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o o I. D. C. MAGNETS S

| T Ko Mggen‘bal Relationships
B Magnetic Flux produced by a.n eIectric current:

(Er?\pc.rc'rums) f Hag = 'A NI

- H= magnetic_ fieI_Ld intensity - Oersteds
. g = flux path-length - cm. .
Flux Line N = number of turns

Co I = electric cui'ren_t fiowing - ampefes
Figure 1 S ‘ : : '
Consider the. mannetn.c field around a wire carrying an electric current. From
symmetry H is constant at constant R.

/ Ma ndnc
qu Line

ﬁdl = H(2mR) "‘-i% TNI

Figure 2

"In magnet design, one is usuallj interested in the 'mégriét-ic. flux density B,
measured in Gauss. B and H are related by the magnetic permeability, u,
which varies with different materials.

B |

gF-w or B =puH

' has dimensionss Gauss/Oersteds

p is defined as 1 Gauss per ‘Oersbte_d_ for vacuum, air or nbn-magnetic material.
For mild steel; p 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 tota.l magnetlc flux, §, in a magnet:.c circult is equal to f BdA and is
expressed in Maxwellso _ )
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FUNDAMENTAL B.Ef.ATIONSHIPS (Cont'd.) S e |
- Th§ fél;oﬁiné:eledtro=magnetic analogies ﬁay be drgﬁhs )

"= Mggneiic Field ‘Intensity '(oerstids)-' . Voltage Gradient
| ltB ='thnetic_F1ux'banéity (Géﬁsé) "._? -iv' TAICufrent.Danityv
$ = Total Magnetic Flux (Maxwells) - ) Gﬁrren_t |
B =_Permeabili£y (GauSS/bérsted);L;, l _urQQnduﬁtivity (aﬁpo/VOlt em. )
| (R,= Reluctance (Oérstéd/Gauss cme ) ‘f'- o Resistancé (vplts/ampsa)‘

thgnetic circuits are much more difficult to treat nheoretically than o
electric circuits because (1) the flux will not remain totally within.
" the conductor prov1ded (one cannot obtain good magnetic inaulation) and
* (2) if the circuit contains irom its magnetic resistance varies non=-
linearly with the field intensity due to saturation effects (i.e. there
is no simple "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 current.

If one plots the magnetic flux density (B) within an iron magnetic con=-
ductor vs. the intensity of the magnetic field (H), one finds at first
that a change in H will produce a proportional change in B. As satura-
tion is approached B rises much less rapidly. Finally, at saturation,
the space being magnetized responds to increases in H gs if no iron were
there - it has an "incrementsl® permeability of 1 end QAB = pg5,.AAH. If
one plots (B=p rH) vse H the curve becomes flate Thls last curve -shows
best the saturation effect. _

»'*:f';.E3 =

: T 23 ooo Gauss for lron
L?_ 72,000 Gaussfor best
| B=pgH Eobatt -tron Al oys

Gauss

Ozfgéda |

Figure 3
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 DoC. MAGHEYS (Comt'@.) o ebh-
B. Magnetic Circuits

(Bx)gap = Oa/JTNI

" ¢losed loop.

- a eonductor. turn.

N

Flux Lmozs

/ ~of Densit (_.jB

. anfeL, N ,,-  R :  .  ' o
Hypdtheﬁical Case - . - N .

?Aromd any flux 1ines

f HaA + fHdz o+(3x) = oozﬂrﬁx

" Iron gap
For gaps p = % = \/[LHdﬂl—~(Bx)
| S - “gap
Bgap* rather than Hggps is usually plotted VSo (NI)gap for a

specific magnet in which x is a constant. This plot is a straight
line showr in Figure 6. The NI given by Equation (1) is required

to drive the flux across the gap only and is called the NI 1n the '
. gapo : ' _ .

UCRL 2233

cronCore  Notes 1. Each flux line isa
2. Each flux loop 11nks N ;
' 3. The fHAL is the same

' L for any flux loop that
X=GapHeight cmy) links the entire coil.

—
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2. Considering Actusl Permesbility of Iron

Lhen Rty *(,z% pasing

B isminimum tn ca.ni:e.r
oFgap.

B‘": e .

“irn must bs consideredo

fHd,e +fHd£ n‘“ al ¢ (BX) cap o.lm'(NI)t tal (@)

iron iro

T - ' B is not constent. TIron saturatesso

An estimate of the leakage flux is required in order to solve '
Equation (2). For this purpose & “term called the Wleakage coef-
ficient™ is useful.

: = Flux thru Core
. T..eakage coefficient .K._ Fias mﬁ Gap

The value of K depends. upon vhers the flux 1s measuredo Unless"
T otherwise spec:.f1ed° ‘
. ' B K= e ma¥. 4 § in ircm
L (B in gap @en‘t,@f) x (area of pole)

Max. § usually. is in center of lengtn of co:.lg._ '
K may be determined by several methodss

a. flux plots
b. model tests
~ ¢. experience with similar shapes

2 ‘, Thé. method used Adepends_on the time availsble and economics.

_ After K is determinred, B can be determined from the area.of the
s A : iron and H from ‘che‘p,, of 51°on at the corresponding Be
et
g e, Mther term9 other than K, is used to take into account the
'. d’-’.'. . .° peluctance (analogous to electrical resistance) of the magnetic
© . -. o ecireuit. This term is the’ "magnet efficlenc'ey",

Mapmet Efficiency = JH%) in gap = NI in.gap
agn CLeRT T VHAR total NI total
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. CONSIDERING AGTUAL PERMEABILITY OF IRON (Gont‘d )

The magnet efficiency varies from 80 to 303é, belng approximately 33?6 :
for the 184 inch Cyclotron and 55% for the Bevatron. Magnet efficiency
is not a ratio of powers it is more like a volumetric eff101encyo & o
high magnetic efficiency does not necessarlly indicate an optimum design. = '

- It may mean that too much capital cost has been paid for iron in order to - =
.decrease operatlng costs. However, high efficiency permits future o
increase in field w1thout building a new core.

>Figure_6 shows the relationship between’(NI)éap, (NIIiron,:and (NI)gota1 .

B _Bgap

NI

Figure 6. B vs NI

' G. D.C. Coil Design

1. Degign Rquiremetﬁg

a. . Cooling
b. Resist magnetic forces
co Avoid electrical breakdown
ds Suitable supply voltage
e Compactness
. £+ "Optimum® quantity of. copper . o
o (The WOptlm.um" ouantlty depends on costs, space and other factors)

20 Sggge Fgotor

. Space Factor = .area of copper ..
pa 4 ,or ‘cross. section of coil
There are two kinds of space factor.

Lo area of copgg; B
area Ou + insulation + cooling space

8 Net Space Factor =



.%2‘
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SPACE FACTOR ( isntld.) - S o _

areg Ou_.
total coil area

bo Gress Space Factor =

" Total coil area includes srea of Cu, insulation, cooling space,
. coil box, coil spring pads, clamps, etco., i.e. everything related
to the coil that takes up space for an appreciable angular sector
of the coil. Thus a pipe flange which takes up a fraction of a
degree of arc and could be moved to allow space for other equip-
. ment would not be included ag part of the total coil area.

TABLE I. Space Factors for some UCRL Coils
} E ' . Nst 1 Gross ,
. Coil . Cooling| Space Space - © Conductor
] Factor | Factor

90 inch Cyclotron - | oil 55% - 35% strap
184 inch Cyclotron Main Coils oil €9 48 strap
Bevatron calr z8 15 stranded cable
40 inch Meson Magnei water &3 37 hollow conductor
184 inch Cyclotron Auxiliary Coils| water 70 L2 hollow conductor
1% inch I.D. Ion Pump water¥® 80 55 ~strap

*  uGandwich® cooling, i.es, copper sheet, with cooling

3, tube around periphery, placed between conductor 1ayerso
TABLE II. AIEE Electricgl Insulabing Mater1a1<
- E Temgera%ure
Class Description . o Example g§0t§°t est
- - ‘ . (deprees Co)
-0 |Organic material neither impregnated paper, bakelite, - 90
nor immersed under 1iouid-dieleﬂtr4“ cotton, esilk : :
A Inorganlc materlal vhen either impreg- paper under oil 105
|nated or 1mmersed under 1lquld '
, dlelectrlc
B Inorganic material ﬁith organic binder | mica with shellac| 130*
C |Irorganic material - L o mica, asbestos - ‘no std.
' - | fiber glass,
ceramia
H |Inorganic material with silicone binder no stdo

“ b Current Density

The coollng medlum -and 1nsulat1cn determine the current den31ty
permissible. For air and oil I/A is typically 1000 amps./sqe in.
For water, I/A is not limited - 2000 to 3000 amps./sq. in. is
commong over. 100 000 - ampso/sqolnc has been used with short water
paths ° .
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CURKENT: DEESITI fontid.) e ,

@zwent %nsxty (I/&) is an imp@rtant veriable ia ecoil &esign since
. 'it determines, for example, the ratioc of eapitgl to opsrating costs
© and ‘the @cmpa@tness m‘." the mx.lm See paga 10 for more detailed

v inf’ormaticm
So R
_B';Iﬂ-":gfﬁi& ' - ‘A'is in sq. inches,
5 o A is in inches
Ak
6. Rat
o

Given: NI = 1%“"090{}() smpo - turns (same order af ma.gnitude as’ IM“)
| = 200 inches | R

Pg .
i

”Gema%r vo},tage = ém, ot 'ferminal vo‘ltage = 5‘75 |

. Assumes I/A - 2000 &mpso/sqo dno B f’ 222

‘ Gruss Spact F&ctor = 60%
| Thens:  hvea af G = MO_Q&QQQ = 400 sgo imo

Areaofﬁaﬂspme épg - 670 sqo inc_' B

| Asisﬁme Cell Gmssg %"ﬂﬁ@n = 30 1no % 22 imo |
‘mené._ Mea,nDiao 200+22—~222mo o
W of Ca = 2257 (408)(-321) = 90,000 b
| Pmre?"" (3)2 x Lo%2 % 2}5 = 1860 K (at LO éo mean tempo Qf ta).

T = 12860,000 gg%m"me@

Condu«,ter area = % = Io@8 sqo ino cT
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_.‘aggf2 000 -
H‘ S2ko 370

- In the abcve ve guassed at tbe space factdro Hé ndw can calculate a
- more realistie space: factor -and’ rapeat the ea.lculations until the -
assamptiens agree with the answerso ST .

A 'calc;ulation ehovld be rapeawd for several cument densities to
~determine effaet on costa, etco _ -_ , ,

8. Facto s t.o Gonsider i 0011 Desi

TS m ditys The coil nmst natmove as the magnetie f‘ield is applied.
. In addition to a changed field at the magnet gap, coil motion
chafes insulation and will sventually result in short circuits.
. Sinece coils will lcosen slightly during operation, good design
' a,la;o provides mea,ns for tigbtemng the coil assembly periodically

" b. Coils Must_be Kegb Dry: Vater will cause short circults, cor=. . R
©  rosion and insulation deterioration. -Coils should be fully enclosed
whcre ‘the posmbility of’ watar’ santrance existse

co Methods of Coil Coolings

- (1) Afr Gooling Air cooled coils pravide good insulation for
- 'high voltage, are casy to wind and repair. However, they
‘usually have poor space factor, require large equipment and
- extensive ducting for forced air circulationg aind are also
noisy due to ‘bhe femed eircmlationo o : S

S T ¢~ | 011 Cooling: 01.. cooled coils are usually of ‘copper bar ,
o - ‘ipmersed in oil. . This provides good elecirical insulation ' -
- and the ¢oils are easy o winds Space factor is low bmt
better than that of air cooled coils. Heat exchangers and
" Filter systems are required. 0il systems are a fire hazard’
- and 00 fire extinguisher systems are usually providedo :
Alwaysg they st:mko o o Lo

(3) Water Coellng‘* uood spa@e factors and high pemissn.hle L

. current densities are obtained with water cooled coils -~

. {extreme example -~ an early 184" model magnet was run mth

" corrent density of 160,000 amperes per square inch). - Water *
. cooled coils are expensive to wind and there is always ‘bhe -

possibility of ‘water leaks with resul tant shorting and . -

- corrosidn dame.geo. De-fonized water is usually used, anﬂ an

'_elaborate system of f’low indlca‘bors and- 1nter°locks is

Dot requiredo W : ‘ ,
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- Oue vants’ the -tetal cost ‘Ec be a mininum

Total. Ciost

(Gapi:zal Costs) + (Operating Gosts) x (Operating Lif’e)

M

Egay&tal costs of iron cors, coilg eoil power supplyj
%}perating COstj X {Opsm‘&mg Lif‘e] .

*

| ‘me cpera‘hing 1ife is difficult to estimate, and a low flgure, say

Fj_ ».-e,,?o q
- Coil and Power =

Supply Costs

for constant NI

wd constant
mean turn
~ length

e 8.

. -Coil and Power .

-7 . Bupply Copte.

L for constant NI “

and. constent.
' meean turn
" length

five yeurs, should be used for an experimental magnet with an un=
certein fature. _ ,

There may be an’ funpression that & high current density is desirable.
This may be so where space is limited but for magnete in steady

operation_for long pericds,as Cycletroms, over appreximately 1500

ampso/in.~ is probably uneconomical. Pigures 7 and 8 show the

relationship beims@n costs and I/A and W

K’ _..-,..
o a!

e

wnum
t

Cost perstingsssif= k|

CopitalCest—=<d,

17&_—@-‘ - |

or minimurm
 tetalt

.,.;-.,«;»A:v.,'w=mn§!"to¥-tﬂ. oy .
(‘“%A) '
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(Cyclotron) »

Do Factorg im Core I t

10' Hcmoggne@us Steal: In the deS¢gn cf &wcsleraﬁor megnets one of the
principal requirements. is that the. magm@tic field vary in a pre- _
determined manmer over ﬁhs useﬁnl pole face. Unexpected local pertur—
bationg are very‘undesﬂwmkﬁ@o Therefors, steel of uniform magnetic ~ .-

 properties is highly d@@iraﬁﬁe and some quality control should be
v[-established over this factor dur;ng magned ;abwlcatlono

. 'The choice of stesl is generally limited to the lowest carbon content
" without extra cost,. 1oeoa0035§% C. Lower carbon is not worth the extrsa.
"cost. Alloye do not improve p at high B except for cobalt alloys, -
which are prok1b1tively expﬁnsiveo : ' G

2. . Symmetry Q@out the Median Plane: The magnetic structure should be -

- symmetrical: about the desired position of the magnetic median plane.
The locetion of the magnetic median plane is extrémely sensitive to.
assymetries in the magnetic field. In the ususl ¢ase; one desired to

"heave the magnetic median plane coincide with the geometric center of
the magnet gap, so thal equal clearances and focussing forces exist
for perticle axial escillations abaut the magnatic median planao

Examples An oil leak in the 1847 magnet was corrected by installing
L a mild steel barrier ring (182% I.D. x 1/4% thick x 139
high) betwsen the vacuum barrier disc and the pole tip
dizco This ring was installed on the upper pole only and
~ upset ithe median plane position to such an extent that it o
. Was necessary’to disconnect one layer of one coil to correet,‘
,fthe dlsplacemento

3o The magnet etructure must resiat the magnetlc fc ces. Often tﬁis is
: moere a problem of. stiffness (perm1931b1a deflectiona) than of ultlmate
" strengtho

4o The magnet mret resist earthquake 10adso_

- 5 ‘Wbrklng Spa@g ground Gaps BEffort should be made %o provide maxiom .
- unobstructed space arcund the magnet gap for installation of
experimentsal equipment. This space is purchased by tolerating
larger leskage flux and more iron in yokes, and hence, = less
- _efficient {mmgnetically) machine. Some years ago Swedish scientists
built a very efficient magnet in terms of minimum leakage flux but,
& ths sketeh {rdicates, access to the air gap was severely restricted.

[

. net Frome ¢
cﬂﬂ\éi m t

t sphczncq\

' Figﬁr@ g
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6s Keqp Coils Close to Pole Tips: The closer the coils are to the pole 15 
';tips tthSm@Lier "Loe 1eakage fluxs o , o

7o

" pigure 10

‘3Tapered pole tlps trade raalus for flux density and sllow a some-
what smaller wacuum tank installation. The resultant magnetic
‘force on the tapered tip may be such as to pull the two tips
wogether - a point which must be marefally invastlgated for each
tapered pole deSigno

Historlcallyg vacuum tarks used to have the pole face built into the
tank. A shimming gap was left between the tank and the magnet poles
Hovever, the vacuum tank pole greatly attenuated the effect of the

- shims, when so placed. Large machines need bolts attached to tank
covers for support, which interfere with shimming. In general, .

. shims are npw placed on the pole tlp inside the vacuum tank..

‘Sh'm ;'anapv

| Figure 11
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- Total Flux -
Permeabiiity
Reluctance ‘
Powst
Resistance

‘Weight

- hrea

Flux Leakage Coefficieut

" Unit Weight

a Resisﬁiviﬁy;5_
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1. TABLE OF SYMBOLS AND UNITS

(Unless otherwise noted in text)

Degeription
Magnetic Field Intensity -

‘Magnetic Flux Density.
'Magnetomotive Force (MMF) -

Air Gap in Magnet

UCRL 2233

R

. Dimensions

 Maxwells, Lines -

Oerstedé

Gauss |
Gausé/éersﬁdds. 
Oersted/Gauss cm.

Ampere Tﬁrns ‘o

Cllo

oo
Ratio
Wﬁ%'A
Chims

ILhSa'

_Lbso/cuo‘Ihches'
Squaféfpmo 

thm fnches )

Watts/°Co Lb.-





