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r. D. C. MAGNETS 

A· Fund,qental Relat~onships · 

Magnetic Fltix produced by an e!eotric _current: · 

Figure 1 

H = magnetic field intensity - .Oersteds· 

.t = flux path length - em. 

N = number of turns 

I = electric current flowing - amperes 

Consider the magnetic field around a. wire carrying an electric current. From 
symmetry H is constant at constant R· 

Figure 2 

fod.£ = H (2n"R) = to TrNI . 

H =·=I= 5~ 

In magnet design, one is usually interested in the magneticfllix density B, 
measured in Gauss. B and H are related by the magnetic permeability, ll» 
which varies with different materials. 

11 has dimensions: Gauss/Oersteds 

~ is defined as 1 Gauss per Oersted for vacuum, air or non-magnetic material. 
For mild steel~ .lJ.. is the order of 2000. Although B and H are entirely 
different fields and quantities, because of the selection of the size of the 
units, B and H have the same numerical value for ·air and non-magnetic 
materials. 

The total magnetic flux, i, ·in a magnetic circuit . is equal to JBdA and is 
expressed ~n Maxwells. A · 

·., 



D .. C. MAGNETS - 3 UCRL 2233 
FUNDAMENTAL RELATIONSHIPS (Cent 'd .. } 

I 
I 

·The· tol'lotdng electro""Dlagnetic analogie.s may be drawg 

Magnetic Bl.eci;ric 

. . . . . . 

· · B = Jfapetie Flux Density (Gauss) 

I= Total Magnetic ·Flux (~lls) 

~ = Permeability (Gauss/Oersted) · 

~= Reluctance (Oersted/Gauss em .. ) 

Yoltage Gradient 

Current .Density 

Current 

.. 
1 
Conductivity (ampc /volt Cillo) 

Resistance (volts/amps .. ) 

~netic circuits are much more difficult to treat theoretically than 
electric circuits because (1) the flux will not remain ~tally wi~hin. 
the conductor .Provided (one cannot obtain good magnetic insulation) 1U1d 
(2) if the circuit contains iron its magnetic resistance varies non- . 
linearly with the field intensity due to saturation effects (ioeo there 
is no· simpJ.e "ohms law" for magnetic circuits containing ferromagnetic 
materials) .. The difficulties are comparable to attempting to predict 
the behavior of electric circuits immersed in salt water while at the 
same time the.resistance of the conductors'varies with the currento 

If one plots the magn~tic flu± density (B) within an iron magnetic con
ductor vs. the intensity of the magnetic field (H), one finds at first 
that a change inE will produce a proportional change in Bo As satura
tion is approached B rises much less rapidlyo Finally, at saturation, 
th. e space being magnetized responds to increases in H flS if' no irbn were 
there - it has an "incremental" permeability of 1 and fiB = .~air~H •. If 
one plots (B~airH) vs. H the curve becomes flato T,Bis last curve shows 
best the saturation effect.. · · · · 

6 
Gau~& · 

Figure 3 

· .. 
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B.. Magnetic Circui~ 

la Assuming Infinite Penneability in Iron (H ,= 0 in iron) 

(BX)gap = Oo.41l"NI 

·Iron Core. Noteg 1. Each flux line· is a 
. closed loop. 

Fi.~ire 4 
HypotheticaJ. Case 

Around any f'lux lineg 

Flux Lin£s 
of Densi+':J B 

2e Each fl~ loop links 
a conductor turno --

3~ The jHdt is· the saJn~ 
for any flux loop thAt 
links the entire coil. 

J Hdi. <fr j Hd1 = 0~ (Bx) _ = Oo47rNI -
iron gap gap 

B r -
For gapj p. = H = 1 .. ~. J__p.Hdft= (Bx) gap 

- - --gap 

Bgap~' rather than Hgap 0 is usually plotted vs.o (NI)gap for a 
specifieJ magnet in which x is· a constanto _ This plot is a straigh~ 
line shown in Figure 6a The NI given by Equation (1) is ret1uired 
to dr:bre the 'flux .a.cro.ss the gap only and is called the NI in the 
gapo 

(1) 
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2o Considering Actual Permeability of Iron 

, B Ia rnaxif12UM 
U) c&nt-cr otCoil . 

Figure 2 o More Rea}istic Case 
B is not constanto Iron saturates so ~iron must be consideredo 

J HU <lF jHctt==-/ ~ di <lF (Bx) = 0.4?r(NI\ tal 
iron gap iro~ ~ gap 0 

An estimate of the leakage flux is required in order to so~ve 
&}uation (2)o For this purpo;se a·term called the 19leakage coef-
ficient1t is usef'ill.o - · -· -· 

Leakage eo~f'ficieut K :::;: ~ thru Core 
Flux thru Ga.p 

The vaiue of K depends_ upon ~er~ the flux is measuredo Unles~ 
othe~se specifiedg 

- - maxc I ii.'! iron 
K = ~P center) ~'""'a.=o=r-_-p_o_l_e""") 

Maxo i usually_ !is in ~enter of length of coil o . 

K may be determined by se•Jeral met.hods g 

a_. flux plots 
b. model tests 
c. exp~rience with simil&:r shapes · 

·'rbe.JN1;hod used depends on the time available and economics. 

After K is determine~v B can be determined from the area. of the 
iron and H from the-~- of :i.ron at the conesponding ~· 

*~r term 9 o~her· than K9 is "~lSed to take into account the • r .• luctance (analogous to electrical resis-tance) of the magnetic 
• .-cirCuit .. This term is the Vllmagn~t efficiencyw~ 

Magnet Efficiency = JHx) in gap = NI. in-gap 
fHrU totaJ. NI total 

UCRL 2233 

(2) 
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D<>Co MAGmS~ MAGNF..'TIC CIRCUITS; . - 6 - · UCRt 2233 
CONSIDERING ACTUAL P~ILI'l'Y OF IRON (Cont 1 d") 

., j 

~-' 

The magnet efficiency varies from 80 to 30~, being approximately 33o/o 
for the 184 inch Cyclotron and 55°k for the Bevatrono. Magnet efficiency 
is not a ratio of power; it is more like a_volumetric eff:i,ciency.o .1. 
high magnetic efficiency does not necessarily indicate an optimum designo · · 
It may mean that too much capital cost has been paid for iro.n in order to 
decrease operating costs a However, high efficiency permits future. · · 
increase in field Without building a new core. 

Figure 6 shows. the relationship between (NI)gap' (NI)iron' and (NI)total• 

....,..-(N l.)tot:al ----.1-. 

Bqap 

·Nl. 

Figure 6o B vs NI 

Co D~C~ Coil Design 

·1o Design Requirements 

&o Cooling 
bo Resist magnetic forces 
co Avoid electrical breakdown 
d~ Suitable supply voltage 
eo Compactness 
f· ~Optimum" quantity of copper 

(The woptimum" quantity depends on costs, space and other factors.) 

2o Spage Factor 

Space Factor = area of copper •· 
cross section of coil 

There are two kin4s or space factor: 
. area of COP'Pel" · .... 

Net Space Factor=--·-· -···-Cu-··---=~~~~~~~-------.-
. area + insulation + cooling space 

. . ~ .. . 



DoCo MAGNETS~ COIL DESIGN~ 
SPACE FACTOR (Oont 0do) 

= 7 = ucm. 22.33 

90 inch 
184 inch 
Bevatron 

bo Gross Space Factor = area OJ 
. total coil area 

Total coil area. includes area of Cu 7 inst:tlation~ cooling space, 
coi.l box~ coil spring pads~ clamps~ etco 9 ioeo everything related 
to -the coil that takes . up space for an appreciable angular sector 
of the coil" Thus a pi.pe flange wM.ch i;akes up a fraction of a 
degree of arc and could be moved to allow space for other equip= 
ment would not be included ae par··t of the total coil area. 

TABLE Io Space Factors for some UCRL Coils 

Net Gross 
Coil (})()ling Space Space Conductor 

Factor Factor 
Cyclotron oil ,~Q{ .35o/o strap '.-1' !© 

. 48 Cyclotron Main Coils U·il 69 strap 
aJ.r 28 15 stranded cable 

. 40 inch Meson Magnet. watlf.r 6.3 3? hollow conductor 
184 inch Cyclotron Auxiliary Coils -water 70 42 hollow conductor 
lR inch IoDo Ion Pump water* 80 55 strap 

i 

* 
J. ConductqrJnsu1atJ..Q.u 

. . . 
~sandw:Lch" coolJ.ng~ ~oeo, copper sheet 9 with cooling 
tube around periphery? placed between conductor layers. 

TABLE IL AIEF.: Elsc.t:ric:al Insulati.ng Materials 

Classo ~scription 

0 Organic material neither impregnated 
nor immersed under liquid.dielectr:'c 

A Inorganic rna terial When either impreg
nated or immersed under liquid 
dielectric · 

B Inorganic material with organic binder 

C Ir.or.c;anic material. 

H Inorganic material with silicone binder 

4o Current Density. 

Example 

paperv bakelite, 
cottonp silk 

paper under on 

mica with shellac 

mica~ asbestos 
fiber glass 9 

ceramic 

Temperature 
of "Hottest 
Spotn 
(degrees Co) 

90 

105 

1'30 

no stdo 

no stdo 

The cooling medi~ and insulation determine the current densi.ty 
permissibleo ·For air and oil I/A is typically 1000 ampsc/sqe ino 
For water~ I/A isnot limited~ 2000 to 3000 ampso/sqo ino is 
common~ over. 100 ~ 000 amps o / sq o iri o has been used with short water 
paths~ · · 
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Do c~··~G~; COJL :DESIGN~ 
~: :OENSIT.~ ('Cori.t~d~l 

·~!8nt :Density (I/ A) ia an important variable m coll . design since 
it determines 9 fol" exampl~ 9 th~ ratio or eapi t$1 to operating costs 
and the. ~ompa~tnesa of the eofi., See page 10 for ·more detailed 
inf'ormationo 

5a Relationship betJieen ILA Gd f/W · 

P ~ I 2R =. ·:r2f·JU 
A 

¥ =SN.tA 

p r2Afi b ..,. 2 'f. 
w ·~!sut~cA> H 

A is in sqo inches, 
J,is in inches 

(-K!) :: 4o52 (kilo~psr} 2 
fer copper at 40 C6 

U>il\ , . ; e!q"' l.no . · 

6" . Rate of Teinpera~ture Rise _Hi thout .. Coolik 

7~· S8JW1e Ce1AA51t~ 
. \ 

Giveng NI = 1 9 2.00 9 000 ampo turns (same order .of' magnitude as 184111) 

. Di = 200 inrl~e$ 

Geria'Fator wl t.age = 600~ 
\ . 

COil 'fenninal voltage = ~5 
.Msmueg. I/A = 3000 ampso/sqo -ino 

G:r©ae Spack J'gcrtor = 601~ 

Then8· ..!.rea of Cu ::;: lz200.u0po = 400 sqo ino 
31'000 

.Area of Coli ~ = '-~ :: 670 sq., ·in., · 

AsSUme~ ~il Cross ~·rnioo =- 30 in., x 22 ino 

· Them Mean Diao- D
0 

= 200 ~ 22 = 222 ino 

fto of On ::::: ~. (400}{<>321} ::; 90;000 lbao 

.....,.--n,o=21Z -....-t 

Po~!" = (3)2 X 4o'2 X 45 = 1860 :KW (at ltD c~ mean tempo of CU} 

I = W60,dl000 =i 39240 ~c) .. ·. 

575 . . .· 
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DoC, MAGNETS~. con. Dl!SIGN; 
S!MiU; CALCULATION (Cont8do) · 

= 9 ;,.. UCHL 22)j 

·. l 

.. · ... 

N ~i9 20Q 9 000 = 370 
' ··. 3240 . . 

. In the aibOve: we guessed at· the spa~. 'rac;td;r>o .•. Ve, ~w -~.calCulate a 
more realist!~ space' _fa~t.Or ~~··,repeat the ·~calati.oris until t4e 
al5sumptioni agre$;\dth';the anaverso· :. > > ' . . . . 

,, •,• ),·.. ' . ·' . . . .. 

c&lculation Sb.o\lld be re~ted for several current densities to 
· dete~ne .eff-ect on . CO_sts~ \9tC.o . 

. . . . .· 

8.. ·. Factors. to Corisid~r ip Coil Desi&Bg 

a" 'Rl(dditY: The .coil lllllst not!DOVe as the mag~tetic f'ield is applied. 
!n addition to a changed field at the magnet gap11 coil motion 
Chafes insulation and w.Ul. eventually· resu1 t. in short circuits<> 
Si~ce coils· will loosen slightly during operation~ good de·sign 
al~o provides means for tightening the coil assembly pericxlically .. · 

. b.. Coils M9st be Kept Drzg Water will cause short circui.ts, cor;.., . . 
rosion·and insulation deteriorationo Coils ahouid De fully enclosed 
wh~ ·the possibility of vatsr entrance exists., 

Co Methods of Coil· Coolingg 

(1) lli Cooling:: Air cooled coils ·provide good' insulation for 
· high voltage~ ,a.re easy- to vind and repair.. Hovever, they 
. ._ usually have poor" space f'aet.or~t require large . equipment and · 

· .extensive ducting for .forced air circulation~ ahd are also 
noisy due to the forced circffiUttiC:)lio · · · · 

. ' 

(2} Oil CooLing: Oil. cooled coils are usually or copper bar . 
~arsed in oi~o ·.· 'fh.is provides goOd electrical insulation 
and the ¢oils are e~Sy tO. ~hd..s . SPa.ae faet.or is lev bn.t · · 
better th~ that of air. cooled coilso Heat eX:changers and 
ruter systems are requiredo' Oil ... systems are a fire hazard .. 
and 'oo2 fire extingUisher systems ar@i usua.ll:r ·provided" 
AlwayS!., they stinko . . .· .. ' , .. . . . .. 

. . (3l Water cOolingg . Good spa(<:$ faetors and h1gl1 pmnissible · 
current densities are obtained with water cooled COils 
(extr'eme example .., an early 184 111 model magnet was run with 
co.rrent density of 1609 000 amperes. per square inch)o Watetr 
cOoled coils are eipensive to Wind .and there is. -alWay-s the 
}iossibility of· \later leaks with ~esultant shorting and . 
corrosi6Ii ds.ni9.ge;. ne~ionited ·water is uaually used, .ana an 
elaborate system of ·flow indicators and interlocks is · 
requ,~r~d.~ ' ' ' :- ' 

. ~' ' .. · 

.\ •. 

·'·:- · .. ·-.: .. · . 
. ~ .· 



One. vanta ·the ···total cost ·to·. be a ~o 

..... ·. :,.:. Total Cost.= (Capital. Costsl ~ (Ope:f'ating Costs) x' (Operating Life) 

= (Capital costs of' iron core, ~ll9 eon ~ suPJ,iyJ 
·~ ~rating Cost] x. [OparatiDg Life] 

1'he o~ting life is difficult to estimate; and a low figure, ·s_a:j 
five years~ should be uaad for ail experimental magnet :with an un.c 
certain f'n:t.u.re.. · · 

There may be m.n impression that a high current density is desirableo 
This .JlST be so were space is limited but for Btapete in steady 
operat4.on for long perloc)hs9 as CyclctTons9 oTer approximately 1500 
ampea/:1Jil.o2 l.s pro'bably uneconomical, Figures 7 allCi 8 show the 
relationship between costs and I/A and Va 

,ll'ime· 7o -·-•---'"" ...... 
~it and Power 
Supply Costs 
for constant NI 
tnd constan:t 

mean turn 
length Cost 

t 

··~-
tl.cure 8. · ~,. 

·. Coil and Power ·· 
: ·au. 'pl. Co ts · · . t · ..... ~ .1 .fl .. 
. · ·. tot.· coneta:ot· n · 

&u4.oo~t'.· .·· mean tinon' .. · 

. I . 
k.l:ll-~~-A-f.or mi 

-total 

length .. '·· 

.,p--~ .... q~~n«J~~~~~-
··.- ,· .. ~- . - .. · . 

,,.., .. 

" 

;,'· ..... ·· 
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Do Fa'Cltors il'! Core · Design · (gy·©l_otronl 

lo Hgmogeneo~_Ste~g In. the des_;ip of' .. alfl¢el~rator magnets one. of the. 
pr;inoipal l"®quirements . is tha:t :the ~ic field vary in a pre
detemi}led HttUmer OW®!"/f.ihe u~f:Ul pole ~Ceo . Unexpecrl;ed local pertur-
bations us Vf!if'Y unde~r.abh~o · Th~efot>e 11 .steel of tmiform magrietic .. · 
properties is highly d~~bl~ and some quality control should. be 
established over this f'a~tor _during magnet fabricationQ 

The cllloice of s-teel ifl gene:rally limited to the lowest carbon content 
· without extra costv io·eoa.O.,J.5fo Co Lover esrbon is not. worth the extra 
· costo All9ye do not impr01re p. at high B except for cobalt alloys~ 
which are prohl.bi tively eXJ't'nSiVeo / 

2<> . S;ytrJ!llet:pr A£Qut the Median Plane,8 The magnetic structure should be 
~ymmetrical'about the desired position of the magpetic median planeo 
The location of the magnetic median pla11e is extremely sensitive to 
assymetries in ·the: magnetic fieldo In the ususl case, one desired to 
have the magnetic median plane · coincide with the geometric center of . 
the magnet gap~ . so that equal clearances and focussing forces exist 
for perticle axial oscillations about the magnetic median planeo 

~ple2 An oU leak in the 184"' magnet vas corTected by" installing 
. a mild steel barTier rlng (182dl IoDe X l/4dl thick x l,)Gi 

.hfgh) · between the vacmum barrier disc and the pole tip 
ciif!ilco Tlrls ring was installed on the UpPer pole only aDd 

. upset the· median plane posi t:ton to such an extent that ·it 
· :was nec~ssary to disconnect one layer of one coil to correct 

· the • displacemen'to 

3o 'fhe, magnet structm."e must resist tne magm9tic for>ceso Often this is 
morG a p.r>Oblem of stiffness (permi!lsible def'leetions) than of ultimate 

· strength o · 

4o The tna.gnet OOJl.~t resist earthquake loadso 
. . : 

5o . Working SEasft around GaE 2 · Effol"t snamd be made to. proVide maXimum .. 
unobstructed space around the magnet gap f'OI" installation. of 
experimental equipmento This space i-s purchased by tolerating 
larger leakage f1:ux anq. more iron in ;'okes, and !J.ence, a less 

. eff.icient ·(inegnetically) machineo Some· yee;rs ago SWedish scientists 
1::rudlt tl ve'ry '.ei'fi¢ient magnet in tez'ms of I4nimum leakage flux but9 
as the ekei".ch ir\dicate:sJ~ access to the air ii!-P was severely restrictedo 

· Maqoet Frame. -.. ,, 
-~...,_.,.,.,..;~ o\most s.phczrica\ · 

. . 

-~tc:t"lon 

.... ·. 
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Do.C. MAGNETS; FACTORS IN CORE 
DESIGN (Cont 9 do) 

6<> Keep Coils Close to Pole Tips.g The closer the coils are to the pole 
· .ttps ~·,~~r V.he leakage f'luxo 

7 o Tapel)!d •• ,$quare .Pole Tips g 
~. . . . . . ' . . . . .. 

Figur&.lO 

Tapered pole tips trade raa~us for flux density and allow a some
what smaller vacuum tank installationo The rasul tant magnetic 
force on the ~apered tip may be such as. ~ pull the two tips 
rogetber - a point wirih must bel ~aref\lily investigated for each 
tapered pole designo 

Hi~torically~ vacuum tariks u~ed to have the pole face bu±l.t into the 
tanko A. shimming gap was left between the tank and the magnet polec 
Ho~ever, the vacuum tank pole greatly attenuated the effect of the 
sl\iil,e, when so p:Lacedo X.S..'t"ge machines need bolts attached to tank 
covel's for support 9 which interfere with shinmdngo In general, .. 
shim$ are n~w placed on the pole tip ins~de the vacuum tankA 

• • • .~ I'; • 

Figure 11 
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II~· T.ABLE OF SYMBOLS AND UNITS 
, _{_~nless otherwise noted in text) · 

Des c-.r·iption 

· Total Flux · 

Magnetic Field Intensity 

: Magnetic Flux Density 

Permeabill.ty 

Reluctance 

Magnetomotive Force (MMF) 

Length· 

Air Gap in Magnet 

Flux Leakage Coe:f'.fid.Srrt 

Power 

Res is tru1ce 

Wei.ght 

Unit Weight 

RGsistivity 

upro:. 2233 · 

Dimensions 

Na..xwell·s, . Lines 

Oersteds 

Gauss 

Gauss/Oersteids 

Oersted/Gauss cmo 

Ainpere Turil.s 

Cffio 

Cffio 

Ratio 

Watts 

Ohms . 

L.bso· 

Lbs .. ;cu .. · hl*s: 

Squaf:e · em o 

Ohm Inches 

i· 


