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ABSTRACT 

A computer-controlled facility has been developed and used for 

studying model bending magnets and quadrupoles for the 200 GeV 

synchrotron. With the use of fast sample-and-hold circuits, measure-

ments are taken under pulsed conditions simulating actual synchrotron 

operation. The computer performs immediate analysis of the data. 

such as quadrupole harmonic analysis or calculating the bending magnet 

sextupole component. Accurate probe position is attained with a standard 

lathe bed. Translation is controlled automatically by a closed-loop 

system consisting of variable-speed motors, Moire-fringe linear 

position transducers. and the computer. Carriage wobble is compen-· 

~ated by an auto-reflecting laser controlling probe-tilting motors. In 

this work, integrators with extremely low drift have also been developed. 

~~ Work supported by U. S. Atomic Energy Cornrnission. 
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I. INTRODUCTION 

The system described here is based on a small general-purpose 

digital computer, a selected set of useful peripherals, general-purpose 

interface equipment, and a large, accurate probe positioner, plus two 

additional probe positioners. Based as it is on general-purpose equip-

ment, it provides great flexibility in the measurements taken and in the 

methods of making them. The use of FORTRAN for all but the lowest-

order controller routines makes programming for a new application 

relatively simple. Furthermore, for almost all kinds of measurements 

the data reduction is completed on the same computer in a second phase 

of operation. In some cases data from our system has also been read in 

and analyzed by a large batch pro~essing computer. Writing the data 

on magnetic tape from our machine in the BCD mode makes it possible 

to read it into the large compti.ter with no special conversion routines. 
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An additional feature of the computer system is that it is mounted so 

that it is portable and can be rolled or carried in a relatively short time 

to any place where it needs to be used. 

In planning our magnetic field measuring system we have followed 

some of the ideas used at Lawrence Radiation Laboratory
1 

and Argonne 

National Laboratory. 
2 

Figure 1 is a block diagram of the system. 

II. DETAILS OF THE HARDWARE 

The following is the configuration of the computer and peripheral 

equipment: 

Computer: Varian 620 /i 8 1 192 words. 16 bits 

Teletype. ASR-35 

Calcomp plotter Model 565 

PEC magnetic tape transport. 7 track. 556 bpi. 25 ips 

The A/D system consists of a Redcor Model 611933 Analog-to-

Digital chassis and a multiplexor accepting input from 10 fast sample-

and-hold circuits and 6 direct inputs. The entire electronics package 

has successfully operated in an environment with a wide range of tern-

perature. humidity. and dust conditions in an inhospitable building. A 

Sola line filter has proven adequate to eliminate any noise problems 

from the SCR power supplies used for magnet testing. Two-hundred-foot-

reels of tape have proved most useful for storage of programs and data. 
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We have checked the two-way compatability between the PEC tape unit 

and the IBM 360/75 and the CDC 3600. 

The principal probe-positioning device is a standard 7-foot lathe 

bed with horizontal and vertical cross slides having 12-inch travel 

each. Figure 2 is a photograph of this device. Motion in all three 

directions is provided by variable-speed motors controlled by the 

computer. Horizontal and vertical transverse position is measured 

by Moire-fringe linear position transducers· with a least count of 

o. 0001 inch. A subroutine closes the loop between the position mea­

surement and the motor control and sets any desired position with an 

accuracy of better than ± • 0005 inch. Automatic positioning in the 

long axis has not yet proved necessary. 

The second probe-positioning device is also a standard lathe 

bed. The longitudinal motion and the horizontal transverse motion are 

controlled by digital stepping motors. The angular resolution of each 

motor is 200 steps per revolution, which provides a minimum longitu­

dinal motion of O. 00125 inch and a minimum transverse motion of 

o. 0005 inch. 

The third probe-positioner is used for coils which measure the 

harmonic content of quadrupoles. A digital stepping motor positions 

the coil to measure field as a function of angle. The least count is 

31 milliradians. 
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The high quality of the magnets being studied, together with the 

slow pulsing rate, made it necessary to develop integrators with high 

. sensitivity and extremely low drift. For example, in the bending magnets 

we needed to measure gradients as small as O. 01 G/cm, either using DC 

operation or under pulsed operation with the magnet taking about 1. 6 

seconds to achieve full field. With a pair of search coils separated by 

one centimeter, and having turn-areas of about 1 o3 
cm 

2
, one had to deal 

with signals as small as 0.1 µV-sec. We developed integrators embody-

ing as many techniques as possible for reducing the drift one finds with 

a closed-circuit input. The circuit diagram of our final design
3 

is 

shown in Figure 3. The operational amplifier is an Analog Model 230J 

solid state amplifier, 
4 

chosen for its good offset characteristics. {This 

amplifier gave us the best overall drift performance of many amplifiers 

that we tested.} The amplifier uses a solid state chopper. The inte-

grating capacitor is a 1 µF polystyrene type chosen for small dielectric 

absorption, small temperature coefficient, high stability, and high insu-

6 
lation resistance - about ·10 megohm. Additional features of the inte-

grator design which contribute to its low drift are: 

1. Thermal insulation inside and sometimes outside the chassis 

to reduce the effects of drafts and heat from human contact. 
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2. Silica used inside the chassis to keep the electrical insulators 

dry. 

3. Use of solder with a low thermal EMF. used not only in the 

construction of the integrator but also in any joints made in 

the search coil leads. 

4. Running the integrator on battery power from rechargable 

battecy packs. 

Drift is trimmed with an input to th~ operational amplifier from a 

100 kn voltage divider. Typical drift is less than 0.1 mV /sec with an 

input resistance of 1 kn and a search coil of negligible resistance. 

Integrator reset is provided by an electronic (FET) switch which 

is activated by a +5 volt pulse. This allows the computer. or other cir-

cuits, to control the reset. 

IV. APPLICATIONS 

The facility has been used already in connection with the design 

of many magnets in the Main Accelerator and Booster. Measurements 

have been made in pulsed as well as DC operation. Quantities measured 

have included magnetic field B, remnant field, J Bdl, gradient, as 

well as harmonic content of quadrupoles. Some of the more interesting 

applications are described here. 

(a) Gradient measurements - An important measurement made 
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in the design of both the bending magnets and the quadrupoles is that of 

field gradient. In the case of the bending magnets one is interested in 

the amount by which the gradient is different from zero, and in the 

quadrupoles one is interested in the amount by which the gradient differs 

from a certain fixed value. For both applications we use small, rec­

tangular coil pairs
5 

connected in opposition, with the difference output 

. 6, 7. 8 
mtegrated. A third, independent coil located in a fixed position 

in the magnet is used for measuring the excitation level. For measure-

ment of gradient as a function of position the use of this coil is preferable 

to the use of a shunt, since the power supply for the magnet is rather 

noisy. This coil is also useful during DC operation, due to the drift in 

the power supply. At the time of each measurement the instantaneous 

excitation level is also measured and used to normalize the gradient 

measurement. 

Figure 4 represents the organization in time of the data taken 

during pulsed operation. Figure 5 is a flow chart of computer operation 

during data taking. On the flat part of the current cycle (which represents 

the injection time of the synchrotron cycle) the coil pair is positioned by 

the probe-positioner and the integrators are automatically reset. On 

the rising part of the curve (representing the acceleration part of the 

cycle) the computer continuously digitizes the integrator outputs from 

the fixed coil and gradient pair. The latest and next latest sets of values 
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are kept in two small arrays. (Se·e Figure 5.) When the output of the 

integrator on the fixed coil reaches one of the values representing one 

of the desired current values, the previous and present current read-

ings are stored and the computer goes on to wait for the next excitation 

level. After data has been stored for all desired current levels, the 

computer records the data on magnetic tape and positions the probe for 

the next reading. Operating in this fashion, we efficiently rr use" each 

magnet pulse, while at the same time storing only useful data in memory 

and on the magnetic tape. Measurements during DC operation are easily 

accomplished in a similar manner. (In fact the same data taking programs 

are used simply by deleting the steps which cause the program to wait 

for current levels and the reset step. ) 

The analysis if, of course, carried out on the same computer and 

can be carried out as soon as one set of data has been taken. The pro-

grams for analysis, as well as data taking, are often stored on the same 

tape as the data, making it an unnecessary event to remount tapes. A 

tape is positioned and programs read in by a simple resident monitor 

routine. Figure 6 is a flow chart of a data reduction program for grad-

ient measurements in a bending magnet. The desire value is k, where 

k. = ~ ~~ • A sample plotted output 
9

' 
1 

O of this program is reproduced 

in Figure 7. (Axes and scales were added by hand. ) In this figure the 

computer had plotted the k value under pulsed conditions at several 
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values of the bending magnet field~. The run was repeated ten times and 

there are ten values plotted for each value of x. The quantity plotted is 

(k - k ) vs. x, where k is the apparent slopes of the field at x = o. We 
0 0 

have observed relatively small values of k • and they are believed to be 
0 

due to such effects as imbalance between the coils in the gradient pair. 

-1 
The units of (k - k ) are meter • Figure 7b shows measurements on 

0 

the same model with a simulated vacuum chamber in place. The slope 

of k, or the sextupole, caused by the eddy currents in the vacuum cham-

her is clearly visible. The computer also made a least squares fit of 

k as a linear function of x over the central 1 inch in x and plotted sextu-

pole as a function of B with and without the simulated vacuum chamber. 

(b) Harmonic analysis of quadrupoles - We were able to do 

harmonic analysis on quadrupoles with a simple apparatus consisting of 

a rotatable set of coils mounted at two different radii. The coil assembly 

was rotated by a digital stepping motor under computer control, and data 

was taken in a manner similar to that just described. The Fourier anal-

sis was carried out mathematica11y. The advantage of this method over 

the usual method of spinning coils connected to an audio-frequency 

analyzer is that no slip rings and no high-speed, non-metallic bearings 

are necessary. Also the phases of the several multipoles are obtained 

without any extra equipment. The individual harmonic analysis runs were 

Fourier analyzed on our computer. The data from many runs was read 
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from our magnettc tape. analyzed, and averaged on the IBM 3 60 /75. 

The accuracy of the method was sufficient for putting upper 

lirn.its of O. 2% on the multiple components from octupole through 

20pole. Furthermore, by observing the sign of the odupole as a 

function of current, we discovered a flexing. as a function of current, 

of the poles in an early structural design of the Main Accelerator quadru-

pole. 

(c} Precision mapping - Another application to be implemented 

is that of precision mapping the field of some magnets. The same 

standard lathe bed that we have used in the above measurements will 

continue to be used. While positioning of the carriage and cross slides 

is quite precise, small irregularities in the ways produces a wobble 

which is amplified by a long probe. This will be corrected by an auto-

matic probe-tilting mechanism controlled by the computer. The method 

of sensing the probe tilt by means of an auto-reflecting laser and a 

mirror mounted on the probe mount has already been tested. The detec-

tor gives the tilt information in the form of voltages which are fed to the 

A/D converter. The motors will be controlled in the same was as the 

motors which are nmv used to position the carriage and slides. The 

auto-reflecting laser can easily dytec.t tilt as small as 1 o- 5 
radian, 

which will make it possible to position the search coils to ± O. 001 

inch. 



- 10 -

ACKNOWLEDGEMENTS 

TM-232 
2.070 

It is a pleasure to acknowledge the support and encouragement 

of Professor Frank Shoemaker during the design and construction of 

this apparatus. We want to thank Mr. Harry Barber for his excellent 

design contributions to the Moire-fringe probe mechanism. 



- 11 -

REFERENCES 

TM-232 

2070 

1.. P. G. Watson and R. F. DiGregorio, 11 Techniques of Magnetic Field 

Measurement, 11 Proceedings of the International Symposium on Mag­

net Technology 19 65, Stanford Linear Accelerator Center, Stanford 

University, p. 393 (1965). 

2. E. C. Berrill and R. S. Odwazny 1 

11 The Use of a High Speed Data 

Acquisition System in Meas.uring Large Volume Magnets at the Zero 

Gradient Synchrotron, 11 Proceedings of the International Symposium 

on Magnet Technology 1967, The Rutherford Laboratory, Chilton, 

Didcot, Berkshire, England, p. 675 (1967). 

3. H. Feng, 11 Integrator for the Magnetic-Field Measurement," 

National Accelerator Laboratory Internal Report, TM-189. September 

10. 1969. 

4. A Selection Handbook and Catalog Guide to Operational Amplifiers, 

Analog Devices. Inc. 

5. L. J. Laslett, 11 Some Aspects of Search Coil Design, 11 Brookhaven 

National Laboratory Internal Report, July 5, 1954. 

6. R. Yamada and S. Mori, Cornell 10 GeV Synchrotron Report CS-31, 

April 27, 1966; R. Yamada, CS-36, January 12, 1968. 

7;,. R. Yamada, E. C. Berrill, T. \V. Hardck, and R. S. Odwazny, 

National Accelerator Laboratory Internal Report, FN-110. January 

9. 1968. 



- 12 -

TM-232 
Z0'70 

8. R. Yamada. 11 DC Field Measurements on No. 2 Model Magnet, 11 

National Accelerator Laboratory Internal Report, TM-82, September 

27, 1968. 

9. E. Malamud, 11 Measurement and Calculation of Eddy-Current Effects 

in the B2 Magnet, 11 National Accelerator Laboratory Internal Report, 

TM-177, May29, 1969. 

iO. E. Malamud and c. Schmidt, 11 Sextupole Comparison of Bending-Magnet 

Steels, 11 National Accelerator Laboratory Internal Report, TM-172, 

May 20. 1969. 



Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

- 13 -

FIG URE CAPTIONS 

Block diagram of the measuring facility. 

Photograph of probe positioner No. 1. (No. 2 is at 

right.} 
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Circuit diagram of integrator (with built-in DC feedback 

amplifer.) 

Data taking tluring magnet cycle. 

Logic flow - data acquisition phase. 

Logic flow - data reduction phase. 

Measurements of bending magnet gradient. 
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