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Outline

Generation of magnetic field

Solenoid

* |deal dipole

Ideal quadrupole

|deal racetrack

Self inductances
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Generation of Magnetic Field

Law of Biot-Savart

dH =

Y lwasa (MIT)
<iwasa@)jokaku.mit.edu>

Idsxr

473

ds
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Straight Conductor of Finite Length

-~ IdsxT Idssin@
dH = 4773 2 dH = Amrr?
rdf a
—— = s8inf = - ds/r* = df/a
ds r / /
I %
H=— sin @ df
4d1a 64
H—i(—cosﬁ +cosfy) = I( 62 + cosb,)
 4ra 3 YT 4ra CO8Y2 T COST
When length >> a ,
cosfy — 1; cosbfy, — 1
I .
H = Y H varies as 1/r
Ta
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Current-Carrying Ring

~ Idsxr

H =
d 473

I(2ma)r cos @ Ta cos
.Hz — —
43 272
2
a a“1

cosf = " H, = 973

r2 — g2 + 22

a’l

Hz(Z,O) - 2(0,2 +22)3/2

r =0; Here the r represents (7, z, 6) coordinates
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Carrying-Current Ring (cont.)

a’l

N

H,(2,0) = 2(a? +z2)3/2
H. z=0
I ra\3 a\? © ? O
— — (Z) = = I !
H:(2>a) = 2a (z) H(0) (z) o 2 —
Far away from the source, even a solenoid field varies as 1/r°
I
H,0) = —
()2a ________________________
: I , :
\ H =5 for a straight conductor ;
L2 (e :
H increased by 7 when a straight piece of wire is folded into a circle
Bz(O) S 'UJOM Lo = 41 X 10_7 H/m
2a
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Solenoid

Generates a uniform axial field; most common magnet configuration

* Important dimensionless coil constants

2([2
— 201 —>
o = (1;2, ﬂ — i x \\) \ |l". ."1‘ ,-'/ (/ .
a’ T a N ™ \
".'| 'tl ‘,"‘ '|| '| | ' |‘ |‘| ‘\‘. 'l” ‘,f
VYl LN/

. . [ ."~, / | | N \ ."" \
Field Lines +‘ | ;,;.[ %4 :#) il | f 2b
« “Uniform” around the center .l | | RIFA /

".‘ I‘I -,\ "1 ‘I ‘ ‘ l' l'.| ,"‘ |"I |"'.l
e Maximum at » = a4, z = 0 (single coil) \ I\ '.,' \Y \;/ ‘
o Mr=ay,z=0, B.~110of AR

-B, = B.(r=0, z=0) = B.(0, 0)
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Solenoid: Filed Computation .

AJdA
. . . |
Uniform-Current Density Solenoid - \ el ”
Lo
2
L, ANJ dA
dB,(0,0) = 9‘ 53 7 Winding total
2(r< + 27) cross section B. (0.0)
N number of turns
A = m‘ Overall '
——= current density, J,, |~—2a1 —|
z’\'TI - 2a2

2a%3(a — 1)

B.(0,0) = p,ANa F(a,3) F(a,B): Field factor; depends only on a & 3

. 21 32
Fla,3) =08n atyo +_'
14+ +/1+ 32

B.(0,0) = uoNI)ln(a—i— a2+,32)

14+ /1432
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F(a, B) vs. o for selected values of S

T 20_\ T l U L N TTITT ] T I FIrryrIqrrrrIgerd [ MmrryroeT I L L
e 18|
. 3 B=57."_13
16 - K S
- :: “ 3 -
- 3 23
] 1.2 PR agiin
- P~ E - A6 -
4 g 10F 12T
TN : S
— 0.8 — 2 e oo P
E Z " . 08~ " 2
-3 0.6 — ; e € A : ]
E A _ - 0.6 E
- & e T - =" -
0.4 — O Y T e T 04—
] E L o :
. 02F o2 % = : 02 — ~3
| E_ ¢z _ T e = —— 0% - —
'''' ] 0:‘%. e A oo b TS Db Do Db Lo Laali g
1 1.4 1.6 1.8 2 2.2 2.4 2.6 28 3

* “Long” coils (£ >1): field increases with winding thickness, a;(a —1)

* “Short” coils (5 << 1): field ~independent of a;(a —1)
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F(a, ) vs. p for selected values of o

—
o

3

I 1 ‘ I T T 7% B .'_ TIrT I IZI | I I )» T I "7!1 TTIY l?r | 54 B II"A I T AAI I I T I‘ll "j T l]' "| I I L |
a 200100 50 207 15 /10 0.8 | _ aicoss ifopteciibess - ¥ R %
‘o L - . 16F-.@=2005 20 108 ¢85 47 36 2.8
Minimum winding volume| .- 10 14 Y i
6.5 1.2 | poodey 22
8 -85 & 10 e K < . : -
\ — - / , Nl 1 H -
= -5 &, E /7,72 2 Minimum winding volume| _ 1.8 =
4.5- 0.8 s dip=s. —————— - j
4 = PR TIR s 16— 3
N RU DR 3 % %
..... 3-- 0.4 :j_ 2, /"','f,f ,',:'/ . : —
“““ 2.5 l___ / Z. ”';.' 5
2 0.2 ) P ‘ o Y. % s 12
G - 5 . & -~ =14
s~ -1-1.5- - - T
I T I o N T "!'.llil..!!ILlIllI!llll;l.1!1A‘.I!.l:ﬁ
6 ; 0 01 02 04 05 06 07 08 09 1

* Field ~ independent of coil length g > ~2 for o up to ~2
= From stress consideration o > 2 rarely used

= Field spatial homogeneity improves with & f
= NMR & MRI magnets tend to be long
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“Ring” Coil (a=1;8=0) R

NI 2 1 32
B,(0,0) = —" ln(a+\/a +ﬂ) @ ®

20,1(6}:—1) 1+1/1+'32 NT

imin [ EFYEHE) L e a1
= n p— —_
B—0 1+ +/1+ 32
o NI o NT
.Bz 0,0 B —1
(0,0) 2a1(a—1)(a ) 2a;

This expression very useful to get a feel of what N7 would be for a given
set of B, (0,0) and 2a, (and sometimes /)
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ISEULT

Parameters
B.(0)=1.76T, 2a; =1m; 2a, = 1.95m; 2b = 3.1 m; 1,,~ 1500 A

NI
B.(0) = po - > 11.76 T=[(4m x 10”7 Him) (NI A)]/ 1 m]

Solve for NI [A]
NI =(11.76 Tx1m)/(4n x 107" Him) = 9.4 MA
1,, =~ 1500 A =>» N = 6250 turns

 Because obviously all 6250 turns cannot

be placed at a single center point,
N must be spread out over a wider space,
making real ISEULT N = 29920 > 6250

* Note that the center ring generates the
highest field at the magnet center,

the rest less
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1 29 ' A

Long™ Solenoid (5 5, o) ° x
° X
° X

NI 2 2 .
B.(0,0) = L4 In a+\/a +,H2 . z
2a;(a—1) 1+41+0 o X
° X
a+ /a2 + (32 a+ a/B+1 : X

lim In =] — .
B> (1+\/1+ﬁ2) n(1+ﬁ n (o) [:pao:
. X
— °* NI X
llmln(a/ﬂ+1) g—lza—l ° X
B> 1/8+1 B B B o X
. X
1 __Tums/length: : .
B.(0,0) = B.(0,0) length (26 )-independent . X
. X
3_4 ng 17?06

p
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“Thin-Walled” Solenoid (a— 1) z

A
ooy (@t Va2 + 5 N
F ',4'3 :,431 °
A% ( 1+m> ;
lim In atyer+ S ind :
a—1 1+ /1 + /2 V1+ B2 : B.(¢,0)
‘ € Bla—1) .
_ — o NI
SR =P T e '
o N T a+ +/a? + 32 .
B.(0,0) = 1 )
0.0=20@-1) n( 1+ 1+ i

B.(0,0) = 2™ () — M
=00 = o, m 20 T—A*long” coil, B >>1,

3 becomes p-independent:
B.(0,0) = poAJa;(a—1) Note that: 24,8 = 2b
V14 B2
= p’oAJa'l (a o 1)
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Solenoid T’ ypo'

Center (0,0,0) Field B.o

General: a, 3

po N1 (a'+ a2+ 32

)

)

Ring: a=1, 3=0

L\

B.o = n
0 2a1(a—1) 1++/1+32
= poAJar1 F(a, 3)
. 2 32
F(a,8) = fln [2H V240
14+ +/14+32
_ peNI
B.—.O— 20,1

Thin-Walled: a—1, 3

_'I 2(L1H I'_

B — po NI 1
=0 2, ’_1-}-32

Long: 3> «

1 f..
2a,¢x 2a,
I 3

e o —

o~
~

3
pedJam(o=1) o
_ MoNI
B:o=—5;

= poAJa;(a—1)

Short (pancake): a, 3 — 0

T
2a100 — z 2ay
4\

Buo — o NI (lna)

2a, a—1
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Load Lines

~

Superconductor with anisotropic
effects, e.g. Bi2223 & YBCO
1.(B) Bo(lne) tapes, /(B ) & I.(B~) required

BWlClX ]I’I’l
( g) Bb([mg)
Bmaxb(lmg)

max( opo)
| I

0 ( opo) Bbo
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|deal Dipole

e Circular cross section (radius R) of
“zero” winding thickness

* Infinitely long, i.e., no end effects

Dipole

Hg = Hy (sin @7, + cosO7p) (inside)

2
Hae = Hy (E) (sin 7, — cos@7y) (outside)

-")

Y lwasa (MIT)
<iwasa@jokaku.mit.edu>

Uniform H inside
H o« 1/r? outside
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Ideal Dipole (continuation)
» Surface current density at » = R sinusoidal:

Kf = —2Hycos 7,

where H, is the dipole field strength

Because surface current density varies as cos®6,
this is called a “cosine dipole”

Although an ideal dipole different from the real-world dipole used in HEP
devices, most ballpark numbers may be obtained from an ideal dipole
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Ideal Dipole (continuation)

I?f = —2Hycos07,
What should K be for u,H,=38.33 T*? (LHC)

* Neglects field contribution of steel yoke (because yoke a bit “far” away)

| K, |= 2Hy=2(8.33 T)/(4r x107 Him)= 13.3 MA/m

For 2R, =56 mm & 2R, =120.5 mm, 2R, = 88.25 mm:
:90°
Ampere-turns: / 2Hy R, cos @ db

—90°

= (2H,)(2R,,)= 1.17 MA

For 1,,= 11.8 kA, the LHC dipole winding requires ~100 turns
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Quadrupole
ldeal Quadrupole

Focusing magnetic field
« Circular cross section (radius R) '
of “zero” winding thickness

* Infinitely long, i.e., no end effects 5 Particle

beam

qu = H, ( ) (sin20 %, +cos207) (Inside)

3
H 2 = Hp (R) (sin267%. — cos267) (Outside)

Yy
)

At the center (0,0)

N, o Zero field
| . * Fields gradients
JR
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Ideal Quadrupole (continuation)

. Surface current density at » = R sinusoidal:
I?f = —2Hy cos 207,
where H, is the dipole field strength

Magnetic spring constant in the x-direction, 4,

aFL:c
kL:c — O

Fre ~ [Q(C'z’z) X,U:qul ;0]9=0

~ —qcuoHy (I%) Tz
qcpo Hy

7 Focusing in the x x directions
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Racetrack Coll

A magnet resembling a racetrack, wound in a plane, each turn having two
parallel sides, joined by a semi-circle at each end; Two or more such coils
separated by a gap generate a field approximating that of a dipole magnet

« See the 2" Edition of my textbook for analytical treatment of an ideal racetrack

[Arnaud Devred (CEA), 2002]
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Self Inductance

Total flux linking a coil, ®, « to the coil current, 1
(I) p— L[

L the coil’'s self inductance; a circuit element that relates to a field quantity

L also related to the coil's magnetic energy, E£,,,.
E,, = iLI?

Generally L computed from @, then used to compute £,
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L500 (JASTEC)
500-MHz (11.7 T)/237-mm cold bore NMR magnet:

LTS part of the MIT 1.3-GHz (30.5 T) LTS/HTS NMR magnet | | |li1ll 301

« Composed of 13* separate coils: 8 main (4 NbsSn; 4 NbT | L0 200

5 correction (NbTi; 2 pairs and a middle coil)
* Actually 14 with the last middle coil split into a pair

500 Inducta

Inductance Matrix—An Example

NbTi (4) )

9 Nb:Sn (4)
‘.' .‘[ Jils

400 T

100 +

-3p U

\J
M—
D>
o

nce Matrix (Total L = 147.185 H) 100
B A B c D E F G H i ] K L ” ' ‘
1 0.300075559 0.318608485| 0.742363862 0.442794726 0.211890862 0.568950953| 0.337059981 1.04646977 0.359747712 0.358747712 -0.03257875 -0.03257875 0.075390148 l ] | il -1 00 <
2 0.318608485 0.37343513| 0.891376853 0.531338083 0.253985181 0.681936473| 0.403966195 1.254075001 0.431246035 0.431246035| -0.039502157| -0.039502157 0.095048578 - ‘.’ ‘ |l | ’ I
3 0.742363862 0.891376893| 2.473219875 1.548955383 0.738604483 1982915107 | 1.174497393 3.645502171 1.254362163 1.254362163 -0.11472094 -0.11472094 0.275801459 ‘} : ' } #im ‘
4 0.442794726 0.531338093| 1.548955383 1.127351885 0.5485133 1.472451569| 0.872039262 2.706210928 0.931895089 0.931895089| -0.08506247%| -0.085062479 0.20430333% [_T : [ :‘ || '| | . -200 -
5 0.211890862 0.253985181| 0.738604483 0.5485133 0.323703483 0.878933207| 0.515804017 1.611459234 0.583535021 0.583535021| -0.048195114| -0.048195114 0.114688583 ll 1' | ' ' !
6 0.568950953 0.681936473| 1.982915107 1.472451569 0.878933207 2.591051807| 1.577043012 4.886075245 1.771063235 1.771063235| -0.145778828| -0.145778828 0.346764544 ll | l | i
7 0.337059981 0.403966185| 1.174497353 0.872039262 0.515804017 1.577043012| 1.048792362 3.300478187 1.197637925 1.197637925 -0.09815822 -0.09815822 0.233411676 H‘ _300 - N
8 1.04646977 1.254075001| 3.645502171 2.706210928 1.611459234 4.886075245| 3.300478187 11.66980298 4419823388 4419823388 -0.359131258| -0.359131258 0.855278571 I
9 0.359747712 0.431246035( 1.254362163 0.931895089 0.583535021 1.771063235| 1.197637925 4415823388 5.927316197 0.251466252 -0.1623768| -0.035340583 0.164330821 ,“ ‘|‘ |
10 0.358747712 0.431246035( 1.254362163 0.931895089 0.583535021 1.771063235| 1.197637925 4419823388 0.251466252 5.9273161597| -0.035340583 -0.1623768 0.164330821 " “ Ll _400 +
11 -0.03287875| -0.039302157| -0.11472094| -0.08506247S9| -0.048195114| -0.145778828| -0.09815822| -0.359131258 -0.1623768| -0.035340583 0.059391112 0.006239589| -0.035131666 ’I .l |
12 -0.03287875| -0.039502157| -0.11472094| -0.085062479( -0.048195114| -0.145778828| -0.09815822| -0.359131258| -0.035340583 -0.1623768 0.006239589 0.059391112( -0.035131666 T
13 0.079390148 0.095048578| 0.275801459 0.204303339 0.114688583 0.346764544 | 0.233411676 0.855278571 0.164330821 0.164330821| -0.035131666| -0.035131666 0.254161988

[Dongkeun Park (Former Postdocs,

Y lwasa (MIT)

<iwasa@)jokaku.mit.edu>

FBML)]
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Solenoid Self Inductance

L = uoa1N2,C(a, B)
L (o, p) a dimensionless parameter that depends on coil shape, a,

5IIII!IIII!IIII!IIII!IIII.IIIIIIIIIIJ

|
3 0.04: 0.05 0.06 0.08

4.5
4
35
NN

2.5

L(a, 3)

2

1.5

1

0.5

: | I I | | | I | I | I | | | I | | | I | { | I I | I | I | 1 | I I |

1 1.5 2 2.5 3 35 4 4.5 5
(8}
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Selected Inductance Formulas

Solenoid (a;, o, 5, N)
“Very Long” (8>>1)

“Pancake” (B<<1)

L' = ,UO(Lli\'T‘z[,(O'? .3)

¢ ™
L‘ — Mol 17\"?2 -~
Hot1 (2;3)

v+ 1
L ~ jioa; N? <a ;L ) x

4(ax + 1) L(“ — 1)? 1 _
{hl[ a1 ] [1+ 2 a 1)2] & [1

43 (@ — 1)2

M (o 1 1)2

)

“Ideal” Dipole

9
L[ — %lloﬂ-i‘j\" =

[H/m] Independent of R

“Ideal” Quadrupole

1y
AT 2

— 1 N
L‘f — Eﬂ,o/u

[H/m] Independent of R

“Ideal” circular shape

(a< R)

‘ '\ 2 9 a
toroid / ( R) (0% R) IR
“Ideal” rectangular S[1 R+a o 2a
shape toroid L= pob\ [; n (R — a)] = HobN | 7

Y lwasa (MIT)
<iwasa@jokaku.mit.edu>
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lllustration

Compute /seult L
a; =05ma=19; =31, N =29,920.L(a, B) =0.575

L = ;to(zl;’\rgﬁ(cl-, 3) =3216H

[323 H (Thierry Schild)]
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_ Computatlon with MIT Soldesign (through Internet Access to MIT)

| @ Terminal — ssh — 80x24

Mar 12, 2007 B

I3-coil 688 MHz HTS insert based on Seungyong's Feb 12, 2887 design

I

!

ltotal inductance: 17.1 H

lcenter field: 14.1 tesla (608 MHz)

setup

lsolenoid, al, -b, 1, (a2-a1), 2b, lambda J, N, 18

solenoid, 8.839, -8.27685, 1, 08.81536, B.5537, 192e6, 6144, 1@
. solenoid, 8.85736, -8.27685, 1, 8.82196, 8.5537, 178.6e6, 7568, 18
{ solenoid, 9.88232, -08.3461, 1, 0.83881, 0.6922, 157.5e6, 12648, 1@
< end

terminal

Soldesign input data for

L LA (L8

a 600-MHz (14.07 T) HTS magnet Using the inductance formula
and figure given in Slide 25,
—-—Enun:s:-ﬁﬂf'm.n:lt - Fl.nu:laentlill‘,:-—»'«ll m— Compute inductances So|design
or 1nrormation qoou e roject ana 1ts goals, type L- -p.
( : \ / \
Coil | a;[m] 2b [mm] | a,—a;[mm] a p N L(o,p) | L[H] L [H]
1 0.0390 953.70 0.01536 1394 | 710 | 6144 0.488
2 | 0.05736 993.70 0.02196 1383 | 4.83 | 7808 1.636
3 | 0.08232 692.20 0.03001 1374 | 4.20 | 12640 6.920

Rendez-vous le 5 Juillet!
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