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ABSTRACT

The measurements of midplane flux density as a function of position
and current are described within the framewvork of e general plan for obtaining
useful magnetic fiselds., Data were taken point-by-point in a radial direction
on & grid of 1 in. by 3 deg. The separate effacts of currents in the main
coil and in the 17 circular trim colls were measured. The Theoretical Group
calculated recommsnded currents and the predicted fields., The predicted fields
for combinations of currents were verified by magnetic msasurements at six
probable operating levels., The harmonic content of the combined fields and tha
use of coils in the valleys for fine control of hermonics is deseribed.

The operation of the flux density measuring system and the positioning
systeme is described. The flux density measuring system attained a resolution
of i G with & tempersture-regulated Hall probe., The radial positioning was
better than #0.005 in, using & tensioned metal tape. The aZimuthal acouracy was
better than 0.01 deg--by using precisely located plns on a fixed disk, Problens
of current control and hysteresis are discussed,

Problems of data handling, and the use of a computer to find and correct
errors are discussed. Final results are evaluated by comparison of predicted
and measured fields,
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FULL~SCALE MAGNETIC MEASUREMENTS DN
THE BERKELEY 88-INCH CYCLOTRON

Joseph H, Dorst
Lawrence HBediation Laboratory
University of California
Berkeley, Gallforunia

April 27, 1962

1. Iatreduction |
From Jamuary ihrough August 1961, the magnet test group at our laboratory
was responsible for making detailed measuremsnts of the magnetic fisld of the
88-inch oyclotron., During the six weeks of the first phase (Phase I) of medsuring,
we determiaed the general sultability of the mmsgnet, tried ocut and developed our

tools, trained our personnel, end learned how to handle some of our problems,

 After snother 11 weeks of preparation the magnel was turned over to us for Phase II

of the measurements. We used 14 people for 11 weeks, with double-shift crews on
the magnet and on the IBM data processing. We recorded approximately 400 000
separate readings., Now, after eight months, we have almost finished final pro-

cessing of the measured data,

2, Ihe Plan

The general purpcse of the magnetic measurements was to obtain useful mag-
netic flelds., Three ingrediente which must be controlled in & useful megnet are:
isochroniem, focusing, and oscillatiohs. The degree of control judged necessary
or desirable bears directly on the question of what to meesure and how {0 measure
it. Both magnet development through the model program and thesoretical analysis of
the attained fields had shown that the particular hill design was suitable, and |
that there was sufficient capacity in the trim colls to produce useful fields for

#
Work domne under the auspices of the U, 8. Atomic Energy Commlssion.
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all desired particles through most of the energy range, although the maximum pos-
sible energles were unknown. An examination of measurement philosophies has been
written by Kelly; (ref 1).) We uamnted to set the magnet close enough to a fully use-
ful fisld to be within "easy knob~twiddling range, " whatever that is, and we wanted
a high-quality beam and rapld flexibility in operation.

Phase I,béfo:e installation of trim coils, was primarily a check of ths
magnet and of cur measuring gear. We removed iron near the center to reduce an
8 - G firet harmonic at 6 in, radius, We added iron at the very edge of the east
valley (Valley A in fig. 1) to smooth out the rate of chaﬁge of first harmonic due
to the crose-overs in the main-coll conductors on the weat side. We worried about
the cross-overs in the leads to the trim coil platter (fig. 2), and added = small
amount of iron in the morth valley to precompensate their estimgted effects. (The
optimizing of the center region is covered by Watson in another report 2). )

In the second phase, with trim coils, we calibrated the valley (harmonic)
colls (fig. 3), and tested that we could make the first harmonic < 1 G for several
inches at the end of accsleration. (The proposed deflector system begins at 3§ in.,
which is beyond the point where)/ =2 )/ ,) Fine control of the first harmonic

has been achieved., Ses ref.B) for a description of the method.

The main effort of FPhase II was in measuring the iren, the trim coils, and the
combined fields., The basic steps in the program for control of isochronism and
focusing were:

a. Mempure in fine detail the "iron" flelds im one sector (fig. 1),
b, Meagure in lesser detall the separate effects of changes of curreants
in the main coils and in the 17 circular trim colls,

c. faloulate a set of optimum currenis using azlmuthally averaged

main-coil and trim-coil effects,
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d. Eredict the megnetic field in full detall, and
@, Mosagure in fine detail the actusl total field at the specified current.
The complete oycle was done at fiv;jizills. The final measursments in each
eycle woere for a full 360 deg; these were known es Grand Tests. Additional sets of
iron fields (with curvrents only in the main coils) were measured at many intermedi-
ate field levels, without the complete cycle of caleulating eand testing recommended

currents,

How well we did is difficult to describe. Flgures 4, 5, 6, and 7 show the
baéio profiles for four of the Grand Tests, The adjustmenta o the actual measured‘»
values were simple calculatlons, due to small differences botween the speciiied
currente and the actusl currents. The validity of the deviation is unaffected, In
each of thess cases the solution is for deuterons, and one of the iron waps is the
._base. The meximum phase slip, for the highest field, is about plus and minus 30 d&Q.
The iron shapes at high field show the lncompleteness of our optimising at the "exit!
radius, That radius changed from 37 in. o 39 in, as & result of deflector studies,
The average radial profile of the isochronous field: is not shown on these graphs.

The deviation from prediction is shown amplified in fig. 8. The'agreement_
in the gradient changes inside 25 in. is especially pleasing, and shows thet the. A
. fields oan be accurately known in the starting region from knowledge of the eurrents,
The discrepancy neer the outside edge is a valid fallure of supsrposition in the |
iegion where the nonlinear effecis are greatest. Note that Test %o, V 1o sotually
poorer than No. I, alihough at a lower field. Tho deviations are obviously related
to the totel field change and the total gradient change., BEverywhere the total changes
are large, For instance, the predicted chenge in Test V &t 32 in., is only + 27 G.
But this was obtained by adding + 1083 G and ~ 1056 G. The ast failurs is only about
17 G. Additional iterations with the measured combined field as a hase will be mch
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cloger, Test VI was such an iteration, but the process of weeding out errors is
not complete, Qﬂd & precise campariscn has not yet been made.

The measured fields in Tests II and III were sufficiently elose to the
predicted that particles could have been accelerated with phase slips of less than
plus and minus 15 deg, with only slight changes in the main-coil current or in the
aceqlgfgting frequency. |
4o Messuring Equipuent

The oarly declsion to take data in & radial direction came directly from
the evelusntion of the asimnthalky averaged radizl gradient as the parameter re-
guiring highest precision of measurement., The sgelectlon of 3 deg as the standard

azimuthal increment came from analysis of the modsl date, which showed that 40

polnlis per 120 deg sector were reguired to determine the average radial gradlent -~

of the totel field to the requesied presision of 1 G/in, For any single map, the
reguired resolution of the flux density sensor could have been larger than the

precisicn required of the average, because of the expected random nature of errors
ol resolution, but there are other impertant factors, The effects of each trim
coil were messured with an azlmuthal interval of 12 deg, which is only 10 points

per sector., The predicted flelds ere the iron fields plus the alegebraie sum of -

12 separate trimhing effects, For the desired precision in the totel, the errors ” 3-

of a single element must be kept as low as possible. And finslly, there are many“.
possible variables in the measurement of £lux density, as well as real time vari~
ations in the megnetic field. That is: the positioning equipment is never per-
fectly reproducible, the ysrdsticks used in flux density measurements are always
slightly flexible, and ths megnetic fields themselves are never absolutelﬁ stable,
We measured with an extra factor in resoluticn in order to identify any variablas,

and correct the sources where possibdle.
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Thue our overall plan of measurement placed a high premium on shori-term
reprodueibility (with maximum resclution), a lesser premium on long-term repro-
ducibility, and the lowest requirement on abaoluﬁ& value, These relative fmportances
were sppliad to the three elesments of the messuremsnts: {lux density, position,

and currentis.

4. The gysiem begen with a stable current {(about 99 mA) from a high-precision
BOUrcs,

B. fThe current paseed through a Hall plsie.
C. The Hall plate wag held at a constant temperature by & seperate subsystem,

D. The Hall voltage was amplified by a fixed-gain (x20) D.C. emplifier,

3. The outpul voltage was read by e digital voltmeter,

g .Tha reedings weré reccrded on puiiched curds,

Two elements of the system, the preclsion current sources and the temper-

ature regulator, wers powersd through sa A.C. line regulator (Gorensen Model 1000),
A. Surrent Souress - North Hills Electric Model US~11), The current sources per-
formed satisisctorily with some short-term noise of a few parts in 10, Mo long
term drift was delsected, Our originel intention was to use both sources in parallel
to deliver about 200 mi, Unfortunately the thermal time constants or our originsl
probe holder and oven were too long (and the performance of our original oven was
terrible), 48 8 result we thought that at 200 mA the variation of power ia the
probe with varying magnetlc {'ield was t{oo high. In addition the curreni sources
required occasional servicing, so we swon decided to use a single curreat source.
The interasl reference veltagss of bofﬁ sources were deliberately reduced to less
than 10 V to permit frequent monitoring by direct reading into the voltmeter.
B, Dali fiates. These were Cleweus FC-34. The dimensions of the sensitive elemente

are about 0,23 by 0.40 in, On the basis of uniform response {rom their area, the
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maxinum errer in the ma&auremant_of the average gradient due to high third radial
derivatives in the messured ficld wes calculated to be about 1.4 G/in. abt a radius
of 39 in, Two plates were used in ocur seriez of measurements, Serial Nos, 702 and
634, The failure of Mo, 702 and the aging of No. 634 are discussed in a separate
report by derrest%).&ll.Pha&e Il dats was guthered with Ko, O34 in our best oven,
The average sensitivity of this‘prcbe, at about 99 mi, was 22 wW/G,

C. Temperoture Repuleting Systen. The controller snd oven assembly that wers
finally used worked extremsly well., The lirst combination was complstely unsatis-
factory, primarily due to the very poor performance of a Robertshiv Fultod erystal
oven, for ail of rhasc I, one model of the final brand of conirolier was used with
gsome parts of the original oven, and this combination gave a lot of uselul data.
Howaver, variatious in.Hall valtage, due to temparature swings, were several gausg
cand severoly limived the newsurements, Ascurate deémrmination oi the first har-
cmonde was very difficult, wnd the poor temporature coantrol maeked sll other vori-
ables, (& rather lerge misitake wes meds, all too essily, when the Hall probe
mountlng cylinder was installed upside down, This resulted in all Fhase I Jata
being taken at 5/8 in, sbove the median plane).

Between the two periods of‘mmasurément, a recettable temperature controller
and 8 new coppor-sandwich Hall plaﬁe holder were tested, The last modiflica -
tion:was to enclose the entire probe and heater assembly in an insulgted braos box,

(1) Contreller unit: this was a HMallikaigen Instruments Thermotrol Modnl 10534,
which tursed a thyratron on and off with & cycle time of about 1 sec, We used the
output to drive a relsy in a low-voltage 0U-gycle heater circuit, The sensor was
avout 604 of platinum wire, wound nonluductively emd located on the midplane of
the oven assembly., The inert resistor of the resistance oridge was alsc located
in the oven. The adjustable arms of the bridge were primarily {ixed resistors with

a hellpot ouly for the fine control., For our particular application, we rearranged
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these resistors to make the two remote arms of the bridge have almost equal
resistance (within 22) whean the probe was et the desired temperature of about
40°C, The actual set-point temperature was slmost completely insensitive to
heater'voltage; that is, the unit would operate at the same temperature with a
10% or & 90% duty oy&le. The monitoring of temperature was accomplished by
measuring the voltage drep across the Hall current terminsels at the Hall plate,
and 18 "ecounts" was about 0,10°C. 4 simple test of the functioning of the system
was available: We observed the settling time after msking a step change of about
30% in the heater voltage. The "temperature” would swing off by 10 te 25 counts,
and return to within one count within 20 sec.

In the usual operation, with only the input power variation with changes
in megnetic fleld az a perturbing influence, the temperature was stable to plus
and minus 0,01°C, The actusl tempsrature of the semiconductor heert of the Hall
plate did, of courss, vary with the magnetic field, but it was only about 0.4 deg
sbove the temperaturs of the sensor whea in & 20 KG field, The time constant of
this small part of thensyatem was too short to measure accurately and did not
- affect our readings or our ealibration, That is, we could not complete a measure-
ment quickly enough to detect a transient state. With &n operating range of # 0.01°C
and & maximum measured temperature coefficient of Hall voltage of-0,05%/°C, the
temperature regulatlon error was less than 1 X 10‘5, which 18 less than the resolu-
tion of the digital voltmeter.

(2) Hall probe and oven assembly: This is shown in fig. 9, 10, and 11, The probe
block was mede of copper. The shape of the copper block was designed so that the
internal heat flow, of both the Hall plate énd the sensor, was away {ror the midplane
towards the flat sides. On the flat sides, the heater ocards provide the necessary
power to keep the block above ambient tempsrature and the heat flow is towards the

{1at sides of the brass box. The two heaters were bifiler windings of ordinary
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fine magnet wire wound on cards. The terminal board for all leads was held at an
almost constant temperature by loecating it between the end fins of the block, The
inert resistor wes also in this space, The Hall plate and the temperature sensor
were side by side in the midplane of the block., The insulation of Styrofoam reduced
ﬁhe raequired heater power to a relatively low level, aﬁd the brass on reduced any
thermal gradlents in the externsl enmvironment. Additional construction details
are in another report %),

Overall checks of the sensitivity to ambient temperature were made from
159C to 35°C, Although the heater current changed from 550 mA to less than 100 mA,
the voltage drop across the current side of the Hell plate changed less than 2
counts, or about 0.01°C. The complets assembly could be placed with one flat-side
againet a cold slab of metal with no noticeable effect on the set-point temperature,
The normal level of power to the heaters was about 1 W, whersas the internal power
to the probe and sensor was from 0,10 to 0,15 W,

D. Fixed -~ Gain Amplifier. Amplification was 20:1 (Ultronix matched resistors and
Kintel Model 1114 amplifier). The gain stability was primarily a function of the
stability of two reslstors, The first set of 20:1 was assembled in haste (vhen we
changed the Hall current) and were 100 and 5K , Uith these low values the re~
sistance of the voltasge leads was a significent factor. Because of lead failures
we had made changes to these leads before and during the measursments of Phase I.
For Phase II we used a matched set of 1 M  and 50K , and we calibrated and
measured with tpe seme leads, The amplifier could be repleced at any time without
affecting the calibration, Output noise was never & problem during operation of
the system.

E., Digitel Volimeter, This was a Non~Linear System Model V-35, For our usse,

Ahe automatic ranging was disconnected and we read on the 10~V scale with an input
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impedance of 1000 ¥ , The maximum reading wae plus or minus 9.9999 V. The
least count was 100 uV, This voltmeter was both our pride and joy, end our despair,
It was highly linear, to better than 5 parts per 100 000; highly stable, to better
than 1 pért in 20 000; and it was relatively insensitive to noise. Although not
a fast DVM, 1% never required more than 2.3 sec to balance, and usually much less.,
But, it wade mistakes. It did not come te balance on & wrong number very often,
but when it did, that number went straight into the IBM cards. In hindsight, the
condition of'ggggggggg bad readings is eatirely correctible, although oui efforts
during the testing were devoted to eliminating the incorrect reading of data, a
process which was gradually more or less successful. (The very infrequent wrong
decisions at some steps in the logic wers due to wear in the transfer switch and
the decade switches).

The recording of'bad readings in our output data, increased our data
procassing costs by at least a factor of two, and the toleration of this error
was the worst mistake we made. (A second ‘"intolerable" error, which we hed to
accept, was the mispositioning of.the asimuthal latoh).
F. Data Recording. Output voltage readings were recorded on punched cards with
an IBM Type 517 Summary Punch,
4.2 IHE IONING SYST

The redial boom and the fixed mounting plate are shown 1n the magnet in
£ig, 12, The duraluminum plate is aupported on posts that are visible in this
picture, because the trim coils were not yet installed. The plate is centered on
& stubby post which defines the magnet center. On the upper surface, the f{ixed
azimithal positioning pins.ara barely visible, There are 240 astainless stell pina,
very precisely located. These pina locate the boom azimuthally by means of a latch
mechanism, The minimum increment is 1 1/2 deg. and the polar grid is deflned to
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- about 0.005 deg.

Ths radial boom is shown out of the magnet in fig, 13. The structurs is
about 140 in, léng. The boat, with its arms guiding the cables to the cable trays,
is at the far end, at about +50 in, The probe assembly is mounted under the boat.
The range of radial motion is from -30 to +67 in., The azimuthal poteatiomster is
near the center, and the radlal potentiometer is on the near end of the shaft of
the drive sprocket. The shelf for mounting the'NMR probe was not yst inetalled
on the side of the channsl. The essembly weighe about 200 1b, and is supported on |
four wheels and at the center bearing. The center bearing 1s just barely visible,
The azimuthal latch mechanism is undernsath the far enéd of the boom.

The main feature of this epparatus is the tape iransport system. The close~
up view in flg, 14 shows the drive train., The motor is about as large as we could
get into the space avallable. The Geneva mechanlsm, with the control cams, was
an excellent device. Rotation of the driven shaft 90 deg required about 0,2 sec;
the cycle'tim@ was about 0.7 eec, The ge#r pair, shown engaged, was for 1 in,
radiel inerement, The drive sprocket, precision tape, and the troublesome fixed
and floating idlers are shown, A4lsc visible is en early model of our edge-guide
rollers., The guiding units were completely modifled for use in the reduced gap of
5 1/2 in, when the trim-coil platters were installed.

There was doubt during the measurements, as to whether we would be able to
finish taking data before the supply of tapes ran out, We checked every day for
radial registration at the magnet center, Towards the end of £he program the con-
dition of the tape was constantly checked and small adjustments made., But the re-~
producibility was literally superb: 1 in. was 1 in., to better than 0,001 in, Over
6 - and 8 - hour stretches during our Grand Tests, the reproducibility at larger

radius was checked with rspeat runs, and we never had greater than 2-mil variation,
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The backlash, or difference in position with direction of motion, was &
funetion of radius, due to change iﬁ tension of the tape, It was about 5 mils
at +50 in., but we always messured in the forward direction., The tape teasion
was about 60 lb,

The attainable azimuthal precision was very high, but sstting and latching
was a manual operation. Failure to properly position the azimuthal latsh intro-
duced errors iﬂ the measurement of fiux denslty that were proportional to the
azimuthai gradients, Radial runs that hed large errors, on the ordsr of 0.4 deg, - -
were discovered relatively quickly, and about one-third were rerun. Most of thoeéii ‘
runs were tediously corrected by band methods that were later refined into carremtion  _
programs, Small angular position errors, less than 0,05 deg, usually were not
readily detectable in the secondary processing, and a large number of them, perha§s ¥.
1% of 8ll our runs, are gradually being eliminated from our data,

The operation of the radial mechanism and flux denslity measuring equipmeat
| was controlled at the double rack shown in f£ig, 15. The radial positioning was |
automatic, with several choices of start and return radii, A typlesl set of €8 pointa
was measured while moving radially outwards; the probes wes returned to the start '
point in & total elepsed time of 2,9 sec per point, The IBM punch determined thé
minimum time in flat fields, and the digltal voltmeter plue the punch time set the
maximm time in high-gradient fields. |

The setting of currents was the ultimate limiting factor in our maasuram@nté;"
The main-coil current waa.contfolled with a voltage divider on the regulator re-
ferenaa‘voltage. Variations of the reference voltage supply during early measure-
ments wag one of the small factors that we found necessary to correct. Hysteresis

vas detecteble at all field levels, but it was most severe beslow 12 kG, We were



- 12 - UCRL~10074

not able to detect any changes in shaps due to hysteresis, but the level of the
field at 8 kG could be different by 60 or 70 G, depending on current history. To
reduce the eifect of hysteresis, the individual trim coils were measured at both

- polarities, and the trim~-coll currents were sei before the main fleld was brought
back up to its final value, The setting of trim coill currents was a tedious taﬁk;' 
Flgure 16 shows two of the most importent ingredients of our measurements: the
humans at the endless task of setting and checking the currents during %he neasura=

mente, The calibration of the current shunts in the power supplies was most im-

' pportant,bééanae many combinations of supply end coils are necessary for our Optimﬁﬁff@i
solutions, L s
44 DALA VALIDATION

'The_r°“tina date processing was all done on an IBM 650, The processing S

section of ﬁhe.magn@t test group was responsible for deliverling valid data to tha;'

_theoratiaal group., This difficult job was made mlmost impossible by tha.ﬁﬂlfuncﬁibﬂéﬁf
of the voltmster, A

Since the conclusion of the measurements, computer programs have been def ;?f%”’

veloped by P. G. Wataon and k. Albrecht to challenge our data gad to correct the -
error5¢: Figure 17 is a display of part of an iron {leld map at 943 &, This is 30?;;:
deg data to 67 in, in Sector No. 1., For each point, a velue is caleulsted by mesﬁg |
ilnterpolation from the sdjacent 34 values. Figure 1€ is a display of apparent | i
errors, the differences between the calculated and measured values., Two values B
 (~15516 and -2043) are wrong in this set of 680, The lower poinf indicates over- .
lapping errors, since there is also a bad point at 90 deg. (as represented by the _“
empty box). The upper point is alone and the reflections due to its error are
outlined in a larger box. Note the symmetry of the numbers. The numbers outside

the boxes show tHe random variation of -our data, in tenths of gauss. The only

values greater than 1 G are in a diagonal
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strip just below center at the right. In this region, at the nose of a hill nesr
. the edge of the magnet, the interpolation schems is not good enough to identify
errors of < 2 G.

In £ig, 13 , the éﬁme error map 1s down after partial corrections, The
upper of the two bad values has been changed by 1551,4 G; the residuals within the
large box are triviel. For the lower bad vealue the correction ia incomplete., The
computer must alternate between this point and the incorrect point at the neigh-
boring azimith; the process has not been finished. Each cycle of scanning 5500
values for the highest apparent error, correcting a single value, and r@cﬁlculating
the 35 values of the error matrix takes lesa than 4 sec on the IBM 709,

5. Conclusions |

The most important conclusion is thét we have an excellent magnet, The
three-lobe symmetry is so strong that all fine structure in the magnetic field can
" be idantifiéd a8 to its source, The first-harmonic content of the fields at all

radii is small end smooth, with or without the trim coils.

Sécondly, toleration of the recording of bad data and irregular positioning
is very costly: in time, money, and human effort. We did foresee most of the |
routine problems of handling bulk data, bu; the sheer quantity was not the problem.~VVhere-
as we: recognized the necessity for taking and displaying data in a fashion that

-permitted detection of errors, but we woefully underestimated the time required for
deﬁection and for hand correction of poor data,

Finally, after our efforts to produce a highly stable flux density measur-
ing system, it was a disappointment to uncover the epparent aging of Hall plates.
Since them is also some 1limit to the possible speed with which we can take data
with such & device, our enthusiassm for further development of Hail plates is rather

low at this time.
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FIGURE CAPTIONS

Flan view of magnet. (Pole diameter = 88 in.; Sector 1 meesured to

R = 67 in.; Sectors 2 and 3 measured to R = 45 in.).

Trim-coll leads and cross-overs,

Valley coila. (Pole side of upper coils, in position for brazing).
Average radial profile: Grand Test I. (Iron curve: mein coil at

2090 A; Predicted and Measured curves: main coil at 2371 A, plus trim
coils),

Average radial %rofile: Grand Test IX. {Iron curve: wain coil at

765 A; Predicted and Measured curves: main coil at 805; plus trim coils).
Average radiel profile: Orand Test IV (Iron curve:; masin coll at 1470 #;
Fredicted and Messured curves: main coll at 1622 A, plus trim coils),
Average radial profile: Grand Teét ¥ (Iron curve: main coi;‘at 1840 A5
Predicted and Measured curves: main coil at 2106 A, plus trim coils).
Deviation from predicted {ield.

Hall probe and oven: complete assembly,

Hall probe and ovent partially open.

Hall probe and oven: midplane exposed.

The 88~-inch cyclotron megnet: magnet-messuring equipmsnt installed,
Redial boom, | |
Radial boom (close up of motor end). K
Magnet testing consols. '
Operatora sotting end checking currants.

Computer output display of measured flux density (in gauss).

Computer output field error displsy before correction {values are
tenths of geuss).

Computer output field error dlaplay after partial correction (values

are tenths of gauss).
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