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O SAS O TRy Use of Iron Yokes in
Superconducting Conductor Dominated Magnets (1)

Magnet Division

Why should we use yokes in the conductor dominated magnets?

Especially why 1n high field magnets, where most of the field 1s
provided by coil? Yoke significantly increases the size and weight
of the magnet & increases the volume of the coldmass to be cooled.

Reason No. 1:

* For a variety of reasons, the magnetic field outside the magnet (fringe
field) should become sufficiently small.

* In almost all cases, and 1n virtually all accelerator magnets built so
far, the iron yoke has been found to be the most cost effective method
of providing the required magnetic shielding.

 Therefore, the 1iron yoke 1s used over the coil despite increasing the
size of the magnet.
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BROOKHAVEN Use of Iron Yokes in
Superconducting Conductor Dominated Magne'l's (2)

Magnet Division

Why should we use yokes in the conductor dominated magnets?
Reason No. 2:

» The magnetized iron gives an additional contribution to the field
generated by coils.

However, the gain does not come without any pain, particularly as we get
more and more ambitious (higher contribution, higher field). The iron starts
saturating at high field. That makes the field contribution non-linear and
field errors in the magnet (harmonics) depend on the central field.

* The trick 1s to develop techniques to benefit from the gain while
minimizing the pain.

The purpose of this course is to make you familiar with those techniques by
presenting the state-of-art.
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Superconducting

Magnet Division

The shielding against the fringe field can be provided either by
the iron yoke or by additional outer coils having polarity opposite
to that of the main coils.

Home Assignment on the Shielding by Additional Coils:

* A thin cosine theta dipole coil 1s placed at a radius of 10 cm. This coil generates a central
field of 0.5 T. Compute the relative strength of an additional thin coil at a radius of 20 cm
that is placed to cancel the fringe field far away from coil regions. Also compute the change
in central field caused by this additional coils? Compute the change in central field, if instead
of an additional coil, a thick iron yoke is placed at a radius of 20 cm to provide the required
shielding. What happens if the yoke shielding is brought right up to 10 cm. In these
calculations, ignore saturation of the iron yoke and assume that it has infinite permeability.

* Do similar computations for quadrupole coils generating a field gradient of 5 T/mm.
* What would you use in your design for providing shielding and why?

In which case would you prefer the additional coils and in which the yoke over coils?

Yet another possibility: Superconducting Meissner shield -- again, extra conductor.
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Superconducting

Magnet Division
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BROOKHFAVEN

NATIONAL LABORATORY Irlon YOke in RHIC DipOle

Superconducting
Magnet Division

Yoke can contain field lines at low fields Yoke cannot contain field lines at high
(~0.7 T, ~1 kA). No Fringe field outside. fields (~4.5 T, ~7 kA). Significant fringe
. field outside. The design field is ~3.5 T.
T
4 1 e
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
GRUMMAN YOKE or mod bound extend GRUMMAN YOKE or mod bound extend CYCL
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Saturation in RHIC Arc Dipoles

Superconducting
Magnet Division
In RHIC dipoles, iron is closer to  *{ oo o FirstDesign
coil and contributes ~50% of the " 3
coil field: 5
-ié o C
' 2 2 oompe :
345 T (Total) ~2.3 T (Coil) 2 I ana:
+ 1.15 (Iron) a1 R

That’s good.

But the initial designs had bad saturation,
as conventionally expected when 1ron yoke
1s so close to the coils and contributes such
a large fraction of coil field.

This course will teach you several
techniques to reduce the current-
dependence of field harmonics.
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BROOKHAVEN Consequences of the
Superconducting Saturation of the Iron Yoke

Magnet Division

An iron yoke provides good shielding against the fringe field. Moreover, the iron gets
magnetized such that it adds to the central field generated by the coil.

In cosine theta magnets (a=coil radius, R;=yoke inner radius and R _=outer radius):

B, (r,0) = _";i" cos ((m —1)6) G)m_l y

pt1\R;

1+ﬂ—1(a)2m [1_[1_(34) }

At low fields, W 1s large and (J1-1)/(LL+1) is nearly one. In principle, the yoke can
double the field. However, at high fields the iron magnetization becomes non-linear

and WL approaches one. This makes the relative contribution of the field from the iron
become smaller as compared to that of the coil. Moreover, the field distribution inside
the aperture changes, which in turn makes the field harmonics depend on the field.
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BROOKHFAVEN

NATIONAL LABORATORY Cos(me) Coil in Ir‘on Shell

Superconducting
Magnet Division

R.: Iron inner radius
f m I P\™ a 2m
R, : Tron outer radius A (r,0)= 2;: cos (mé) (E) 145, (R—) ;
a : Coil Radius e f -
Im — _,U-OL, i " i "
p—1 [1 ~ (%L) ] PO == contmd (“) .1 o (Rf) .
r = 2 Zm T M\ a \*"]
H -|— 1 -1 R _ _uu'o o - o il
[1 — (1) () ] B, (r,6) = =522 sin(mé) (a) 148, ( R.f) .

For the m™ order multipole (m=1 for dipole), the ratio of the field provided by the iron
yoke to the field provided by the current sheet is given by :

B . a Zm
Bf =5, (RT) : (3.1.3)

The theoretical maximum value of the above is 1.0 at low field (large x) when R; = a. In

RHIC arc dipole magnets this ratio is ~0.55 (55%) at low field and ~0.50 (50%) at high
field.

Note: p is assumed to be constant in the entire iron yoke.
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BROOKHFRVEN Field Enhancement for
Superconducting CcOS(méo) Coil in Iron Shell

Magnet Division

The field enhancement factor B,,;. due to the iron is defined as the field provided by
the iron to the total field and is given by :

s ()"

[1 s (;7)2“]'

The enhancement in the field due to the iron yoke is in the range of 20% to 40% in the

enhe —

(3.1.4)

magnets examined in this thesis.

The vector potential and the field components at the inside surface of the iron in air at

r = R; are obtained from Egs. (1.5.115) as :

A, (R 8) =5 cos(me) (1) [L+5], (3.1.50)
a m—+1
By (R, 0) = ﬂ;ia cos (md) (R_f) [1— 5], (3.1.50)
a m+1
B, (R;,0) = —‘u';i" sin.(mé) (R_f) 1+ 5,.]. (3.1.5¢)

o
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BROOKHFVEN o :

NATIONAL LABORATORY Underbs'rand"\g Ir'on Satur'atlon (1)
Superconducting
Magnet Division

For large u (low field), 5, is =~ 1; therefore the magnetic field at » = R; would have
only a radial component (field perpendicular condition) with its magnitude doubled over
its value in the absence of the yoke. The magnitude of field for any p is obtained as

|B| = /(B2 + B3). Therefore,

oIa m+1
|B(R;,0)| = »”2“ (R%) \/1+ 5228, cos(2ma). (3.1.6)

In a magnet, the normal poles are at § = (2n — 1)5&, with n=1,2,....2m {m is 1 for
dipoles and 2 for quadrupoles, etc.) and the coil midplanes are at § = (n — 1)=. At the
poles Eq. (3.1.6) reduces to

!J-oIa a m+41
| B (R, poles) | = 2 (R_f) (1+5,), (3.1.7)
and at the midplanes to
: oo ( a \"
| B (R;, midplanes) | = #241 (R_) (1-25,). (3.1.8)
f

Since 5, is nearly one at low fields and nearly 0 at high fields, the ratio B/I, at the yoke
inner surface decreases at the poles and increases at the midplanes as the field increases

from low to high.

o
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NATIONAL LABORATORY

Superconducting
Magnet Division

Field and Saturation Parameters in
RHIC Dipoles with Circular Iron Yokes
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20.0

[ D e ———

o (u-1)/(u+1) is a better variable
than magnitude of the field as it

=k appears in the basic equations.
i It has a range between 0 and 1.
o 100 1200 190 o 0 means complete saturation
— ' (u=1) and 1 means little

saturation (u is very large).
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BROOKHFIVEN : H

NATIONAL LABORATORY Underbs'rand"\g Ir'on Satur'atlon (2)
Superconducting
Magnet Division

To study a relative change in the azimuthal field distribution, two limiting cases are
examined. First for the case when the iron saturation is negligible (low field and hence large

i in iron) and the saturation parameter (.5,) is one. In this case the expression given in

Eq. (3.1.6) reduces to :

oIa m—|—1
1B (B, 0)| = 2222 |sin(m8) | (i) , (3.1.9)
a Rf

and then the case when the saturation parameter (§,) is zero (the maximum saturation

case with p =~ 1), the expression given in Eq. (3.1.6) reduces to

1B (Ry,06)| = *“"*;I*’ (Rij) " (3.1.10)

A comparison of Eq. (3.1.9) and Eq. (3.1.10) shows that there is a change in the az-
imuthal distribution of the field at the yoke inner surface in the two cases. Whereas, at low
fields, the magnitude of the field at the yoke inner radius changes as sin{m#é), it is completely
independent of the angle at high fields. Therefore, yoke saturation causes a change in the

azimuthal field distribution which in turn would cause a change in field harmonies.

o
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Superconducting
Magnet Division

I

BROOKHFAVEN

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Understanding Iron Saturation (3)

The actual situation is much more complex than the expressions derived here under the
assumption of constant y in the iron everywhere. In a realistic case p is not constant in the
iron and varies as the field varies as a function of radius and angle. A local change in field,
therefore, also causes a local change in g which is not accounted in the above expressions.
That situation is too complex to be solved analytically. However, most qualitative con-
clusions reached under the constant y assumptions remain valid and are useful to develop

strategies to minimize the dependence of field harmoniecs on iron saturation.

At low and medium field, the magnetization in the iron is such that it is maximum
at the poles (90° and 270° in dipoles and 45°, ete. in quadrupoles) and minimum at the
midplane (0° and 180° in dipoles and 0°, 90°, etc. in quadrupoles). However, most of the
flux from the aperture returns through the iron yoke at the midplane and at high field
this changes the distribution of flux lines such that the iron may be more magnetized at
the midplane depending on the yoke thickness. This is the basis of the staterment given
earlier that the azimuthal distribution of the magnetization in the iron is a function of the
central field. The harmonics in the aperture of the magnet change with central field if the
iron magnetization approaches the saturation magnetization and if there is a significant

variation in the azimuthal distribution of this iron magnetization, particularly near the

Slide No. 14 of Lecture 5 (Yoke Optimization)
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BROOKHEUEN | Method of Image Current to Understand and

NALTIOUNAL LADURAITURY

Superconducting Minimize the Saturation-induced Harmonics

Magnet Division

The contribution of a circular iron yoke with constant permeability (J1) can be described with the help of
image currents. Note that in this case there will be only a radial component of the field at yoke inner
surface. The field of a line current (I) at a radius “a” inside a circular iron cavity of radius R;1s given by:

. gwii(g)szn(n b)) [1+ = (; )]
B, —g;fzi(t)n_lcos(n(qb 9)) l1+ 1(;)21,

a +1

The image current will be at the same angular location, however, the
magnitude and the radial location are given by:

7 (u - 1) I, Note the appearance
Rg 1 of (u-1)/(u+1) in
a = 7f various equations.
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BROOKHRUEN | Conceptual Development of an Approach to

Superconducting Minimize Saturation-induced Harmonics

Magnet Division

The image current “I” of a line
current at a radius “a” will be at
the same angular location,
however, the magnitude and the
radial location are given by:

, ~1
I:(”—)I,
p+1
B

a

a

uuuuuuuuuuuuuu

08:43:01 Page 2
VF OPERA-2d
Pre and Post-Processor 8.710

> The block may be described by a series of line currents and the image block by
a series of image currents. The image block will produce a field (and harmonics)

that are similar in shape to the main field, if the p of the iron is constant.

> Real magnets have non-linear saturating iron. It seems intuitive that the change
in the field shape (and harmonics) as a function of excitation can be minimized by
minimizing the variation in pu. The quantitative deviation may be minimized by
minimizing (u-1)/(u+1), as this is the quantity that appears in most expressions.
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BROOKHEAMEN | A Conceptual Model for Understanding and
superconducting | Minimizing the Saturation-induced Harmonics

Magnet Division

The contribution of a circular iron yoke with infinite permeability can be described with the
help of image currents. A series of image currents (second term 1n the following expression)
will retain the original angular distribution and the magnitude will be proportional to the
original current, if mu (u) is constant in the iron (uniform magnetization across the iron).

In that case only the primary component depends on the magnetization and no other harmonics
will change. Moreover, the change in the primary component is related to (u—1)/(u+1).

B, (r,0) = _"é’i" cos ((m —1)6) G)m_l X

p—1/7a\*" [1_(%)%}
() - () ()"

The above theory does not work if the magnetization is not uniform. However, even in that
case one can still develop a conceptual understanding and minimize the saturation-induced
harmonics by using the following hypothesis. Describe the coil with a series of line currents
and assume that the image current is still at the same angular location but the magnitude is
related to the average mu in the vicinity of the angular location where the line currents are.

The variation in saturation induced harmonics may be minimized, if the
variation in iron magnetization, as measured by (u—1)/(u+1), is minimized.
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NALTIOUNAL LADURAITURY

Superconducting
Magnet Division

Saturation in RHIC Arc Dipoles

In RHIC dipole, iron is closer to
coil and contributes ~ 50% of
the coil field:

3.45 T (Total) ~ 2.3 T (Coil)

o PRI T S N SN T T SN N TN O T AN TN T SO M N . e
i First Design
1 FINAL DESIGN : DRG101+ / )
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< ] C
<t N
o
a] = o
g
=
25 ‘
=3 o] DRDO08,010 a2
0 = —e—— B
[a] //r/ T -
(p] " DRO0O7.008 C
o —4 R L . -
e #=2<>—, DREOILOI2 [
1 T -ﬁnﬁmon
= DRBO0S,006

+1.15 (Iron)

Initial design had bad saturation L 5
as expected from conventional wisdom, 30 N TSeemas |
(. “ DRC007,008 n
but a number of developments made the  § _ | pa—— ;
. . . += 1] . C
saturation induced harmonics nearly zero! g :o  E Eracos i
£ 1] I~
7 P First Design
Only full length magnets are shown. © ] Yoimum cperting Ouren-1kh

Design current 1s ~ 5 kA (~3.5 T).

[\v]

3 4 5 6 7
Current (kA)
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)
Mrenouy | Saturation Control in RHIC Dipoles
Superconducting Variation in |B| in Iron Yoke

Magnet Division

UNITS
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 Compare azimuthal variation in |B| with and without saturation control holes.
Holes, etc. increase saturation in relatively lower field regions; a more
uniform iron magnetization reduces the saturation induced harmonics.

e Old approach: reduce saturating iron with elliptical aperture, etc.
 New approach: increase saturating iron with holes, etc. at appropriate places.
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NAIJ.UDVAL LABORATORY

Superconducting

Saturation Control in RHIC Dipoles
Variation in (u-1)/(u+1) in Iron Yoke

Magnet Division

With out holes

080 200 400 600 800 1000 1200 1400  160.0

Component: (MU-1)/(MU+1)
434017

0.716767 0.999517

PROBLEM
ic elem

Component: (MU-1)/(MU+1)

387734 0.693627

| ) \
080 200 400 600 800 1000  120.0

|
1400  160.0
X [mm]

0.9995! ]
: ¥

« [t is better to examine (u-1)/(u+1) instead of |B|. As it appears in various formula, e.g.

_ F’of F-DI oo T nt+1 n in
B = hr+zﬂa§(;) 08 (n (¢~ 6)) 1‘ﬁ(a—f)

It also provides a better scale to compare the magnetization (see pictures).

* Compare the azimuthal variation in (u-1)/(u+1) with and without saturation control
holes, particularly near the yoke inner surface. A more uniform iron magnetization
reduces the saturation induced harmonics.
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BROOKHEUEN , ,
varionar tasoratory) Cypprent Dependence Beyond Design Field

Superconducting

Magnet Division

In all known major accelerator magnets (superconducting and iron dominated), the
harmonics decrease rapidly beyond the maximum design field. They could be made
relatively flat (small change) using this design approach . Please note the difference in
scale (50 units in an earlier b, slide). It (a) shows a major impact of this design approach
on field quality and (b) may have relevance to a future RHIC energy upgrade as most
magnets in RHIC have ~30% quench margin over the maximum design field.

Current Dependence in RHIC Dipole DRG107 (DC Loop, Up Ramp)
® °

‘—H—A——A—H_‘_b‘g‘

-E.m.m.

o N

b2, b4, b6 (@25mm)
A D

b2
-6
8 b2
=0 ' Injection Field Max. Design Field
10 (~0.4T, ~0.6 kA) (~3.5 T, ~5kA)
-12 ¢ | | | | ® |
0 0.5 1 1.5 2 25 3 3.5 4 4.5

Bo (Tesla)
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BROOKHEVEN Significant Difference With
Superconducting The Conven?ional Me'l'hOd

Magnet Division

In order to achieve a more uniform magnetization (iron saturation), one can force the field lines
to the region where the iron is less magnetized. This will increase the overall magnetization in

the iron, but the attempt should be to force a more uniform magnetization, particularly in the
iron region that is closer to aperture.

The conventional method called for not allowing the iron to saturate (too much magnetized).
Minimizing non-linear iron means minimizing the saturation induced harmonics. This meant
keeping the iron away from the coil as that is a high field region. However, that also meant
reducing the contribution of the iron to the total field as the iron near the aperture (coil)
contributes more. In brief, the old method relied on reducing the region of iron that saturates.

The major difference between the method used in RHIC magnets, as compared to the earlier
designs with which major accelerator magnets have been built, was that here the attempt was to
increase (force) the saturation (to make it uniform) and before the attempt was to decrease it.

The close-in iron for obtaining higher field need not compromise the field quality as long as the
iron saturation can be kept uniform, particularly in the iron region that is closer to the aperture.
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BROOKHPRAEN Influence of Lorentz Forces

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting on Field Harmonics

Magnet Division

The measured current dependence of field harmonics is a combination of
saturation-induced harmonics, and the Lorentz force-induced harmonics.

A typical Sextupole current dependence
L 0 R ENTZ FORC E due to Lorentz forces (schematic)
< TXB = T*) R Low force/fricti
| — T B Grncrcally no effect Curent
IRON- =
>
GAP —
COLLAR
LY —

Radial motion
Azimuthal motion

Coil makes contact to collar
(maximum radial motion)

Assignment: Make a similar sketch for b4 (decapole).

Figure 6: Lorentz Foree

o8 et blod: A small radial gap in magnets (50-100 micron), could be
» GAP  behwoen (owpg , COLLAR. present due to tolerances in collar o.d. and yoke 1.d. In
. ColL. A Yorce SSC that means ~-1 unit of sextupole. Such errors can be

Movee T : . . :
ite Cotrar Tovenes y"KE accommodated in a flexible design - key material,etc.
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BROOKHRAVEN | Measured Current Dependence in Sextupole

AT LT AT 4T T A T AT 4 P r
NALTIOUNAL LADURAITURY

superconducting | Harmonic in Various Full-length SSC Magnets

Magnet Division

Measurement of b2 current dependence in group of SSC magnets

Various SSC 40 and 50 mm dipoles

Cross section of SSC 50 mm Dipole

16 | ] T 1] —dssozo | Yoke optimized for low saturation
1.2 1 KEK (Fe Key) / SSC 50 mm
5 | SSC Specification ‘ L// (BNL-built) | | —=—dss010
g % f ——dsa207
[
>
5 04 P o - dca207
5 o SeEssa || ~ds0202
E . B N ——dsa311
: - 0y k'\"\’ —— dc0201
3 o o Ny — KEK501
12 1 SSC Specification . |
il S
Current (kA)

Near zero current dependence 1n b, variation in the very
first design of BNL built SSC 50 mm long magnets.

Specifications was 0.8 unit.

A much larger value in earlier SSC 40 mm design.

Non-magnetic key to force uniform saturation

Could also have been used to adjust current
dependence after design, as in RHIC magnets.

b, change from yoke magnetization & Lorentz forces. Major progress in reducing the

I”]
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saturation-induced harmonics.
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ot iorvon | yoke Cross-section Optimization

Superconducting

Magnet Division

To do detailed magnetic design, you must use one of
several available computer codes.

Some popular codes that are currently being used for

designing accelerator magnets:
* POISSON, etc. (Developed in labs, public domain)
* OPERA, ANSYS, etc. (Commercial)
* ROXIE (Developed 1n labs, commercial & requires licensing)

In addition, various labs have written in-house computer codes to
meet their special requirements. For example, all RHIC coils, for a
variety of magnets, are designed with PAR2dOPT at BNL. And new
codes are being developed for racetrack coils.
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O SAS O TRy Setting-up A Magnetic Model
Superconducting W|1’h A Minimum Geomefry

Magnet Division

To make efficient use of the computer resources and to get more
accurate results in minimum time, set up the basic model with
proper boundary conditions.

For example, for a dipole magnet, usually you need to model only
a quadrant of the geometry, with the following boundary
conditions:
e field perpendicular boundary on the x-axis
e field parallel boundary on the y-axis
e infinite boundary condition on the other side(s), or else
extend the other boundary far away so that the field near the
end of boundary becomes very small.

Question: What will you do in the case of a quadrupole magnet?
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NALTIUNAL LADURKAIUKY Magnet yOke Optlm|zat|on
Superconducting
Magnet Division

Generally speaking, first determine the yoke envelope

¢ Yoke inner radius
Mechanical (Lorentz forces) & magnetic 1ssues (iron saturation)

e Yoke outer radius
Mechanical (size and space consideration) & magnetic issues (iron
saturation, fringe fields)

... and then optimize the internal geometry
e Accommodate holes, etc for cooling, assembling and other
mechanical purpose
oTry to place above holes at strategic places and put extra
holes, etc., if necessary.

o
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BROOKHFAIEN .
NATIONAL LABORATORY YOke Inner' Radlus

Superconducting
Magnet Division

To first order, the yoke inner radius depends on the
mechanical design chosen to contain the Lorentz forces

* [t 1s typically over 15 mm plus the coil outer radius, 1f stainless steel

or aluminum collars are used
Example: SSC or LHC dipoles
* It 1s typically 5-15 mm plus the coil outer radius, 1f the yoke 1s also

used as collar (material between the coil and yoke acts as an spacer)
Example: RHIC Dipole and Quadrupole Magnets

Smaller inner radius brings iron closer to the coil and adds to the field
produced by the coil alone. However, it also increases the saturation-

induced harmonic due to non-linear magnetization of iron at high fields.

o
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DSROOKHRAUEN Variation in Yoke Inner Radius
Superconducting in RHIC 80 mm Aperture Dipole

Magnet Division

FETTI FTTTIT TN AT N ETRTTTTITI ITINTTIni N senalusiiiiing

b2, b4, b6 (at 2.5 cm)

Transfer Function (T/kA)

0.65 0.66 0.67 0.68 069 070 071 0.72 073 0.74 0.75

wliinn

Yoke inner radius (cm) Yoke inner radius (cm)

[CUPTA THESIS FIGUREJRHIC_YOKE_IRTF:2 16:10:41 . 18-NOV-55 GPLOT [GUPTA THESIS.FIGUREJRHIC_YOKE_IR.BN:3 18:38:11 , 18-Nov-85 GPLOT
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BROOKHFAIEN -
NALTIOUNAL LADURAITURY y0ke Outer Rad'us
Superconducting
Magnet Division

The yoke outer radius should not be unnecessarily
large, as that:

* May increase the over all dimensions

* May increase the magnet weight

* May increase the over all cost
However, the yoke outer radius should not be too
small either, as that:

* May increase the fringe field

* May reduce the central field significantly

* May increase the saturation induced harmonics

o
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BROOKHFAEN

mrY AT A P r
NATIONAL LABORATORY

Superconducting
Magnet Division

0

L ol ™t

Fringe Field for Various Outer Yoke Radii

Fringe field in the SSC dipole at the design field of 6.6 T
outside the yoke for various values of yoke outer radius. These
models assume that there is no cryostat outside the coldmass.

JOR = 1651 cnt.

SSC 50 mm Dipole

OR = 1451 cm OR : Yoke Outer Radius

a

OR = 1851 cm™*-

150 175 200 225 250 275 300 325 350 375 40.0
X (cm)

201_OR-2CM_X66.FRINGE;
DSX201_X86.FRINGE;3

’é GUPTA.THESIS.FIGURE
DSX201_0R_2CM_X68.FRINGE;

(GUPTA.THESIS.FIGU
#3 [GUPTA.THESIS.FIGURI

(|
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,2 [GUPTA.THESIS.FIGUR!
#3 [GUPTA.THESIS.FIGUR!

DSX201_0OR-2CM_Y66 FRINGE;
DSX201_ Y66 FRINGE:2
DSX201 _OR_2CM_YE8.FRINGE;

17:25:29 , 11-FEB-96 GPLOT
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BROOKHFEVEN Variation in Yoke Outer Radius

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting in SSC 50 mm Aper“l'ur'e DipOIC

Magnet Division

6.25

T T T T I T T T T ] T T T I T T T T I T T T T I T T T T l T T T T l LI [ T T T T
145 15.0 15.5 16.0 16.5 17.0 17.5 18.0 18.5 19.0

Yoke outer radius (cm)

[GUPTA.THESIS.FIGURE]SSC_YOKE_OR.BN_TF;5 17:13:25 , 18-Nov-95 GPLOT
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BROOKHFEAIEN Elliptical Aperture to Reduce

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting Saturation-induced Harmonics

Magnet Division

) A model investigated for SSC 40 mm dipole magnet.
ERS g
O £

E L
= 83 g
- | k

Ty
w 27 5
| § :
| :
&:}U',,é...‘;1'Tér1vé1..1101.1112r|- |0' ié:lltltéé?‘
EL36 > 4 " 5 5 = 089768 K 219061 4 1220 CYCLE - [GUPTATHESIS.FIGURE]SSC_ELLIPSE_EL36.RES;2 BO (TES].a) 18:01:20 , 19-Nov-85 GPLOT

In order to reduce, the saturation-induced harmonics, the iron is selectively
removed from the region (pole), where it was saturating more due to higher field.

o
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AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting

Saturation Control in RHIC IR Quads

Magnet Division

0 2 4 & ] 10 12 14 16 18
RAIC 2 01 BEGIN KEY FIN TIE ROD  CYCLE -

POISSON model of a quadrant of the

130 mm aperture RHIC Insertion quadrupole.

0

Scturation induced b3 in various coses

175

5.0

RHIC 13 em Quadrupole

1

Saturation induced b5 (@40 mm)
25 50 75 100 125

0.0

2.5

a'’

< b5(r=8rmm)

QTS
e

(=
—
na
Ly

Current (KAmp)

#1 E}UP‘LLTBESIS,FIGURB QRI_DE6N RES) ;S
#2 [GUFTA THESIS.FIGURKIGRI_D&6SD_CIR.RES0.3
#3 [GUFTA THESII FIG [QRI_DBAD_CIRGZ.RE30M

Optimized design

Since the holes are less effective for controlling saturation in quadrupoles,

a 2-radius method was used.
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Superconducting

Influence on T.F. and bg
of 2-radius Design

Magnet Division

RHIC 13 cm aperture interaction region quadrupole

10.0

... Aperture Radlus =87 mm

9.8

9.6

I

| Aperture Radii = 87 mm and 92 mm
(Change over at 30 degree)

9.4

Transfer Function (Gradient), T/m/kA

1.2

1.0

0.8
1

0.6

Saturation induced b9 (@40 mm)
0.4
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a pmmamamanan $mmmmmmnana gmmmmanaoan R e ‘ »
o Aperture Radius = 92 mm g & o ] A [
. .ﬂ -
o ! e ] . .
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0 1 2 3 4 5 6 7 8 9 Current (k A)
#1 [GUPTA.THESIS FIGURE]QRI_DB6D.RES0:3 224142, 15-JUL-96 GPLOT
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Superconducting

Influence of Notch/Tooth

Magnet Division

& mm X 5§ mm Noteh or Bump in the Aperture of RHIC arc dipole

E 1 1
] Bump (saturation)
% | s “
8% ¥
i
ig & Not.ch (saturat.lon) 5
- e S S e
§ G% Natch (low field)
o ]
&
£al 8
£ ] L
Se] Bump (low field) *._ g
2
TD. .'1}).".21(—)..r'3I0'1‘T;ﬂr"'5‘Dr'.'BD.".TDT.FFGIOY."W
Starting Point of Notch or Bump (degrees)
| R peng, S e e GPLOT
R e R e
Influence of Smm X 5 mm notch
or tooth as a function of angle.
e e | L
0 2 4 5 8 10 12 14
RHIC 5X5 mm Notch @20 bump @40 CYCLE = 0
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BROOKHEAVEN .
NALTIOUNAL LADURAITURY saturatlon Con*rOI HOIeS
Superconducting
Magnet Division

* The most powerful tool to control the saturation, or rather force a uniform
saturation, is to use saturation control holes.

* One can either use the holes that must be there for other purpose, or put some new
ones that are dedicated to the sole purpose of controlling saturation.

« Example of existing holes:

» Big helium holes for cooling (generally good flexibility in choosing the
location and some in choosing the size also).

» Pins for putting yoke laminations together (flexibility in choosing material,
magnetic steel or non-magnetic steel), and small flexibility in size and location.

» Yoke-yoke alignment keys (flexibility in choosing material, magnetic steel
or non-magnetic steel), and small flexibility in size and location.

» And some other in special cases, like tie rods, etc.

o
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BROOKHRVEN Influence of An Additional
Saturation Control Hole in RHIC Dipole

AT LT AT 4T T A T AT 4
NALTIOUNAL LADURAITURY

Superconducting
Magnet Division
: | 't
Saturation-induced harmonics in RHIC ' - : :
. . S . Vary Radial Location
dipoles at the design current (SkA). 3] " :
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:g :' | 6 [CUPTA THESIS FICURE]JRMIC _SAT_HOLE _RLOC BN 18:81-38 . 19-Nov-28  GPLOT
Bl __
@ B o
2 ] Hole atr =7.5 cm
‘ . - b4 —
Be] Vary Angular Location i . . y and t= 35 degree
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S, RHIC Arc Dipole
Superconducting | (with saturation control features indicated)

Magnet Division

WARM-UP ELECTRICAL BUS SLOT

HEATER
INSULATOR
SURVEY (o) beh
NOTCH 7 Weelgrs

CcoiL

LOADING

FLAY BEAM TUBE

- STAINLESS
STEEL
| COLLARING
MAGNET —* ||
MID PLANE
RN D R A
GRUMMAN YOKE or mod bound extend CYCLE = 0
STAINLESS
. FIELD_SATURATION - SERR PIN
Magnetic Model of the CONTROL HOLES 2H
o o HELIUM PASSAGE
RHIC arc dipole with e
saturation control CONTAINMENT VESSEL LAMINATED YOKE

holes, etc.
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Superconducting

Influence of Saturation Control Hole

Magnet Division

A RHIC 80 mm dipole
was rebuilt after

ot o Ly s by b Ly Ly Uy sy Ly e Ly s 1y

Saturation with and without ""Saturation suppressor holes”
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BROOKHRAEN | Current Dependence in Non-allowed

AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting (Un‘allowed) Harmonics

Magnet Division
Non-allowed harmonics are those that are not allowed by the basic
magnet symmetry.

Current dependence in non-allowed harmonics implies that the iron
may hot have the basic magnet symmetry.
Presence of non-allowed harmonics as a function of field may also be due
to loss of coil symmetry due to an asymmetry in Lorentz forces.

In addition it may also be due to the differences in the superconducting
properties of superconductors used in different coils.

Allowed harmonics in dipoles: Dipole (B,), b,, b, b, ..., by,
Non-allowed harmonics in dipoles:
quadrupole, octupole, ... (b,,,,) : left-right asymmetry
All skew harmonics a : top-bottom differences

Allowed Harmonics in quadrupole: Quadrupole gradient (b,), bs, by, ...
All others are not allowed

o
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BROOKHFAEN Current Dependence in
Superconducting Skew Quad Harmonic (a;) in Dipole

Magnet Division

Skew quadrupole harmonic (a,) in dipole reflects a top-bottom
asymmetry !

Suspect: Somehow the total amount of iron is not same on top and bottom

(at low field, not much iron is needed to contain the flux, so it matters less as long
as the geometry is the same)

Another source: asymmetric Lorentz forces (unlikely)

Type of variations in skew quad

 Integral : Overall asymmetry (or difference between top and bottom)

* Location-to-location : Local asymmetry (or difference between top and bottom)

o
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Superconducting Placement in Cryostat

Magnet Division

BROOKHEAEN Non-symmetric Coldmass

COLD MASS
Design of the 80 mm

) CRYOSTAT ‘
aperture RHIC dipole |
coldmass in cryostat |
CL COLD MASS @ @
®° ° o
VS o T
@ @
89.71 mm § | © © |
Coldmass (yoke) is $ REAY. eSS e (-
made of magnetic steel / fisis
CL CRYOSTAT HHSH

and cryostat is made of
magnetic steel.

What will happen at very high fields | — N\ Y — )
when the magnetic flux lines cannot o — Lm}“’% |

be contained inside the iron yoke? L N
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BROOKHRAEN Leakage of Magnetic Flux Lines
Superconducting at High Fields in SSC Dipoles

Magnet Division

. Cryostat

Yoke

What harmonics will
it create?

Note that the yoke
iron is not placed
symmetrically inside
the cryostat.

()]
wn
|

LA s S N S S N e B N I R B B B B S B B N S R B Sy O B B B B B B B B B B B |
-50 -40 =30 =20 -10 0 10 20 30 40 S0

D5X201 360 degree with cryostat  CYCLE = 2620
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Superconducting in Two RHIC DipOleS

Magnet Division

BROOKHA\EN Measured Current Dependence

a1(I) - a1 (1450A) [units]

I

Current

dependence of the skew
quadrupole term in the
dipoles DRG113 and

DRG125. The magnitude
of change between low

= currents and 5000A is the
n largest in DRG12S5 and is
. relatively small in
- _ DRGI113.
—— Seq. 15 (DRG113) n
= Seq. 27 (DRG125) g

1000 2000 3000 4000 5000 6000
Magnet Current, I (A)
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BROOKHRUVEN | Doduction in Saturation-induced Skew

NATIONAL LABORATORY

superconducting | Quad Harmonic (a;) in RHIC Dipoles

Magnet Division

weight of Top part - weight of Bottom part

asymmetry =
Y Y Average weight of Top and Bottom parts

The calculated current
dependence of skew quadrupole term for
various values of the asymmetry between
the top and the bottom halves of the yoke.
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BROOKHRVEN | Field lines in the SSC 2-in-1 Dipole
Superconducting (bO"'h aper‘fur‘e are excited at 6.6 T)

Magnet Division

A similar

© _ situation in
LHC 2-in-1
arc dipoles

N

00 —

q—! —

D L] ) ) I ) 1 ) I L] I L) L) . ) ! ) ) 1 ) 1 ) ) ) 1 ‘ ) 1 I L) I L] ) ) I ) 1

-20 -16 -12 -8 4 0 4 8 12 16

2-tn-1 Magnet for 335C. CYCLE = 2780

What field harmonics are allowed in this geometry?

At low fields and at high fields?

o
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TV?I‘{HO?IRKLJES?P’&EI)"RY Field Iines in ?he SSC Z-in-l Dipole
superconducting | (fwo aperture are excited in 2:1 ratio)

Magnet Division

E_

S_

R

" Wl
' ST THD SIS —

e e —— il L B
-20 =16 =12 =8 =4 0 4 8 12 16

5oC 2-un-1 40mm Duipole, 2:1 Curr CYCLE = 2780
What field harmonics are allowed in this geometry?

At low fields and at high fields?
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BROOKHRVEN | Three Magnets with Similar Apertures

Superconducting (Tevatron, HERA and RHIC)

Magnet Division

RHIC Dipole

Tevatron Dipole HERA Dipole (80 mm bore)

(75 mm bore)

main current bus

two-phase helium

\‘.. single-phase liquid helium
K

1|
li aluminium-alloy collar

]
f— groove-and-tongue
interlock of collar

y  and yoke

beam pipe with
correction coil

wald joints of half yokes

Cades R, mall higher order
Cons1derat10n on systematlc errors Wedge§ ('sma gher orde

Figure 4.9: The Tevatron ‘warm-iron’ dipole (Tollestrup 1979).

harmonics expected).
No Wedges (large higher order Wedges ( small higher orde’/ \ Thin RX630 spacers to reduce cost

harmonics expected).

systematic harmonics expected). - Iron close to coil (large saturation

Al Collars - Iron away from coil from conventional thinking. But
S.S. Collars - Iron away from (small saturation expected). reality opposite: made small with
coil (small saturation expected). design improvements).

Collars used in Tevatron and HERA dipoles have smaller part-to-part dimensional variation (RMS
variation ~10 u) as compared to RX630 spacers (RMS variation ~50 p) used in RHIC dipoles.

Conventional thinking : RHIC dipoles will have larger RMS errors. But in reality, it was opposite.
Why? The answer changes the way we look at the impact of mechanical errors on field quality !
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AT AT MRT AT T AT AT A AT
NALTIOUNAL LADURAITURY

Superconducting

Average Field Errors on X-axis

Magnet Division

COIL ID : RHIC 80 mm, HERA 75 mm, Tevatron 76.2 mm

At Injection Energy At Top Energy
0.0005 0.0005 RHIC
< >
0.0004 <RHIC> 0.0004 R
—_——.Z > ——— =
0.0003 HERA 0.0003
....... <Tevatron> ------- <Tevatron>
0.0002 0.0002 i
axis Q axis
O 0.0001 + 8 0.0001 \
S, 0.0000 e 2 R 5, 0.0000 ,
% -0.0001 | /l \ \ 5 -0.0001
-0.0002 | | Y -0.0002 : :
-0.0003 | l’ . -0.0003 | .
-0.0004 | i \.\ . -0.0004 : .
-0.0005 L L \ ¥ -0.0005 | —
-80 60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 O 20 40 60 80
Percentage of Coil Radius Percentage of Coil Radius
. Warm-Cold correlation have been used in estimating cold harmonics in RHIC dipoles (~20% measured cold and rest warm).
. Harmonics b,-b,, have been used in computing above curves.
. In Tevatron higher order harmonics dominate, in HERA persistent currents at injection. RHIC dipoles have small errors over entire range.
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* The yoke iron used in accelerator magnets to reduce the fringe field outside
the magnet to an acceptable limit. This is the most cost effective method.

* The iron yoke also gives an additional contribution to field. The contribution
can be increased by bringing iron closer to the coil.

* It is generally expected that the close-in iron will increase the iron saturation

However, a number of techniques have been developed which demonstrate
that the yoke can be forced to saturate uniformly. These techniques keep
the saturation-induced harmonics to a small and acceptable value.

Therefore, one can now take the benefit of a good
enhancement in field from the close-in iron, without
sacrificing the field quality due to bad saturation
induced harmonics due to non-linear yoke saturation.
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