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FIELD MAPPING OF THE IUCF 200 PEv CYCLOTRON * 

D.L. F'riesel, J.W.D. Sinclair, 8% Eardin, and R.R. Pollock 
Indiana University Cyclotron Facility 

Bloomington, Indiana 

.%gnetic field .zapping of the Indiana main stage 
cyclotron is performed on a Cartesian grid &sing a 4 
by 4 array of Hall probes. Tne apparatus, driven by 
torque motor-assisted, high-speed stepping motors, maps 
one eighth of the cyclotron bea,r area in b hours. 
Positioning accllracy is zaintained by encoders at- 
tached to the stepping :cstor drive shafts and abso- 
lute probe locations are ;letermined .usind :m&netic 
fiducials on the .csgnet pole tip. The mapper is inter- 
faced to a digital computer for autonatic position 
control and for field data acquisition , reduction and 
storage. On-line data reduction incl;dcs conversion 
of iiall voltages to field values, &lowing for indivi- 
dtial differences in the sensitivity and non-linearity 
05 the probes,, and corrections in the fields for mea- 
sured errors in tne relative probe positions. Sx- 
amples nf the field data quality obtained are pre- 
sented. 

Introduction 
The Indiana University 230 Kev Cyclotron is a 

separated sector, variable energy machine capable of 
accelerating particles ranging throughout the peri- 
odic table. The accelerations ?f sich a large rar.ge 
of particles and energies requires one to shape the 
magnetic field to the relativistic profile of particle 
a.nd energy in-".olved. The ease with which the various 
beams can be extracted from the cyclotron depends to 
a large extent upon the acquisition of a coraplete 
and acclurate set of magnetic field data of the cycle- 
tron magnets and trim coils. ET purpose of this 
r-port is to describe the apparatus used to obtain 
that set of field data. 

Tne design or' tne mapping apparat,Js was dictated 
in :mar.y ways by the design of the cyclotron :,agnots 
shmn in FigDe 1. The separated magnets, each re- 
quirin,: spacers in the magnet daps, make a 360° o-3 
mapping system located at tip machine center a pray- 
tical problem. Therefore, a Cartesian grid coordi- 
nate mapper is used, in which the drive elements 
arz mounted %,n the top gokc of the m$et. The 
probes used to meas~lrc the: field s.r<: placei: on the end 
cf an all;rcin,sn arm that .sxtends from tne drive s'/stcm 
.cz +"kec ,"L&--‘~ - p-cz.,c of trx ..,a1 -:-Lit 4 * 

Tne area :napped o;t by the system consists of L/2 
a :magr.E~t ) bzundud .b) the ::w,;cet center Line ., arpi i/2 
0:' a ml&j-, Stymied by the ~all:~~ :F:nter line, and 
2s 1,'" of the area occupic:d t;i wm ir, the razhinc. 
;i superposition of thC;st: partial :o;;ps ,:ives a field 
rcprcstntic,: :k cd:ls:ruri c:nfi,;uratior: I'or calcu- 
lational p~poses. Yhir: yofxrdrm: is ~valid sine-- t:hi, 
regrets arca locat ry:x=trical& aiis?ut the zachinc 
C~zIiter , <iid ~ssebri&.lJ bcr:cre in an identlcai smct'r 
whr:n ?n!-'r ;i OCld ) purtic,tisrlj when iriqien into SC~LLT- 
cL:i,:n . 

.4rr i:;portimt c;nsi&~riition in tr,c :za~oi:: .le- _' L 
sit-n is th12 :i::,r! rr~qiirr:d tj ;bt:rin th. fi,.ld dtlta I> 
:jhich i'-.tzrit(l; th,- pr:~ncrtics sf th,- :;:l,,trzn. To 
k"'?F) Xhi; ti::,c tti a .zx.i:xxi, a .;riii-~_,,,3rdit:;itc siz.2 
:r.ust a c~~::st:~ tnat is s:.mtill t:n';l;h ‘"0 jit:lNl de:'in- 
itivz ini‘or-ration absl1t thi !‘it*liis, ,j"t :?.c*r:p th: 3 ::Ii- 
'L t: r 31' 3ccLs .r*:l la:a pcintc to :a :..inii:l;n:. 'd : crn310:/ 
3 or :bc :t::s-m.:lly consistin:; o:‘ lf; iall ,;*:nt.rat8Jrs 
i. ;*:it *,i ;r-::i :;‘,i;i ,:t; ,r~ ;n,: i::(:t L :c t .:ert<,si:tn .;rid . 
)c ;qork. ;;.dppor tc.i Ly the R;lti :n:ll :;cit.n.:, Fo.indati;in 
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Raii Probe Assembiy -- 
The development of the Rall generator ,over -,he 

years has made it an accurate tool for measuring mag- 
netic fields. Tine probe we wed is an F.W. Eell, 
Inc. Model MT-CjlO high performance transverse Eall 
generator. It is a low sensitivity probe cilosen for 
our purposes because of its high degree GI linearity 
and low temperature coefficient. The probes have a 
field operating range of 229X1;, which .Liore than covers 
the range of fields produced by the cyclotron magnets 
(17 KG Max). 

Historically, one of the most troublesome aspects 
of using Hall probes for field measurements over loni 
periods oi time has been the large fluctuations of out- 
put Hall voltage with ambient temperature changes. 
The mean temperature coefficient of the Xall voltage 
for the BH!C-910, however, is quoted as +50 ppm/"C. 
At the maximum expected fields, tnis co&esponds to 
a +.d5 gauss maximun error in the measured field per 
OC-of temperature change. At lower fields, the effect 
becomes insignificant. The observed temperature vari- 
ations in the cyclotron vault during a twenty-four 
hour period is typically 3 to 5'C. Thus a .maximm 
error in the measuring field of approximately 4 sauss 
can be expected due to room temperature changes 
during a set of maps. These temperature variations 
generally occur over long periods of time and thus 
the field errors will show up o.s zzap to map diffLrenccs 
rather than as distortions of a Given map. No attempt 
was made to correct the output volta&e of tile Ball 
senera;ors for temperature variations, nor are they 
mounted in a temprrature controlled ?nvironcent. 

The sixteen Hall probes are mounted on a .X5 
inch thick i'iberglass board. The prozes are powrrec 
in series by a 15 volt, 130 mA constant curent suppld. 
Tne power distribution network and linearizing re- 
sistors for the probes are also mounted on this board. 
The required position accuracy of the probes on tie 
one inch grid is of theorder of 2.305 inches. Tne 
problem of locating the pro& precisclg on the one 
inch grid amounts to locating the center of thiz active 
arca of' each Rail generator. This is done by pro- 
ducin; a local field "btzap" in an >tk;e,rwise unil'orm 
:nat;neti2 :'ield. The r‘ielii "bump", rou&l~ Gaussian in 
sLb* atd hkvirig a i'h'lii4 u?‘ Z.L<; iriorl.:s, iq .,ecr,er.att-d 
by an iron pin (called a fiducial pin) l/;~:‘t't inch 
in ciamct,2r by l/lEth inch long placed on one pole 
tip. The center of the Hall probe aztivr ar<:a is 
detcrrdned cy I'indin,: the point whicn !;ivt s t3t: ::~t:i- 
iizm Hall volta& outpI;:, corrcspondink; tso placini; t;le 
zcri:i r ,J:' tnc active ar :a oi th: pro:;r; at tnc, :;ai:&~:.. 
iiela point. &in,; this technique, tt;e prose ccnti.rs 
xrf: located on :iie dc-lrid ii;rla wit:1 (1 precislsn oI' 
+.,X5 inches, and xg:ir p.:sitiscs :+.T‘t: .ir.oLm wit:: iin 
~CC~JXHC~ 0;' +. 3'31 inc::l'c. 

Hall Proin &iiLratizns -- 
2r.c q,uantit.y .~r,:iisa~:c 0:; t:lr iid; ,:‘:ndmcsr Is 

the intensity <of the :ra,;nt,tic :'i.,;-, 2. Xt si,nsitivity 
6;;' thr: 140&l 3HT-,a13 pr;'~c,c ;.rt- GCG'~Z O.&:i,'s + 'J2t.I 
and are ~~:c~zrally slowly var;;in,; : zcticns 01' tnc :'i .ld 
intensity. 'The q;l,ot,t:c linczari:J is +C.l; anil is ab.z-lt 
:A ;'act,:r oi' 1:) lar,;er ;nan r..q&.rt-ii to :.+ i:;~,Li witl,,ut 
,correctimx~s o'r'cr the rnn,;ca 0: r'ib,icls :;., ,i-s d(:'1 in th? 
~.:ycI.4~tron. In addition, tk :ct~?~~ i‘ielli G>ktpit volt+:t- 
varitbs i'ro :I pr~>tP t,i pr,,~i,,' :itld !,.A:;!, :rl:,o :I.: 11, tt~r.cincL. 
,xc;ld&<, #;f tr;ciz low :.er;siti.Jita, ilit‘ Hail cdtpur; 
-J~;lt,+y i)i' tr.i, p,,cer. an: :iit:a~.br~ 1 with a 3rlf,:i:;il>n 
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integrating digital voltmeter. The DVM has an accuracy 
of +_imicrovolt , or at .&V/G, a field measuring 
accuracy of +1.2 gauss. 

The calibrations of the Hall probes were carried 
out in the main cyclotron magnet. This was done so 
that the effects of the magnet warming when excited 
and of the Hall plate warming when powered would be 
inherent In the calibrations. The probes were cali- 
brated against a Spectra-Magnetics 5300 IN? digital 
Gauss Meter which has an operating range of from 
2 tc 20 K Gauss and a field measuring accuracy of 0.01%. 
The mapper drive system was used to position each 
probe in series at a point in the magnet gap least 
affected by saturation. The probes were calibrated 
at field intervals of approximately 1.500 Gauss from 
7 K Gauss to 16.75 K Gauss. The data at each point 
were normaliztdby the output of another Hall probe, 
fixed in position in the magnet to monitor fluc- 
tuations in the field. 

The zero field output voltage of the probes was 
measured by placing the probes in a region of zero 
roagnetic field and measuring the output voltage. 
These voltages were also normalized to the input Hall 
current of 100 mA. 

The Hall constant 7h was found to vary smoothly 
by as much as +O.lj$ over the range of fields pro- 
duced by the cFclotron magnets. In order to inter- 
polate between the measured values of 7h , the data 
for each probe were fit witn a quadratic of the form; 

yHn =An+BV +C 2 
nHn n lJHn 

The value of A is 7 to first order, while 9 
and C are a measurg of 
sensi!ivity. 

t e ncn-linearity of the pr%e P 

all instances, 
Bn was found to be negligibly small in 

probes. 
while Cn was significant for most 

This quadratic equation was used to deter- 
mine the Hall constant at each value of the output 
voltage Easured during: a normal field mapping sequence. 

&pper Mechanical Design 

The x-y cocrdinate system of the mapping apparatus 
is defined by a pair of crossed lathes whose drive 
mechanism have been remcved. The larger lathe (9 ft.) 
is located on top of the yoke of the magnet and is 
aligned parallel to the magnet centerline, definedas 
the x axis. The smaller (7 ft.) lathe is mounted on 
the saddle of this lathe and is aligned perpendicularly 
to the magnet center line, defined as the y axis. An 
,;' dismeter alcninurr; arm is mounted on the saddle of 
tne y axis lathe and extends 15.5 feet down to the mid- 
plane 01' tne magnet. The apparatus is illustrated in 
Figae 1. 

EXTRACTION 

E'idurE: 1 
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The drive motors and gear boxes for the lathes 
have been replaced with high-speed stepping motors, 
coupled directly to the wmm gear which drives the 
lathe saddles. Since the output torque of the steppin 
motor is inversely proportional to the input pulse 
rate, the maximum rate of linear motion is determined 
by the torque required to move the lathe saddle. For 
the X axis, this occurs at 500 pulses per second or at 
a linear velocity of 0.07 inches per second. A smooth 
acceleration is required to go from a standing stop to 
the desired velocity because of the minimum response 
time of the stepping motor and to prevent vibration 
of the boom. The time required to move the boom 4" 
along the X axis, including a smooth acceleration and 
deceleration, is 60 seconds. 

'Ihe y axis saddle is driven by a smaller stepping 
motor coupled directly with the output of a torque 
motor. The output torque of the motor is slightly 
less than that of the stepping motor, so that the 
stepping motor cannot be over-ridden. This step/ 
torque motor combination is capable of driving 
the y axis saddle at a linear velocity of 0.33 inches 
/Sec. Thus, a 4" move along this axis, including a 
smooth acceleration, is accomplished In approximately 
16 seconds. 

The position sensing is monitored by optical 
incremental shaft angle encoders coupled directly to 
the output shafts of the stepping motors. The en- 
coders have a resolution of 256 pulses per revolution, 
and are direction sensing. Tne outputs of the encoder 
are fed into 20 bit up-down counters for overall po- 
sition sensing. The position reso ution of the system 
using these encoders is 0.13 x lo- 3 inches/count and 
0.365 x lo-3 inches/count for the x and y axes re- 
spctively. 

Computer Control 

The mapping hardware is interfaced to the Data- 
craft 6024/l acquisition computer for automatic contra: 
The computer is a disk-oriented system containing a 
fully opcrational disk monitor. Hence, the rapping 
programs are written in a sub-routine format and arc 
stored on the disk. A general Fortran "scanning" 
program is then used to access the sub-routines as 
required to perform the various field maps. Under 
computer control, the motions of the probe, data 
acquisition, reduction and storage all occur auto- 
matically. The outputs of the uptown zounters are 
monitored for continuous position ,control. The in- 
forraation as to where to "scanfl is contained in a 
data file called a "drive" file. Therefore, different 
areas can be napped hy the construct.ion iof differen-, 
drive files. Such problems as the removal of back- 
lash in the gears of the drive mechanism, lathe stall 
detection and restart, the rate ci' acceleration and 
deceleration of the axes and the ccnvtrsion of Hall 
voltages to field values, including corrsctions for 
the non-linearity of the: 1&all probe outputs, mis- 
alignment voltages and fluctuations in :he fixed Hail 
probe or the Hal: current, are all ccnveniently 
handled on-line via the co,mputer. In addition, 
the scan program is put into a hold, or wait state, 
if large changes in the field are detected oy the 
I'ixcd probe (i.e. if the ma@et power supply should 
60 out of regulation or shut off) or if tne lathe 
apparatus fails for any reason. &hen the problem is 
corrected, the scan r&y be continued from that point. 
The field data are transf'crrc,d to .nagnetic tape t'Jr 
storage and f,iture use. 

The computar is also !us;.d to autouatically "seekU 
the n;ax;muri I'ield produced oy an iron fiducial. The 
program sv~sps :laii probe in .Jl inch steps across the 
fiducial pin from -.25 to +.25 inches, recording the 
Hall voltage at each s'c.13. The resLLLtir& ptak is l'it 
,&th a gaussian, whose centroid is determined. T.40 



iterations of this process in both the x and y axis 
give the location of the fiducial pin (and hence the 
probe assembly) which is always reproducible to +.OOl 
inches. 

The precise alignment and the location of the 
apparatus relative to the magnet pole tip was done in 
two steps. First, the x-y grid coordinate system de- 
fined by the lathes was aligned with one axis parallel 
to the magnet center line. The 16 probe assembly was 

then aligned to overlap that grid. The key to these 
alignment procedures is the use of a set of iron fi- 
ducials on the magnet pole tip at precisely known lo- 
cations relative to the machine center and the magnet 
pole edges. The x-axis lathe was aligned parallel to 
the magnet center line using the fiducial pins placed 
at 33.5 inch and 133.5 Inch distances from the machine 
center. Using the fiducial seek programs, the x axis 
lathe was located parallel to the axis defined by the 
fiducial6 to .002" over the 100-inch distance between 
them. The y axis lathe was aligned to be perpendicular 
to the magnet center line using a right triangle of 
20 inches on a side with fiducial pins located pre- 
cisely at the corners. One side of the triangle was 
aligned parallel to the x axis, and the y axis was 
adjusted until it was parallel to the other side to with 
in +.OOl inches. During the alignment of the y axis, 
however, the distance between the fiducials measured 
mechanically and by the mapping apparatus differed 
by .043 inches in 20. This discrepancy was caused 
by a rotation of the y axis lathe about the x axis 
when the 300 lb. boom moved from one end to the other 
along the y axis. Because of the 15.5 ft. moment arm, 
rotations of a fraction of a degree result in large 
horizontal deflections at the probe tip. The y axis 
lathe was also found to "droop" about its point of 
support on the x axis saddle. Both effects were of 
the same order of magnitude, and the amount of ro- 
tation varied slightly as a function of its position 
along the x-axis. The errors caused by these effects 
were mapped as a function of the x and y location in 
the grid and C,wo data files, LX (x,y) and bY (x,y), 
were compiled and stored on the computer disc. Another 
subroutine was written into the Uscan" program which 
accessed these data files and made corrections fsr 
the rotations during each move. The error routine 
was checked against the right angle fiducial plate 
at various locations in the magnet. r'rom those data, 
an x or y axis position accuracy of no better than + 
.OO5 inches can be claimed for the total area avail- 

a5le to the mapper. Following the alignment of the 
lathes, the probe assembly was aligned to overlap 
that grid. Using the 4 corner probes, the l-inch rect- 
angular grid of the probe assembly was positioned to 
overlap the grid defined by the lathes to within .028 
degrees, the accuracy obtainable with the fiducial 
seeking program. 

Conciuding Remarks 

There are 462 moves per l/8 MAP, or at 16 
field points per move, 7400 data points per scan. At 
each grid point, the 16 Eall voltages are read, along 
with the input Hall current, the magnet current shunt 
voltage, and the fixed Hall probe voltage. The 
total time required for a full l/o map is 5 hours and 
45 minutes. With this system usilally 3 maps per day 
were made and when necessary, even 4 maps per day were 
obtained. When the scan is complete, it come5 back 
to the fiducial at the front of the pole tip to with- 
in .005 inches in bothaxes. 

The precision of the probe to probe calibrations 
are verified by a close scrutiny of the field data in 
the flat part of the field, and in the valleys. In 
the valleys, where the field is approximately zero, 
probe to probe differences were less than a gauss. 
In the hills, the probe to probe differences were 
about +2 gauss. The accuracy and sensitivities 
and pr;bes are amply demonstrated in the high field 
regions of the pole tips by their being able to see 
the machining errors in the pole tips. The pole tips 
were machined with 9" diameter mill bits which left 
grooves in the poles having a depth of about .0015 
inches. Thus, the pole tip gap varies with a 
regular longitudinal amplitude of .SO3 inches. This 
is 0.1 percent of the total gap of 3 inches. At an 
average field of 7 Kg in the gap, tsese machining 
errors cause the magnitude of the field in the ga;, 
to vary with an amplitude of 7 gauss at a period of 
9 inches. These field fluctuations show u? clearly 
in the field data, as shown in Figure 2. Another 
sensitive test of the probe to probe calibration 
is to look at the derivatives of the field data. 
Oscillations in the derivatives having a periodicity 
of 4 inches are a result of probe calibration dif- 
ferences. Examples of this oscillation for the probes 
along the x axis are given in Figure 3. Figure '+ is 
a photograph of typical field data as disFiay:=d on 
the scope of the Datacraft computer. Note that in 
all of these data, the 4 x k array of the 16 probe 
assembly cannot be observed. 
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