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I. AnS,'R.AC'T 

Magnetic Field Effects on HumRns: 

Epi~emiologica1 Studv Design 

Part II 

Joht" S. Colon5as 
La~rence Berkeley Lahoratorv 

University of CaJifornia 
BerkeJ~v, California ~4720 

Septem!:er 10,7') 

to investigatP 

eo~ ,-,:n.; ("1 0r.1i cal . . effrr.ts, ·c J !. anv, resulting ~rorn 

o~r.uoi'l t i 0.~ if l exposure proruce"l !Jy various n~JClf'i'l r i. ns tr umf>nts such 

~s r.y~,otro~~~ hubhle c~ambers, spectrometers, etc. 

In this paper we describe the metho~oJoqy involvr:>c'l in 

~etc~rninin0 the magnetic fiel~ exposur~ to such instruments. 

IJ. !P~RODUCTION 

PrrseT"t 1 v, th" hiologic~l r.onsequPnces of magnetic fiel~s on 

(,.
1 

~ffer.ts, soMr> of which r.:<'lT" neither he rPproduc("n or Cf>rtifierl. 

v? 1 i~itv of the ~hove, but rather to attempt to perform a 

st~tiFtirR 1 stu~v ~es5gne~ to evaluatP ootentiaJ health effects in 

qrou~s of sr.:iPntists ann industriAl workers ~ho have 

occunat5onaJ1y expos0d to high magnetic fielfs. An enf-profuct of 
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th i.s stuc'Jy might be _the establ i.shrnent of 1 irni ts of e~cposure for 

inaustri.::tl workers which at the pres:ent Urne ar.e set quite 

arbitrarily. 

T~e specific purpbse of this paper, however, is to outline the 

methodology . tpat ~e used in assessing the fringe rnagneti.c field 

for the various- ~nstrurnents analyzed and to show the ~egree of 

r~liabiJitv of our.rnagnetic field exposure estimates. 

A block ~ . . c.Jag:tarn showing the various stages of this stu~y is 

shown in Fig. 1. The part otitlined in this report is enclosed 

with dashed lines. 

I II. FACILITY CLASSIFIC}\'riON 

In this study, we anticipate to ~or.relate a population of 

approximately 1000 exposed subjects with 1_000 matche1:l controls. 

si. ze of this sample necessitates the cooperation of 

laboratories other than our own, and the cl~ssification of nt1cleax 

i.nstruments, and apparatus as far as magneti.c properties. are 

concet·ned, in ·a fashion meaningful to th j s study. For this purpose 

we classifie~ these jnstruments in two broad types: 

a) DC Type (or very slow ti.me varying) 

I. Circular accelerators 

II. hubble Chambers 

III. Magnetic spectrometers 

IV. Magnets~ (con~entional or superconductfng) 

Ql_ ~ulsed fields (sharp rise, short c:luration) 

Magn~tic fields of this type are encountere~ in fusion 

expPri~ental facilities. Many of these facilities relv on 

strong magnetic fields to contain high temperature plasmas, 

with little or no-irbn shiela. For exampl.e in tokamak type 
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fusion devices it is not-unusual for the toroidal field to be 

in excess of 20 kG with a high fringing field value at dis-

tances up to 500 meters . 

.. 
FiP1~s of this tvpe have been co~ed for possible futur~ use, 

~ an~ Are mentioned here only for the purpose of completeness of 

IV. ANALYSIS AND EVALUATION OF MAGNETIC FIELDS 

T~e varietv of nuclear instrume~t~ liste~ in Table I, t~e 

n1·cl ear instruments, as far as 

~Ra~p~~~ f~pl~ properties are concrrne~, 5nto categories, so that 

Spec5firally, we concentrate~ 0ur efforts ~n the folln~~ng 

A. Cl.2ssification of inst.ruments accor~ing to similar:Ltv of 

magnet~c fie 1 r behavior 

n. Locating m?gnetic measurem~nts of existing ~nstallations 

fjf such measurements ~ave been ma~e an~ are availab1e) 

C. ~eas~ring magnetic fiel~s fwith magnetometers), for those 

that ex~st, hut me?s0rements were nnt 

.::l '' a ~ 1 a !> l e . 

;\. those instruments whic~ havP 

heen retire~ from service or for those that measurements 
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are not available. 

The above it~ms will be discussed in detail in the following 

paragraphs. 

A. Classification of Nuclear Instruments 

Table T, pr.esents a preliminary attempt to classify some of 

the nur.lear j nstruments ( i nvestigatec as of nm•1), into categories, 

so that an assessment could be made of the magnitude of the effort 

required to o.btain the necessary cata for the stuf!y. Figure 2 

shows the cjeograp.hical location of these instruments. 

Many of these facilities have been visited by members of this 

~tudy group, so that first hand information could be obtaine~ 

regarding operational. characteristics of these instruments, and to 

gather "information 1 . h . . h ~ re~.atJ.ng to t ,e1r operat1on, s, ut .. ov-m times, 

existence of magnetic field measurements etc. 

In some instances, magnetic field measurements at large 

distances from the center of the machines were available an~ in 

such cases th~se measurements were use~ exclusively, and no 

attempt was made to reproduce them. An example of such measured 

magnetic field is.shown in Fig. 3 which displays the measured 

fiel~ in the vicinitv of the 7 ft. Bubble Chamber located at 
.j 

Brookhaven National Laboratory. Based on such information we were 

abl~ to estimate rna~netic field exposures, for subjects whose 

~~ily_duties bring them in the vicinity of these machines. 

Members of this group have been eager in locating such 

rnea~urernents, particularly for instruments that are no longer in 

operation. 



.J 

' 1'-' 

5 

C. Measurements Ma~~ on Existing Mach5nes 

In cases ~here measure~ ~ata ~ere ~ifficult to locate memhers 

nf t~e stufv group visite~ the insta 1 latinn un~er consideration 

anA meastlren the remanent magnetic fiel~ at various ~istances from 

th0 center of the machine . 

For plJrpo::>es of illustration, Fig. 4 shows such a measurFd 

magnPtic field map correspon~ing to the ~84" fixed frequency 

cvc1otron locatc2 at Lawrence nerkelev Laboratory, w!1ile Fiq. 5 

shows a si~ilar m~? at t~e MPS facilitv at the Brookhaven Natinnal 

Si~i 1 ar man~ h~ve heGn prepare~ for those f~cilities which are 

11stef in Tah1e I an~ arp still ~n operation. 

D. Simu1ati0n of Remanent Magnetic FiE'lr1 

In thnse cases wh0re t~e nuclear instrum~nt ~i~ no longer 

exist 0,.. measnrements \""" .. "' r.nt avai lab1_e, \>.'e cornputec1 t'1G 

rPmanr:>nt magnetic fiel0 '-lv si"Tlulating the m2gnet IJPometry 

,?t1"1emati_cally. 

1'l1nre ;ue snme exceJle'1t computer prognurs that co this job 

and, in our rase we user'! a computer program called TRP·i 

transformes a Poisson type equation (Eq. 1) 

1 -+ 
'V • (- v. • A) = 

j.J 

lJ = permPa~ilitv 0f material 

1 = vector prtential 

~ = Current r'lensitv 

Eq. 1 

tn its finite r'lifference approximation equjvalent (Eq.2). The 
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resulting equations. are solved by some overrelaxation scheme. 

6 

2 w;(A; - A) + 41TJ = 0 

i =1 

w = weights. associated with grid points 

A = vector potential 

Eq. 2 

The procedure for such simulation invoJves the following steps. 

l. A triangular 'r non-unJ._orm grin is used, on which the 

magnetic geometry is outl.ined. This grid may have up to 10,000 

points. 

2. Once this grid has heen preparen, program TRIM uses that 

gri~ to compute the magnetic field at any location inside this 

grid space. The maximum dimensions of the grid space must be 

sufficiently large to insure that the appropriate boun~ary 

. -+ 
conditions imposed (that IS A= 0 on the boundary) are valid. 

One has to exercise caution in interpreting the results 

producerl by such simuJation, since the results are a two 

~imensional approximation of the real situation. This means that 

in the Cartesian coordinate space, the magnet geometry is assumed 

to be infinitely Jong in the z- direction (see Fig. 6) and we are 

onlv computing the magnetic fieln in a two-~imensional 

crDss-se~tional cut. 

In the cy~indrical coordinate system we assume that the magnet 

unr1er cons5.deration i.s thn.t T!lhich ,,.Joulrl be obta5ne(1 i.f the 

geometi~~was rotate~ around the z-axis (see Fig. 7) 

J 
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T~0 magnetic fie1~ is obtaine~ from the curl of the vector 

nnte,.,t;al fEq. 3). 

B = vXA Eq. 3 

~ 
S~n~e A has only one non-zero component in two dimensions, th~ 

components of P 5n the Cartesian coordinate system are: 

B = 
X 

a A 
ay 

a A 
ax 

Sim;l~rly in the case of axial symmetry 

B z 

Br 

= l a(rA) 
r az 

= _ l a(rA) 
r ar 

J. Il1nstrativP examn~e 

Eq. 4 

Eq. 5 

Eq. 6 

Eq. 7 

p~r~Ros, ~hP ~~st wav of i1 1 ustr~ting the oroce~ur~ involve~ 

il"' t-1-,i:; tvpo of sirr.ula+:ion is t,rcwgh nn examp1P: 

Cnnsi~~r the qo" Cy~1otron mRgnet shown in Fig 3. This fixe~ 

freoupncv cvc1otron w2s hutlt aroun~ ]954 at Lawrence Livermore 

La~nr2tory to accelerate protons, ~euterons ar~ tritons, throu0~ ? 

vi~e r2nge nf energies obtained by tuning t~e frequency an~ 

incrensi.ng t~e magneti.c field from 2000 to 9000 gauss. 

'T'h~ :.imul"'ltion of this mngnet following the outline cliscusser 

<'.hove nro~uce~ the mesh shown in Fiq. q and the resulting f1ux 

__ ,; s t •· i bll t i on s hm·n in Fig. 10, ~hile a nlot of the cornputeC 

rn n q n r- t i c f i P 1 r n s a f l1 n c t 5 on of rJ i r, tan c e a w ;:w f rom t '1 P center of 

thP m~nnet i~ s~own in Fig. 11. Such simulations pro~uce accurat0 

rP~u1tc;, howr>ver, thee;~ rec;lllts must hp carpfu1lv interprpter'l 
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approximation of a three dimensional field. 

V Evaluation of Results 

The methodology described above has been sufficient to provide 

~s with magnetic field exposure estimates of a higl1 degree of 

confidence. There are, however, cases where such simulations are 
' 

1either possible nor do they produce reliable resuJ.ts. For 

2xample the 184" Cyclotron magnet at Berkeley, a sketch of which 

is shown in Fig. 12, requires azimuthal as well. RS Cartesian 

svmmetry in order to be simulated mathematically. That is, while 

the pole face of the magnet is cylindrical the return yoke is 

rectangul.ar. 

For such magnets, we use a cyl.indrical version of program TRIM 

3n~ we adjust the return yoke area to produce an area equal to 

that in cylindrical geometry (See Fig. 13). This artifice is very 

successful, if one is interested in results confined in the 

viciBity of the magnet pole face, however, for results outside the 

magnet, which are of importance in this st11dy, the results are 

erroneous because the return yoke was adjusted for cylindrical 

symmetry, which means that the return yoke surrounds the magnet. 

If we assume that the magnet has Cartesian symmetry, the results 

are worst, since then the magnet is assumed to be infinitely long 

ir the z direction (as shown in Fig. 6). 

In the case of the 184ff cyclotron magnet and at ra1ial 

~istances greater than 40 f~ on the gap midplane, the magnet looks 

l.ike a po~nt magnetic dipole of strength M and a rnagn5tude of: 

where r = distance from the point to the ~ipole and M is 

estimated by: 
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M = (NI) (area) 

Sim5Jar ohs~rvations can he mane for othPr magnets for w~ic~ 

no meaSllrPmPnts are available or simulations are difficult to 

DP""for!"l. 

Some 0f the o1n typ~ bubble chamher magnets poss~s this nua) 

sv~metrv an~ care shou1~ be ~xercised in interpreting simulntion 

result~. Buhble chamher magnets ooerate at very ~~gh magnetic 

fje1fs with verv large gaps, an~ human beings ~o enter the fringe 

fiel~~ of these magnets oerio~ica1ly for 

c~nnging, surveiJlance an~ maintenance. 

sue~ purposes ~ film 

Therefore such magnets 

2re thP hest can~idates for a hiomagnetic studv. 

VI. Conc]llsions 

Even t~ough this studv has not been comoJeted ann the results 

nn~ ~uh 1 ishe~, the effort thAt relates to the esti~Ation of the 

mRgnetic fiel~ exoosure has been cnmplPted anA some ge~eral 

From the beginning, we have been plaguef by t~e l~ck of 

reliable magnetic fie1~ ~ata. 

2. Much of the ol~ nuclear apparatus has ~een retired from 

s~rvice and the difficultv of un-earthing dRta has heen 

f':'normous. 

3. r1ucl1 of the new 

the expressed 

nuclear apparatus has been designed w5th 

concern of lack of understanding of 

hiomagnet~c effects of fringe fields on humans, however, 

no oertinent instrum~ntation has heen or is being ~esignen 

to aid future expPrimenters in evaluating potenti~! 

ha~ar~s of such fielns. 
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It would, therefore, be appropriate to begin thinking 

seriously, the type of instrument~tion needed so that their 

implementation would aid future researchers in securing reliable 

data for various studies. 

It would be very easy to install "recording magnetometers" at 

strate~ic places .in various. nuclear installations to monitor 

magnetic field levels, or perhaps a pocket magnetic "dosimeter" 

might not be a far fetched idea as it could have been a few vears 

F.~.go. 

Even though there is no indication that exposure to magnetic 

fjelr'!s is a potential health hazard, the fact t'latfuture sodeties 

wil] depend more and more for their energy needs on devices that 

make use of magnetic fields, is enough indication to accelerate 

our efforts to design the appropriate tools to facilitate our 

understanding of their effects. 

I 
.. / 



• 

ll 

BIBLIOGRAPHY 

1. T. F. Budinger et all, MagnetiC: Field Effects on Humans: Epidemiological 
Study Design -- LBL-8Jl9 

2. J.S. Colonias, Particle Accelerator Design- Computer Programs, 
Academic Press - 1~74 

J. J.S. Colonias, Calculation of Magnetic Fields for Engineering Devices-­
International Joint MMM-Intermag. Con£., June 1976, LBL-4805 

4. B.H. Smith, A 90-inch Cyclotron with an Adjustable-Ene~gy External 
Beam, June 1954 (UCRL-2620) 

5. A.C. Paul, J.S. Colonias, Magnetic Field Calculations for the 1~4" 
Synchrocylotron, February 1970, UCRL-18882 



FElZ:·fi 
COS~·10TRm~ 

AGS. 
ZGS 
Eevatro;1 
., '""'''' ..i.O...;. Cyclotron 
90'' Cyclotron 
8S" Cyclotron 
86" Cyclotron 
6J" Cyclotrc;:: 
60" Cyclotrcr.:. 
76': Cyclo::~~:Jn 

42(1 C:,rclct:::-cr: 
83" Cyclotrvr: 
76" Cyclotron 
50" Cyc~ocrcn 
~3" Cyclot::cn 
95" C:;tclo~roi1 

64" Cyclotron 

15 ft 
12 ::t 
7 ft 
SO" 

40" 
31'' 
30 11 

25" 
20" 
15" 

l 
I LOCATION 

Fermi Lab 
Bl,TL 
BNL 
ANL 
LB·L 
LBL 
EL 
LBL 
Oak Ridge 
AJ:~L 

BNL 
Davis 
LASL 
Univ. of 
OR.i'JL 
Univ. of 
l:niv. of 
Harvard 
Hichigan 

Fer;-r.i Lab 
ANL 
BNL 
B:\L 
SLAC 
SLAC 
BNL 
B:iiL 
LBL 
Bl\"1 
SL'-l.C 

I 
I 

Mich. 

l·licl-1. 
Ill. 

St. u 

12 
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' Introductory Phone 
Calls and Letters 

l 
ON S ITE V IS IT 

a) Laboratory Director 
b) Medical Department 
c) Physics Department 
d) Personnel Department 

~ 
Application to the 
Committee for Protection 

---------~ of Human Subjects 
I 

l I • Assessment of Fringe 
I 

Identification of 
Fields and Physical Personnel Likely to 
Environment ~----- Be in the Exposed 

~ • I Group (via facility 
supervisors and lead 

Measurements Calculations I p hys i c i s ts ) 
(by LBL {by LBL) I • field team) 

I Identification of r-- -.-- Controls (via Personnel 

I 
DepartmP.nt) 

• I r P" t C ocd Req "" ts to 
I Participants 
I NO_j 

I I 

I I l Estimate of Exposure I Medical Data Encoding Ques ti anna ire to 

I 
Subjects & Controls 

( 

I 
----------...1 

I DATA BASE J 

ANALYSIS AND 
INTERPRETATION 

XBL797-3613 

Fig. 1. Block diagram showing the various sta;.:;es of this 
study. nlocks surrounded by clotted lines are 
outlined in this paper. 
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ANL - ARGONNE NATIONAL LABORATORY 
BNL - BROOKHAVEN NATIONAL LABORATORY 
FERMI - FERMI NATIONAL LABORATORY 
LBL - LAWRENCE BERKELEY LABORATORY 
LLL - LAWRENCE LIVERMORE· LABORATORY 
NML - NATIONAL MAGNET LABORATORY 
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I )ORNL~'i 
~ /1\ ""/" \\ I ) ., 
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Fig. 2. Map showing geographical location 
of le1boratories participating in 
this study. 
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Contra I room 
~70ft 

Fig. 3. I'1ac,netic field map of the 7ft. 

BROOKHAVEN NATIONAL 
LABORATORY 

7ft. Bubble Chamber 

XBL 797- 3616 

bubble chamber magnet at Brookhaven National Laboratory. 
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Fig. 4. Sketch of the 184" Synchrocyclotron at LBL 
showing measured magnetic fields. 
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60 

Fig. 8. Sketch of 90-inch cyclotron 
magnet (dimensions in inches). 

LLL 90 INCH CYCLOfQON MQGNET - SIMULPTION FOR 8IOrl~GNETIC STUDY 

Fig. 9. Triangular mesh for the 90-inch 
cyclotron magnet 

10 20 30 40 50 60 
Distance from center of mognet, d (ft) 

0 
70 _
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.~ 
Q; 
<: 

"' 0 
::E 

-100 

Fig. 11. Plot showing distribution of 
magnetic field on a function 
of distance. 

Fig. 10. Con~uter generated 
Plux distribution for the 90-inch 
cyclotron magnet 

XBL 797-3617 



20 

·--r 
I 
I 

7'5. ,. 

r 1-
to.o• 

1 
3-.?5"- 1--

t.l.0..29.0 

32-S•s.o r 
25.~5.0 1 

g 10'). 

I 
0 

.E? J I --1'7 5-593"' 9.0" 
j ,.,,. --I 91.0" 2Q9.o" 

Fig. 12. The 184-inch cyclotron magnet. 

XBL 7910-12265 

Fig. 13. Triangular mesh generated by TRH1, for the 184" Cyclotron 
magnet with adjustment for cylindrical symmetry. 
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