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BROOKHFVEN .
NATIONAL LABORATORY BNL/RHIC Exper‘lence

Superconducting

Magnet Division

RHIC uses a variety of superconducting magnets
A large number of them were never tested cold before installation (cost considerations)
This leaves a potential vunerable situation
Recently all magnets in entire ring were ramped to RHIC design energy
All magnets made it (what a relief)
But we did find several flaws, some of them fatal
They were detected by monitoring field quality
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ol | Why field Quality is important?
Superconducting
Magnet Division

* Influences the performance and cost of the machine

— At injection: Main dipoles - large number - impact performance, magnet aperture and
hence the machine cost.

— At storage: Insertion quadrupoles - small number - determine luminosity performance.
— Corrector magnets + associated system - ease of operation and overall machine cost.
— Tolerances in parts and manufacturing - translates in to cost.

A proper understanding is important for reducing cost while assuring field quality:

1. Conventional Wisdom: Reduction in random errors is due to smaller variation in cable thickness
— NOT so. Will be shown based on the theoretical arguments & experimental data.

2. Conventional Wisdom: Need 1 mil (25 micron) tolerances at most places

— Experimental Results and Analysis: NOT so. Such realization may reduce tolerance
specifications of certain parts - cost savings while maintaining a good field quality.

e A bonus from field quality (used extensively during RHIC magnet production)

— Field Quality as a tool to monitor production. Powerful, rapid feedback to manufacturer.
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erookuruEN | RHIC Arc Dipole Missing Pole

NATIONAL LABORATORY

Superconducting seC'l'iOn in Spacer' Case

Magnet Division

al

70 : : : | | : :
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Axial Position (m)
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BrookurueN | RHIC Arc Dipole Missing Pole

NAL LADURALTURY

Superconducting SeC'l'ion in spacer' Case

Magnet Division

INTEGRATED DEVIATIONS IN HARMONICS IN TWO METER LONG SECTION IN
THE SUSPECTED REGION OF RHIC ARC DIPOLE MAGNET DRG189.

n 1 2 3 4 S 6 7

a, -22 0 2.7 0 -0.9 0 +0.3
by 0 -10 0 1.3 0 -0.5 0
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BROOKHRVEN RHIC Insertion Quadrupole
Superconducting Missing Shim Case

Magnet Division

MEASURED AND COMPUTED CHANGE IN HARMONICS FOR A ~0.45 M LONG 0.36 MM THICK MISSING SHIM ON THE VERTICAL AXIS OF 130
MM APERTURE RHIC INSERTION QUADRUPOLE QRJ105. THE MEASURED HARMONICS ARE THE DIFFERENCE BETWEEN THE AVERAGE
VALUE IN THE NORMAL REGION AND THE AVERAGE VALUE IN THE SUSPECTED REGION.

a b3 ay b5 de b7
Measured -11.0 -45 30 13 -0.5 -0.35
Computed -11.3 -58 25 12 -06 -04

2 b— o

R —

b3

a2 and b3

-10 T

12 i i 1
-1.0 -0.5 0.0 0.5 1.0

NLE Distance from the Center of Magnet (m) LE
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BROOKHFAEN Results from Present Day Magnets (Real Magnets)
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Superconducting

What has a major impact on random field errors?

Magnet Division Is it cable thickness or some thing else?

Note: NO computer calculations and direct
experimental correlation has shown that cable
thickness is the major cause of reduction in
random field errors in modern magnets.

It is just a common perception, NO proof!
How to disprove something that is not proved.
Scientific Method

Make a large amount of “bad cable” and make
many magnets (for statistics). Compare results
with similar magnets made with good cable.

Interesting, scientific but not practical.

Alternate Method:

Examine measurements. Find correlation.
Determine what has the pre-dominant effect.

Is it cable thickness or some thing else?

Example 1:

Compare RHIC 80 mm and 100 mm aperture dipoles.
Both used same cable and similar designs.

Conventional Wisdom: Smaller random errors in 100 mm.
Reality: NOT so. Bigger in larger aperture dipoles. Why?
Results of investigations: The coils were matched

based on the size measured when made/cured. Coils
grew in time. Correlation found.

a1 (units)

-300 -200 -100 0 100 200

Age Difference between Upper and Lower Coils (Days)

Overall control on coil rather than just cable thickness is more important.
Kapton insulation plays a major role in assuring a uniform coil production.
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b el RHIC Arc Quadrupole with
Superconducting Wrong Shim Adjustment Case

Magnet Division

0

b3 (units)

100 102 104 106 108 110 112 114 116 118 120
QRG Magnet Number
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BROOKHEAEN Results from Present Day Magnets (Real Magnets)
s : What has a major impact on random field errors?
uperconducting

Magnet Division Is it cable thickness or some thing else?

40

Example 2:

During RHIC main dipole productions, the axial 30 -

variation of harmonic became relatively large.

Quantity Selected is Snew Harmonic : a( 4)
L e

s/ NOTE: THE SCALE -

Azimuthal Coil Size RMS ()

10 X x—|

X  Left Side ‘
O  Right Side

—=8— Selected Right Sid

—10epee‘|:'.eMov.gAvg.l(I:ight Side) NOTE: The small scale

— — 10 per. Mov. Avg. (Left Side) ‘

0 f f T T T
0 100 200 300 400 500 60!

Approximate Coil ID

Cable thickness didn’t change but the cured coil size
changed and harmonics changed due to small human
error which are always possible. Stay Vigilant.

0 20 40 60 80 100 120 140 160 180 200
DRG Magnet Sequence Number

Theoretical argument and above observations indicate
that a careful control of coil manufacturing is critical

An investigation, led by field error analysis, for the reduction in RMS field errors.

found a change in coil size in a small section was
caused by a small dirt (a few mil) in curing press. A SIDE NOTE: The power of "Harmonic

Curing press cleaned, problem solved. Analysis" in monitoring magnet production.
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BROOKHEVEN RHIC Insertion Dipole Coil
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Superconducting b l l e C e

Magnet Division

a1 (units)

-8 1 1 | |
-300 -200 -100 0 100 200
Age Difference between Upper and Lower Coils (Days)
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Superconducting

Conventional Wisdom: Increasing Aperture Reduces Standard

Deviation at 2/3 of the Coil Radius.

Magnet Division

Warm Harmonic Measurements in 2 types (apertures) of RHIC Quadrupoles:

80 mm aperture ARC Quads (25 mm reference radius)

Comparison in the standard deviations of the normal
harmonics in RHIC 80 mm and 130 mm aperture quads

Harmonic Number (US Conventions)

o 10.00

c

) -

E o <% g ] .

2 =N '

2 010 +-------------=F ‘Qﬁ U -

g 0.01 4 | Surprise: c%'a \4

£ Note much difference il )

5 0-00 T T T T T T A_
2 4 6 8 10 12 14

Standard deviations

10.00

1.00

0.10
0.01

0.00 -

Comparison in the standard deviations of the skew
harmonics in RHIC 80 mm and 130 mm aperture quads

Harmonie-Number (US Conventions)

U, -
P SO
Surprise: s — ¥ N )
Note much difference v g O ]
2 4 6 10 12 14

Normal Harmonics

Skew Harmonics

130 mm aperture IR Quads (40 mm reference radius)
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Superconducting

Magnet Division

Integral Transfer Function (T/kA)

RHIC Arc Quadrupole Coil
Length Variation Case

16.53

-—
o
)]
N

16.51

16.50

16.49

100

150 200 250 300 350
QRG Magnet Number
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o, RHIC Arc Quadrupole Coil
Superconducting Length Variation Case

Magnet Division

16.53

-—
o
0
|
1

16.51 +

16.50 +

Integral Transfer Function (T/kA)

16.49 | | | | | |
1.229 1.23 1.231 1232 1233 1234 1235 1.236
Overall Coil Length (meter)
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BROOKHFVEN Influence of magnet components on field errors

™ AT

NATIONAL LABORATORY (From: R. Gupta, LHC Collective Effects Workshop,
Superconducting Montreux, 1995. Published in Particle Accelerators)

Magnet Division

Cable and Insulation size have a major impact on coil size and hence pre-stress on
the coil in the magnet. They don’t influence odd &,’s and even a,’s and the influence
on odd a,’s can be made negligible if the agsimuthal coil size between the upper
and lower halves is matched to 25um. Unless the variation in cable or insulation
thickness is so large that the change in pre-stress on the coil is unacceptable, the
influence on even &,’s is also negligible.

Other Components primarily influence only the allowed harmonics as long as a large
quantity of them is used in the magnet. Non-allowed harmonics may be generated
if the quantity is small or the mechanical design prevents randomizing in a 4-fold
dipole symmetry.

Coil Curing Tooling generates only skew harmonics because of the way coils are
installed in a dipole magnet. A difference between left and right side of the coil size
or curing conditions generales even a,’s and an average vanation generates odd
a,’s. The influence of the coil curing press on harmonics may be significant (both
on RMS and systematic) if it is not stable or uniform.

Coil Collaring Tooling creates primarily odd &4,’s in a horizontally split design and
odd a,’s in a vertically split design. A significant variation in the collaring process
may also create even &,’s. In a reasonably well constructed collaring press, it should
have only a small impact on harmonics.
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NATIONAL LABORATORY RHIC Ar‘c Dipole Cur‘ing Pr'ess Case

Superconducting

Magnet Division

40

W
o
|

X Left Side o X X
O Right Side
—#— Selected Right Side
—10 per. Mov. Avg. (Right Side)

0 === ==10 per. Mov. Avg. (Left Side)
| | | |

0 100 200 300 400 500 600
Approximate Coil ID

Azimuthal Coil Size RMS (u)
) S
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BROOKHFAMEN Field Quality in SSC Magnets
Superconducting (Lab built prototype dipoles)
n

Expected and Measured Harmonics at 2 T in BNL-built and FNAL-built SSC 50 mm Aperture Dipoles

c. 10 "Uncertainty in <bn>" or "Measured Magnitude of <bn>" Estimated or Measured Sigma (bn)
Ao £ ! ! m  |Average (FNAL-ALL)] | 10 } } } } } 1 1 1
1 £ 14+---- - Qld-Estimates------- * |Average (BNL-ALL)| £ 1 [ [ [ [ [ [ [ w
——— SSC New Estimates (Mean) | | | | | |
m g : : € | | | | | | |
S w01 g+ LN — $SCOld Estimates (Mean) e | | | | |
c _ ‘ E 0.1 | |
A | — | |
= g 0oty /o | 5 oot | | |
- A | | ) = — —— — Sigma(BNL 207-211) ‘
> 0.001 - Measurements 1 1 eéw Estimates 0.001 | - -0 — Sigma(FNAL 311-319) i P
& 0.0001 - 3 3 . 3 | 3 0.0001 - SSCNew Estraies (Sigma) 3 3 \ér,, 3
< M easur;ed Allowed Harmonics‘, are not shown: . : SSC Old Estimates (Sigma) ! ! ! !
> 0.00001 1 1 1 1 1 1 1 1 0.00001 \l 1 1 1 1 1 1 1 1
= 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
E Harmonic # (European convention) Harmonic # (European convention)
QE) "Uncertainty in <an>" or "Measured Magnitude of <an>" Estimated or Measured Sigma (an)
10 T T T T T T T
) 1 ! ! ! — Za _|Average (FNAL-ALL)] ‘ 10 | | | | | |
> E 1+ ! ! ! ! — —— —|Average (BNL-ALL)| £ 11 ‘ | | | | |
e oy 4 | | | SSC New Estimates (Mean)| | | € | ‘ ! ! !
a % 01 1 = \\*‘\ 3 3 SSC Old Estimates (Mean) ?_, 04 Lo | | o
— ! © !
A | — |
0.01 c 1
§ 5 £ oo :
A =} — = — Sigma(FNAL-ALL .
= 0.001 0001 | o oot BN
o — —& — Sigma(BNL-ALL) | \*,
[«P) 0.0001 0.0001 - SSCNew Estimates (Sigma) | :7 - :7 77777777
as = SSC Old Estimates (Sigma) ! !
w 0.00001 ‘ ‘ ‘ ‘ ‘ ‘
~d X)) . 0.00001 - 1 1 1 1 1 1 1 1
2 < 1 2 3 4 5 6 7 8 9 10
Harmonic # (European convention) Harmonic # (European convention)
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Superconducting
Magnet Division

RHIC Arc Dipole Insulator
Thickness Case

0.7050

0.7048 | |
0.7046 {4
0.7044 |
0.7042 |
0.7040 |
0.7038 |
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Body Transfer Function (T/kA)
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BrookHRVEN | Field Errors in SSC dipoles

NATIONAL LABORATORY

Superconducting How off we were from reality?

Magnet Division

Expected and Measured Harmonics at 2 T in SSC Dipoles (previously shown in LOG scale at 10 mm )

"Uncertainty in <bn>" or "Measured <bn>" Estimated or Measured Sigma (bn)
5 : : : T ‘ ; 5 ‘ ‘ ‘ T 1 — —o— — Sigma(BNL 207-211)
£ : : : B Average (FNAL-ALL) : : : : : : - si FNAL 311.319
g4 "7 e Average(BNL-ALL) [ ° 4l I, N | =~ Stama( -319)
S 3l - A | ——SSCNew Estimates (Vean) | £ ! ! ! ! ! SSCNew Bstimates (Sigma)
“_“, T | : ——— SSC Old Estimates (Mean) ‘r E 3 1o 4\r /. 7: AN L J\r : SSC Old Estimates (Slgma)
< 11 1 1 ® 20~ /Al v /2 5 i
‘ | c | ‘ |
0 ? ‘ s 1T | :
; AIIowed; M easut‘*ed Ham‘mnics a‘)re not s‘.hown ; ‘ ‘
'1 T T T T T T T T o
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Harmonic # (European convention) Harmonic # (European convention)
"Uncertainty in <an>" or "Measured <an>" Estimated or Measured Sigma (an)
25 T T T ; ; 3 : — B _ Sigma(FNAL-ALL) 7
g 24— — -m_ _ Average (FNAL-ALL) e 25 | A — —— — Sigma(BNL-ALL) .
o — —— — Average (BNL-ALL) | s E SSC New Estimates (Sigma)
S:" 15+--—---—------ SSC New Estimates (Mean) | / s SSC Oid Estimates (Sigma)
: - SSC Old Estimates (Mean) | /N
1+------ N 2D R -
c N / ©
9 AN | // —_—
0.5 + A | ’ E
0 K\ ==% i / 3 ©
T So T T e N %
I ool G~
-0.5 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Harmonic # (European convention) Harmonic # (European convention)
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o gl Incorrect Tuning Shim
Superconducting Installation Case

Magnet Division

Computed harmonics from a 25% iron and 75% brass
tuning shim when 1t 1s installed 1n a correct and 1n an
incorrect orientation at a particular location .

a, b, a; b; a, b,
Correct 04 -2.7 -1.01.1 0.9 03
Incorrect 4.7 -8.1 -5.6 2.7 3.7 0.5
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wiontissorstony | RHTC Sextupole Yoke Heat Case

Superconducting
Magnet Division

300 Magnets: Mean =-0.063 STD Dev. = 2.826

15

|

d Tolore ok
: ! \Ii '-}" ‘M[

|

=
|

gl F"ﬂ

! U"I' !

a3 (units)
o
—T—

—15 “‘}“‘}“‘ “‘}“‘ “‘\“‘\“‘\‘ I I I I I I I
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420

SRE Magnet Number

Field Quality as a Tool to Monitor Magnet Production; Oct 2, 2001 @CERN Slide No. 22 10/31/2003 2:10 PM  Ramesh Gupta, BNL



wnomt womaon  WHy were we so wrong in estimating
Superconducting field errors in SSC dipoles?

Magnet Division

Popular Models

Ignore the source of error and displace various
conductor blocks at random by 25-50 micron
Assumption: it simulates the error in parts and
construction on field harmonics.

Add the resultant field errors in an RMS way.

20

40 +

CERN Main Dipole

—&0

ST RSP PR SR R R R |
-60 -—-40 =20 0 20 40 60

x {mm)

Movement in popular models: one red arrow
Symmetric model: 4 black arrows

A More Realistic Model

The errors 1n parts do not necessarily translate to
the error in field harmonics. The effect of geometric
errors gets significantly reduced in magnets due to
averaging and symmetry considerations.

For example consider how a systematic or random
error in collar, wedge or cable works in a magnet.

How about the critical coil curing?

Error in collar here

MAIN SUPERCONDUCTING

i 1 T
S s |
i ¥ i i
ST A =, e
I 1 i :
) %
!
- - - -—- -
f  HHFE " 2GS \
| VA g R S
i s
i R
; iy A
""" fif NN R
e )
' o\ T
v /Ty

/\ ‘3‘~-~\ir~--' Creates error at other

STAINLESS STEEL

Realistic model: some thing in between but closer to black arrows D co places by symmetry
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Superconducting

Measured Current Dependence

Magnet Division

in Sextupole in SSC Magnets

Measurement of b2 current dependence in group of SSC magnets

Various SSC 40 and 50 mm dipoles

Cross section of SSC 50 mm Dipole
Yoke optimized for low saturation

1.6

o o - | L |+ dss020
gL (R ' 'KEK (Fe Key) | ~~__| SSC 50 mm|__ . dss010
§ ool SSCSpecifostion L1 e d ® N7b et dsa207
Soal ‘ L s dea2o7
B kancti=? 0 . ‘ N ——ds0202
T o o -~ T , ——dsa311
Eoaf . | =T
2 o . | b [y |7 do020
§ 08 —— —— — : 11— KEK501
<2 e . [ | . \?\ | |
1.9 W‘SSC‘ Speuﬁcz‘ﬂtl‘on‘ 77777777 A R — 3”7”?7”4‘”&%;””4
_16 | | : | | | | | | | J‘
2 3 4 5 6 7 8
Current (kA)
Near zero current dependence in sextupole in first
50 mm design itself in BNL built long magnets. Non-magnetic key to force uniform saturation

Specifications was 0.8 unit.

Earlier magnets (40 mm) had a much larger value.

(Source: Iron saturation and Lorentz forces)

Can also be used to adjust current dependence
during production (done in RHIC magnets).

Major progress in reducing the
saturation induced harmonics.
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Influence of Lorentz Forces

Superconducting
Magnet Division

A typical Sextupole current dependence
due to Lorentz forces (schematic)

L 0 R EN e FORC E Low force/friction

(e TXB = T?) '_5'1‘,’ ThAL b2 (practically no effect)

— Current

i \

Radial motion
Azimuthal motion

Coil makes contact to collar
(maximum radial motion)

A small radial gap inn some SSC prototype magnets
. (75-100 micron, almost allowed by errors due to spec)
T N gave about 1 unit of negative sextupole. Such things

GAP TRow can be accommodated in a flexible design.
. QAP bQT\.OerL (o“'ﬂka\fot_t’at& g

Figure 6: Lorentz Force on each block

°KE Note: The measured current dependence is a combination of

. CO| .. . . .
L Moveg Tie L Cort AR ToUCHES y“KE saturation induced harmonics and Lorentz force induced harmonics.
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RO OKHANEN. | Feedback in design from HERA experience:

Superconducting The Real Magnef Vs. Paper' Design

Magnet Division

. Note: Integral B.dl Note: Sextupole

v v 1 1T 17T T 1

np @ % b

| halian German

number of magnets
=
o

10 |-

R DN e
1 111 .

0 LA I} 1 - - .
82t 823 8.25 827 ° 340 2
fBdI/E [Tm/kA] Jgdl/T [T/xA] ° léollcn
& Cerman
Figure 5.5: (a) Field integral of all HERA dipoles, normalized to coil current. (b) Integrated L 7
gradient of all quadrupoles, normalized to coil current (Briick et al. 1991). B e
0 2 4 6 810 121 16

 Parameters do deviate from nominal value. order n —=

« [t takes time to locate the cause of the problem and then fix it (conventionally that included
a cross section iteration). Takes too long and the magnet production can not stop.

« A good design strategy would anticipate such deviations.
* Make a flexible design that assures good field quality despite such deviations.
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Superconducting

RHIC 100 mm Aperture Insertion Dipole:
The first magnet gets the body harmonics right

Magnet Division

Geometric Field Errors on the X-axis of DRZ101 Body

First magnet and first attempt in RHIC 100 mm aperture insertion dipole
A number of things were done in the test assembly to get pre-stress & harmonics right

Harmonics at 2 kA (mostly geometric).

Measured in 0.23 m long straigth section.
Field Error Profile on the midplane at an Intermediate Field . : g 9 '
5-E'04 T T T T
4.E-04 4 SRR bl S Reference radius = 31 mm
3.E-04 | e e
e e A
o 1.E04 | e = =
2 o.e+00 1 / b3 -0.07 ad 0.21
@ 1.E04 | R HR—— b4 0.78 a5 0.05
© 2.E04 1 L RRRREt e b5 20.05 ab 0.20
-3.E-04 1 i i b6 0.13 a7 0.02
-4.E-04 7 o I b7 -0.03 a8 -20.16
-5-E-04 T } T } T } b8 0 14 9 0 01
-80 -60 40 -20 0 20 40 60 80 : a —
Percentage of Coil Radius b9 0.02 a10 0.01
b10 -0.04 a1l -0.06
b11 0.03 al12 -0.01
Note: Field errors are within 10 at 60% of coil radius and ~4*10* at 80% radius. b12 0.16 a13 0.06
b13 -0.03 al4 0.03
b14 -0.10 a15 0.02

Later magnets had adjustments for integral field and saturation control.

All harmonics are within or close

The coil cross-section never changed.

to one sigma of RHIC arc dipoles.
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Superconducti

Magnet Division

Average Field errors ~10-4

ng up to 80% of the coil radius

Geometric Field Errors on the X-axis of RHIC DRZ magnets (108-125)
Coil Cross section was not changed between prototype and production magnets
A Flexible & Experimental Design Approach Allowed Right Pre-stress & Right Harmonics

0.0005

0.0001
0.0000

dBy/Bo

-0.0002

-0.0005

0.0004 +
0.0003 -
0.0002 +

-0.0001 +

-0.0003 +
-0.0004 +

At Intermediate Energy

Small systematic due to advances in design

80 -60 -40 -20 0 20 40 60 80
Percentage of Coil Radius

Note: No R&D Prototype magnet program.

Estimated Integral Mean in Final Set
(Warm-cold correlation used in estimating)
Harmonics at 3kA (mostly geometric)
Reference radius is 31 mm (Coil 50 mm)

b1 -0.28 a1 -0.03
b2 -0.26 a2 -3.36
b3 -0.07 a3 0.03
b4 0.15 a4 0.48
b5 0.00 ad 0.04
b6 0.32 ab -0.24
b7 0.00 a7 0.01
b8 -0.08 a8 0.05
b9 0.00 a9 0.00
b10 -0.12 a10 -0.02
b11 0.03 al1 -0.01
b12 0.16 al2 0.06
b13 -0.03 al3 0.03
b14 -0.10 al4 0.02

*Raw Data Provided by Animesh Jain at BNL

*Field errors are 10™ to 80% of the aperture at midplane.*
(Extrapolation used in going from 34 mm to 40 mm; reliability decreases)
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Harmonic Changes during Quench and Thermal Cycles

A magnet properly designed with O e i e, 14 1o imonics ara ruade Serb to ine heatwarm run)
“Tuning Shims” should theoretically . 0600 — ‘ X LN2 Run
. . 5 . Z 0.400 4 ! Do ! + Warm Run
give a few.parts: in 10 h.armonlcs at 2/3 E oo “‘* e ol | |4 UpRamp
of coil radius ( i.e. practically zero). g 0000 e by gt A * Dn Ramp
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Animesh Jain at BNL found changes in o = 0600 f------  FEECTEEEE » = *~INo. 5190 : QRK102
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harmonics between two runs in RHIC = & ool o .
insertion quadrupoles. =) B U ——
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. 8 Measurement Sequence No.
First thought that the changes were -
related to the tuning shims. (.:1 Harmonic Changes during Quench and Thermal Cycles
I Magnets : QRK101/102; All Runs (DC loops at 3 kA)
. <
Later, an experimental program 5 p 0800 ; ; L2 Run
. = . T | | » + Warm Run
found that the harmonics change S f sl e ; ; \ Up Ramp
after quench and thermal cycles = g 0200 g S 1w | LeDnRamp
. 5 0.000 e+ L ?+“0+ A 44
in other magnets also. These = o0t S, 7K R
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c.hqnges pgrhaps put an ultimate S| 5 % |ne sts0. Rz
limit on field quality. I
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Changes may be smaller in magnets
made with S.S. collars.

Measurement Sequence No.
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