to be in­

sensitive to the second and third spatial field harmonics and thereby effectively 

measure fields at a point instead of over the whole coil area. The direct link to 

the computer is a two-way tie, with data flowing to the computer and control 

signals flowing to the measuring system. 
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INTRODUCTION 

The MURA study of time-independent magnetic fields has recently been 

expanded to include the time variant fields characteristic of large AG accel­

erators. The experimental phase of this investigation required the development 

of a high speed dynamic field measuring system. The system must measure 

fields at discrete points in space and time and digitize these measurements in 

1order to utilize existing MURA orbit study computer programs such as Datam

2
and Parmesh. 

A careful analysis of existing "state-of-the-art" commercial components 

was made in order to minimize system design time and cost. From this study 

design parameters were chosen as the best over-all compromise between speed, 

accuracy, cost, and complexity. 

. SYSTEM DESIGN GOALS 

Magnetic Field Reguirements 

A peak field measuring capability of 20 kG was chosen since this value 

represents approximately the upper limit of median plane fields in accelerator 

magnets. The accuracy specification depends strongly on the minimum measureD 

field value, because at low fields· additional sources of measuring error become 

significant. Some of these sources include amplifier and integrator drift rates, 

quantizing errors, offsets, thermal emf's, hum and noise. For this reason the 

minimum field specification (the field at which a certain over-all accuracy must 

be met) was set at 160 gauss, which corresponds to a typical accelerator injection 

field. Of course, much smaller fields than this can be measured with the 

instrument (i. e., for examining fringe fields), but with an attendant decrease 

in accuracy. Because of the problems associated with data storage (memory 
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capacity) and information flow speeds, an initial data acquisition interval of one 

second was selected. Most time variant fields of interest have an accelerating 

ramp of this time length or shorter. For any magnetic structures utilizing a 

longer ramp, one second measuring intervals can be staggered over various parts 

of the ramp on subsequent magnet pulses to obtain the whole time field plot. 

It can be assumed that any reasonable magnet structure to be investigated 

will have a long time constant associated with it, and so a design rate of 20 kG / sec 

was used to define the bandwidth of the system amplifiers and integrators. 

Magnetic Field. Sensing 

Many magnetic field measuring devices are unsuitable for the measure­

ment of high gradient dynamic fields. Proton and electron resonance methods 

function only in quite uniform fields. Peaking strips require an opposing field 

which distorts a nonuniform field. Flux gate or third harmonic detection methods 

are generally applicable only to small fields. To follow the rapidly changing field 

rotating coil gauss meters of the Rawson type would have to rotate too fast for 

acceptable brush life. Flip and vibrating coils w01.+ld be difficult mechanically 

to operate. Hall effect and magnetoresistive devices have good sensitivities only 

for relatively large areas. The measurement of an inhomogeneous field to reason­

able accuracy requires a detector of very small area, with low sensitivity. 

The method of integrating the induced voltage from a stationary coil 

mounted in a dynamic field was finally chosen. The integrated induced voltage 

is proportional to .6B at the coil, during the integration time interval. There 

are two main advantages that make this scheme attractive: (1) integrators for 

one second time intervals and signal levels attainable with a coil are available 
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with an accuracy of 0.010/0, * and (2) there exist certain coil configurations that 

enable one to measure fields at a point and not over the average coil area. A 

coil of this type is shown in Fig. 1. 

MURA has had considerable success in fixed field measurements with this 

type of rotating coil and ac digital voltmeters. 3 The coils were designed 

according to Laslett' s4 formulas which render the coil response essentially 

insensitive to all derivatives of the field. The dimensions and equations relating 

coil parameters are shown in Fig. 2. 

Speed 

The system speed specification is determined by the requirement that the 

time quantization error be commensurate with the other sources of error. This 

requirement automatically allows interpolation to any point in time without exces­

sive error build-up. For example, given a peak field of 20 kG, any sort of well 

behaved time ramp, and measuring duration of approximately 1 second, a meas­

uring rate of 1000 readings / sec (1 krs) will allow the field to change only 20 gauss 

between readings. This means that one can interpolate between readings to an 

accuracy of better than 10 gauss, or to an accuracy of 0.050/0 at a reading rate of 

1 krs. 

A secondary consideration is the total time required to secure a complete 

field map. A rate of 1 krs will enable one to completely measure a field point 

in each magnet cycle. When considering large experimental magnet structures, 

one field point every 3 or 4 seconds (one magnet cycle) accumulates data very 

)'<
, All values that are expressed as percents will be percents of full scale, unless 

otherwise defined. 
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slowly. Most analog-to-digital converters (ADCl s ) are capable of rates of 10 krs 

which means our measuring rate is using only one-tenth the speed capacity of the 

digitizer. An obvious way to increase the overall measuring system speed by a 

factor of 10 would be to have ten field pickups time sharing the ADC instead of 

only one. Ten channel multiplexers with sequencing rates of 10 krs also are 

standard items.. Any further increase of system speed at the present time would 

require special nonstandard equipment. For this reason a system rate of 10 krs 

was chosen. Since the magnet excitation current is also important, it was decided 

to use one channel to monitor the current and have nine field transducer channels. 

Accuracy 

The speed which gives adequate time resolution dictates the accuracy to 

which the system can be designed. MURA has been using five-digit precision 

voltmeters to measure time-invariant fields for three years, but most five-digit 

voltmeters are too slow in digitizing by a factor of at least 100. Using faster 

four-digit ADCl s limits the accuracy obtainable from the system. 

Four -digit resolution gives a quantizing error of 1/ 2 digit or 0.005%. 

Converters of this type are available with accuracies (excluding quantizing 

error) of 0.010/0. Multiplexer linearity adds another O. 005%.error. Integrator 

accuracy is 0.01%, which includes gain stability, linearity and drift. Thus we 

have a maximum of about three bits in the least significant digit of uncompensable 

error. This three-bit error is reasonably independent of signal amplitude 

because the effects that contribute errors proportional to signal amplitude are 

effective at high levels, and effects that contribute errors independent of signal 

amplitude (drift, noise, offset, etc.) are effective at low signal levels. In 

summing these sources, the error expressed as bits of uncertainty is relatively 
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constant over the whole range. These three bits of uncertainty act like a quantizing 

(resolution) error--the reading error increases with decreasing field. One way 

to alleviate this problem is to use many scales (or scale factors. i. e .• preceding 

switchable amplifiers or attenuators) to keep the converter decades full. or work 

as near as possible to full scale. The limiting factor here is amplifier drift on 

low ranges. This soon offsets any advantages of the added resolution obtained by 

using more gain. The normal practice is to put scales in the ratios of 10: 1 between 

ranges and use the scale selector to set the decimal point. With such a scheme. 

our range of expected field values could have been covered in two ranges. but the 

1/10 of full scale switchover point reading error would be 0.3% at 2 kG and the 

low field reading error would then be 0.380/0 at 160 gauss. 

With three ranges to cover the whole range of expected field values. the 

switchover point can be picked at 1/5 of full scale or 4 kG thereby cutting the 

switchover point error in half. Unfortunately. in the third or added range 

another three digits of amplifier drift must be added in making the lowest range 

full scale reading error 0.060/0. and the 160 gauss reading error now is only 0.3%. 

The third range does not improve the low level accuracy appreciably but reduces 

the mid-level error by a factor of two. This can be seen more clearly by 

referring to Fig. 3. 

A guaranteed system accuracy specification of 0.380/0 (excluding transducers) 

was the best that was returned from the various manufacturers queried. An 

examination of Fig. 4 will show that over 900/0 of field values (randomly distributed 

in magnitude) read will have an accuracy exceeding ten times the stated accura.cy. 

or about 0.03%. 
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Data Handling and Storage 

An IBM 1401 computer was programmed to store and handle the large 

quantities of data coming from the converter. Since this small computer was 

already modified to communicate directly with other equipment. only a data 

interface was necessary to transfer data from the measuring system to the 

computer. Such an inteTface is much cheaper than a complete magnetic tape 

system. This 1401 input-output option had been previously installed to drive an 

incremental 30-in. plotter. Using this option operational flexibility was gained, 

because now the measuring system could use the computer core memory as a 

large buffer to temporarily store measurement data. Also the logical benefits 

of software control of the data system could be realized, eliminating the need 

for complex control logic hardware. Final storage of the data is on magnetic 

tape through one of the 140 I-associated tape units. 

Data Transfer Interface 

For a more detailed look at the various aspects of data transfer, let us 

consider some of the interface components: 

Parallel to Serial Converter. The main functions of the interface were 

the conversion of the parallel ADC data to the serial character-by'-character 

form required by the 1401 computer and the logic and timing necessary to trans­

fer the data. 

Code Converter. The data system uses an internal code different from the 

1401 code, so another function of the interface was to convert from the internal 

1242 code to the computer 1248 code. 

System Clock. Since all readings are dependent on time, another function 

of the interface was to relate all measurements to a precise time base. This 



time base, or clock rate, was set at 10 kc for 10-channel operation with a 

switchable optional rate of 1 kc for use with one channel only. The system 

clock is generated by a 1 Mc crystal oscillator, accurate to 0.0010/0, that is 

divided by 100. The high order of timing accuracy assures a timing error of 

less than the quantizing error over a one-second interval. 

Timing Pulses. Four timing pulses are generated by a shift register 

that successively gates the four digits into the computer. The shift register is 

advanced by the computer after each digit is successfully received. It takes 

four cycles of about 20 microseconds each to transfer one ADC conversion. 

Besides the ADC reading, it was also neGessary to transfer channel number, 

selected scale, sign and overrange information, but because of the restriction 

to 100 microseconds total cycle time (10 kc rate), this auxiliary information is 

transferred into the machine as "overpunches" on the A and B lines used for 

alphabetical information. Figure 5 indicates the format of this information. 

System Control. The system as a whole has three separate computer 

selected operating states. Computer control was chosen to allow maximum 

operating flexibility. The states are stop, start, and run. The stop state con­

sists of no data transfer, integrators clamped, multiplexer clamped on the shunt 

channel and no conversions. In the start mode the ADC starts converting at the 

system clock rate and the multiplexer is still locked at the shunt channel. In 

this mode the shunt voltage is repetitively "read" by the computer until it exceeds 

some preprogrammed value which indicates that a magnet cycle has started. 

The computer then switches the measuring system to the "run" 

mode which unclamps the integrators and allows the multiplexer to 

sequentially scan the integrators and the shunt channel. 
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This data transfer continues until a preset amount of the computer memory is 

filled. Then the computer terminates the transfer and logically disconnects the 

measuring system. Upon sensing this disconnection, the measuring system 

switches back to the stop mode. 

Programming. In the discussion of system control the programming aspects 

were briefly referred to. In this section they will be covered in more detail. 

The computer can check the measuring system to see if it is ready (connected, 

turned on, positioned, etc.). This feature was added so that if the system were not 

ready, then the computer could do other jobs. If ready, the computer calls for one 

reading. This call changes the measuring system from the stop to the start mode 

and the shunt voltage is read. The computer then compares this with a prestored 

value, and if the shunt voltage is greater, then the computer switches the meas­

uring system to the run mode and calls for more data. This time the measuring 

system is in the run mode, so the coils and the shunt are sequentially scanned. 

This data comes in "continuously" at a 10 krs rate while the computer clock is 

effectively turned off. In a sense, during this transfer, the computer timing is 

slaved to the measuring system timing. This feature led to much simplification 

in the synchronizing circuits. 

This data transfer continues until a special character (group mark, word 

mark) is sensed from memory, which turns the computer clock back on and 

terminates the "read" instruction. The program next transfers the data to mag­

netic tape, and makes a quick check to see if any values were overrange. If they 

were, the program takes appropriate action (backspace tape, error printout, dc.). 

The program then loops back to the read shunt instruction after the operator signals 
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that the coils have been moved to a new position in the magnet. These 

programming steps are shown symbolically in Fig. 6. 

Controlling the measuring system by computer results in high operational 

flexibility, which provides the following interesting modes of operation: immediate 

print out, immediate plotting, initial data reduction, printing and plotting, and 

sophisticated automatic system checkout and calibration. The overall measuring 

system logical control and data flow paths are shown on the system block diagram, 

Fig. 7. 

CONCLUSION 

This system was designed to extend the MURA experimental magnet program 

and as a result a very general system evolved with broad capabilities; a system of 

this complexity or speed would probably not be required for the final magnetic field 

map of a large future accelerator. The use of the system in the initial magnetic 

investigations, however, should lead to simplifcation of the system needed to 

install and align the magnets of a large accelerator. This system should make a 

serious contribution to the question of what magnet tolerances are realistic. and 

as such, this system represents what is capable in accuracy and speed with off-

the -shelf electronic components today. A subcontractor, Adage Corporation, is 

presently installing and checking the system; the actual system accuracy will be 

the subject of a future report. 
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