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FIELD MAPPING: MAGNETIC
AXIS OF FC2, SSU & SSD
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oth February, 2015




THE PROBLEM

- Alignment
- Geometric, magnetic and mapper axes
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A Survey point

m Coll

[ Bellows

== Reference particle

Magnet Alignment
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A Survey point
m Coil

Co-ordinate systems = Mapper
Geometric axis

Yg

The co-ordinate system defined with
respect to the survey points on the
magnet exterior.

NB: Not the co-ordinate system of
the MICE Hall...

Zg
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A Survey point
m Coil

Co-ordinate systems = Mapper
Magnetic axis L

| Ve

The co-ordinate system defined with
respect to the coils on the magnet
bobbin.

Also the line along which B, = B,, = 0.

L oy

—

Zc

[




Field Mapping, CM41

A Survey point
m Coil

Co-ordinate systems = Mapper
Mapper axis

The co-ordinate system defined with
respect to the centre of the
measurement disc on the CERN field

mappetr.
Ym
Zm
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A Survey point
m Coil

Co-ordinate systems = Mapper

v |l

Ye

- Measure the magnetic axis with the
mapper

- Transform from mapper to geometric
co-ordinates

Ym

Sounds easy!
... right?
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Co-ordinate systems

- Catch: We measure the field
components in the mapper system.

m Coil
B Mapper
~ | Hall probe

Ym

0, is the rotation of the magnetic axis around
the x-axis. There may be a corresponding
rotation around the y-axis

B2
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m Caoll
B Mapper

Co-ordinate systems = Hallprobe

’ Yc
- Catch: We measure the field

components in the mapper system.
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Test field maps*

. C oy COSH —smH
1. Define a measurement grid in the mapper < sinf,  cosfy )
system: (Xm, Ym» Zm)-
. . ] Ryr = cosO sin 6,
2. Transform measurement grid to coil system: g < sinf,  cos 9x>
xC xm
— cos @ 0 sin@
Ye | = RzRyRy | Ym y Y
7 7 R,=( 0 1 0
¢ m —sinf, 0 cos6,
3. Calculate field in coil system: (B, , ,B cosfy 0 —sin,
y ( X,C y c z,c) Ryr = 0 1 0
4. Transform fields back to mapper system: sinfy 0 cosd,
B B
xm X.C cosf, -—sinf, 0
By,m (R R Rx) R, = (sin 6, cosb, O)
B;m Bzc P
’ ’ cosf, sinf, 0
5. Now have ‘measurements’ of a tilted coil (or Rar = (‘S‘;”z 208 - ‘i)

coils) in mapper system.

* Here just look at rotations, offset in (x, y, z) would be a constant shift.
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Test field maps

Bxm = By cos 8y, — B, . sin 6,
Bym = Byxcsinbysinb, + B, . cosb, + B, . sin 0, cos b,
B;m = Bycsinbysind, — By, sin6, + B, . cos 6, cosb,

To first approximation, at a particular z, B, . should be linear with x and
similarly for y,

If we were offset from the axis, C would represent that
Bx c = MyX, + C offset. In the perfectly aligned magnet system, C = 0.

On the axis in the magnet system, B, .(x, = 0) = 0. So in the mapper
system, on the axis we would see,

By m —B, . sin Hy
Bym = Bycsinfycosb,
B,m = B;ccosbycosb,
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Anyone who remembers this talk at

TeS t M ag n e t y F C_I | ke ” CM40 might recognise this “feature”!

- Assume that there is no rotation and that the mapper and
magnetic axes are aligned.

- Ateach z, fit B, . = myx, + C

C . - ) ..
- Then xg,, = — — IS the position of the axis at that z. (Similar for y)
X
10 ' ' 10 ' ‘ ' ' - Know the real position of
o z,(2) o y.l2) the magnetic axis for this
Real Axis Real Axis test case.
st Bx,m ia Bx,c 1 51 . . 1
o’ o’
* ‘ ..I... "/‘ﬂuﬁ/
T L) il
fo) —_ $ .. ..
E 0 . E 0 ¢ . 4
- L] = [ ]
€ '_. o s
.
LTT %R .-.l . .
I.. ....
-5 [ ] '. 5L
. [ ]
Pulled away from true axis
by B, . and B, contributions
- [ ]
_800 9l|]0 10|00 11|00 12|00 13|00 14b0 15|00 16|00 1700 _1300 9l|]0 10b0 11|00 12|00 13|00 14|00 15|00 16|00 1700
z (mm)

z (mm)
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Test Magnet: "FC-like”

- Assume that there is no rotation and that the mapper and
magnetic axes are aligned.

- Ateach z, fit B, . = myx, + C

Cc . .. : ..
- Then xg,, = — — IS the position of the axis at that z. (Similar for y)
X
10 10 T ‘
b 3’0,:(2) b yﬂ,'x(z)
R Gy 7+
2 2E ] Best fit line # real axis 5|

T (mm)
[=]
Yy (mm)
=]

- L L L L L L L L L L L L L L L L
800 900 1000 1100 1200 1300 1400 1500 1600 1700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
z (mm) z (mm)
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NB: This slide blatantly cheats at

Test Magnet: “FC-like” i

- B, Is large, so axis tilts gain a non-negligible contribution

Bym = Byccosf, — B, sin6, = (m, + C)\cos 6, — B, sin 93,}

|
- Fit again, but with true 6, and 6, Can'tignore this
10 10 |
* o) e
— G2 th, —— g7 +hy,
—— Real Axis —— Real Axis
5L

[ ]
E E
E - E —
Assuming that
° B, m = B, SO not
-5t -5t perfect (c.f. slide 11)
800 9l|)0 10|00 11|00 12|00 13|00 14b0 15|00 16|00 1700 _1300 9l|)0 10b0 11|00 12|00 13|00 14|00 15|00 16|00 1700

z (mm) z (mm)
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NB: This slide blatantly cheats at

Test Magnet: “FC-like” i

- Using fitted values of my, C, 8, 6,,, estimate (B, ,,) (and
similarly for y) and plot the residual

- Getting 6, and 6, perfectly, still limited by knowledge of B, . at the
level of 1G (~ error on Hall probe)
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NB: This slide blatantly cheats at

Test Magnet: “FC-like” i

- Using fitted values of my, C, 8, 6,,, estimate (B, ,,) (and
similarly for y) and plot the residual

- BEven if 6, and 6,, are found perfectly, still limited by knowledge of B, .
at the level of 1G (~ error on Hall probe)

15 T T T T T T T T 2.0 15 T T T T T T T T 2.0
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7 .lgg:......o:s lO . S. = g o
i g *teanes”y Ve, o3 8 *ences s
: .l [ ] .:.....o =
. ®
—0.5} o A A -0.5¢
.': .:. ... o
%380, e "o
L }
—-10L L1 ] -1.0F

.5 L L L L L L L L —2.0 5 L L L L L L L L —2.0
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10

o z,,(2)

Test Magnet: “FC-like” | wu

- Finding 6, and 6,;:

x, (mm)

my

°© X, Vo Calculated from —i, —mi (slide 13)
y

- Excludes contributions from 6, and 6,,

- At the magnetic axis, we would measure,

L]
-1 L L L L L L L L
300 900 1000 1100 1200 1300 1400 1500 1600 1700

Bx,m (xo) - — Sll’l 93, BZ,C = (mm)

By m(y,) = +sinf, cos 6, B,

- Improve future iterations by calculating 9, and ¥,, using current ‘best fit’

line to X0, Yo
Oy = zﬁx 03/ = 2‘931

- Then feed forward to next iteration (i.e. beginning at slide 14...)

By m = (my + C) cos Z ¥y, — B, ¢ sinz v,
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Test Magnet: "FC-like”

No cheating this time — attempt to retrieve 6, and 6,

xo(z) = —0.00233z — 2972 x 1075 6, = 0.1106° 0. true = 0.1088°
Vo(2) = 0.00196z — 5.815 x 1075 6, = 0.1324° 0, erue = 0.1316°
at e @, (2) 1 4 e yy,(2)
Goo it Ry Gy 7+
—— Real Axis —— Real Axis
E E
g_ 0 g_ 0

-4l

L L L L L L L L
800 900 1000 1100 1200 1300 1400 1500 1600 1700

L L L L L L L L
800 900 1000 1100 1200 1300 1400 1500 1600 1700
z (mm)

z (mm)



Test Magnet: "FC-like”

No cheating this time — attempt to retrieve 6, and 6,

xXo(z) = —0.00233z — 2.972 x 1075 0, = 0.1106° Oy true = 0.1088°
yo(2z) = 0.00196z — 5.815 x 1075 6, = 0.1324° 0y true = 0.1316°
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FC1

Finding the axis of FC1
Run 3
100 A
Flip mode



Try on FCL1

(Run 3, 100A, flip mode)

3 @ 3’0,3'(3) | 3L * yo,s'(z)

— §,..2+h, Gys i+l

1 1
t E
E 0 e 0
5 . Z
-1 -1 e
[ ]
[ ]
-2 . -2
[ ]
=3 =3
Il 1 1 1 1 Il Il Il
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
z (mm) z (mm)

More ‘wiggly’ than model data
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Try on FCL1

(Run 3, 100A, flip mode)

100 100
50 50 b
g g
© ©
3 0 3 0
un ‘n
Q@ Q
= =
m S
=50 =50
=100 1 1 1 1 =100 1 1 1 1
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800

z (mm) z (mm)

- Residuals are much larger than expected — so what’s going on...
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Transverse vector field

A Maxwellian field’s vectors should

—p Field vector, B; = (Bym, Bym) all point to the axis
Points along vector -2 some sys_tematlc effect (possibly
_ _ additionally tilted probes)
—— Points behind vector
T T I T T 2[} T T T T
0.04 | . 15l |
o 1.0} i
0.02 e o
\ 0.5} ]
E 000k >~ | tN- 0.0l |
p- 8 o
_ _ ~-0.5} .
~0.02f 3
: -1.0} .
~0.04} I 1
: This plot indicates a z position for reference.
~0.04 =002 0.0 0.02 0.04 298 1.0 1.2 14 16 1.8

X (m) z (m)
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Correction?

At each z, look at B, ,,. Should be O for all rotations of the mapper disc, but is not so.

Subtract the average B, ,, from each measurement...

3.0

2.5} bl

2.0 ]

15}F

1.0}

B, (G)

0.5} ° )

0.0

—0.5F ®

—-1.0}
L]

-1.5 1 1 1 1 1 1 1
—200 —-150 —-100 =50 0 50 100 150 200

Phi (degrees)
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Transverse vector field

=P [ield vector, E: = (Bx,m, By,m) Now vectors point towards “the axis”.
— Points along vector

_ _ But: Is a correction for B, ., needed?
—— Points behind vector

T II"., T | T T 2[} T T T T
0.04 | \ - 15l |
: 1.0+ s
0.02 ) o
0.5} i
= . ~
£ 000 ISP | < 1< oot _
= ' : v}
: -0.5} s
~0.02F .
= \ -1.0} -
~0.04} I 1
: This plot indicates a z position for reference.
I I 1 I I -2.0 I I I I
—0.04 —0.02 0.00 0.02 0.04 0.8 1.0 1.2 1.4 1.6 1.8

X (m) z (m)



Try on FC1 (again)

(Run 3, 100A, flip mode)

3 @ 3’0,3'(3) | 3L * yo,s'(z)

— §,..2+h, Gys i+l

1 1
E . E
£ 0 e 0
= . £
5 = (]
. .
-1 -1
e
.
-2 -2
-3 -3
1 1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
z (mm) z (mm)

More ‘wiggly’ than model data
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Try on FC1 (again)

(Run 3, 100A, flip mode)

10}

B, residual (G)
B# residual (G)
o

=10}
6L
— 1 1 1 1 =15 1 1 1 1
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
z(mm) z{mm)

- Better! Can compare axes with and without correction to get an idea of
overall effect...



FC1

Correction had largest effect on y-axis result, but still small.

—— No correction
—— With correction

2+ . 2t .
1 _ 1k i
3 E
£ of 1 £ of :
5 =
1L i 1L _
-26L _ 2L 4
—— No correction
—3r 1 31— With correction 1
I 1 1 1 1 I I I
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800

z (mm) z (mm)



FC2

“Run 3"

100 A

Flip mode

With B, ,,, correction
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Reminder: All lines are in the mapper co-ordinate system.

(Run 3, 100A, flip mode)

3 @ 3’0,3'(3) | 3L * yo,s'(z)

— §,..2+h, Gys i+l

E B e
E o g 0 .
5 =

-1 -1t .

=2 =2

=3 =3

1 1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
z (mm) z (mm)

Has more ‘character’ than FC1
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B, residual (G)

FC2

(Run 3, 100A, flip mode)

15

10+

=10k

800 1000 1200 1400 1600
z (mm)

1800

B‘, residual (G)

20

15+

10+

20

~“800

1000 1200 1400 1600
z {mm)

1800



SPECTROMETER
SOLENOIDS

Ode to awkward magnets



The 'SS’ Saga

- Q1: In the 4T ‘flat field’ region...

- Where is the axis of a uniform solenoid?
- Will exclude this region from fits

- The mapper carriage is different for the SS mapping
- Longer (~5m, rather than 3)
- More flex and wobble
- More difficult to align to the bore before measurements begin (?)

- Measurements taken slightly differently (a complete loop of the
Hall probes is two “runs”

- Survey of the mapper movement during measurements for FC1
& FC2 show ~0.1mm movement.

- Much worse for SS’s... for example!
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Beautiful survey plots from LBNL

-olley rail deviations WRT a best fit plane (Plane is constructed using all
“the surveyed data from the trolley rail survey).
ata used: (From 2014-03-19)

ageNegRail Forward

.862
agePosRail Forward

.019

.824

—=1.667

-2.511
Points to
Fitted
Plane-ObjectToProbe*

-

The mapper’s movement is fairly complex — still digesting!



USS

“‘Runs 21 & 227

“100% solenoid mode”
Excluding 1.7 < z < 3.4 m region
With B, ,, correction

(First magnet mapped)



USS, fitting over full z-range

Non-uniform, E2 needs turning down
(see DSS for ‘tweaked’ flat field) — Also
see this in MAUS with ‘default’ currents.

40 T T T T T T T T 4' 5 30 T T T T T / 4' 5

/

14.0 {4.0

135 135

13.0 13.0
E 125 - E 12.5 -
5 }o® 3 120

115 {15

11.0 11.0

los 10,5

-20 . . . . . . . . 0.0 -50 . . . . . . . . 0.0

0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500

z (mm) z (mm)
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USS, excluding 1.7 < z < 3.4 m region

Scale change Excluded field points here,
/ this is a plotting artifact.
2 T T - T T T T T T 3'5 10 T T T T T T / T 3'5
® Ty, )
- 9 ,éz+hz:,i 43.0 43.0
1- 5L
| ]
[ ]
125 125
ol ol
Y '\
™ a
_ 12.0 _ 12.0
£ . - - E c
E -1t AXxis fit - E -5 =
Z I &
= - 115 = 115
a s [ Y
)
-2t . -10}
e J10 110
a
o
-3t \ \' -15}
lo.s los
Field
_4 1 I 1 I I I 1 I 0_0 _20 I I 1 I 1 I I I 0_0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500

z (mm) z (mm)
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USS, excluding 1.7 < z < 3.4 m region

Larger residuals than for FC1 & FC2.
Still some oddities in transverse vector plots (see supporting material)

30
40|
20}
10} ol
o ol Excluded ©) Excluded
° region © region
ke z 0
g 7
=~ 10} o
=y S
—20} —201
sl " P
40k L
[ ]
_40 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 500 1000 1500 2000 2500 3000 3500 4000 4500

z (mm) z (mm)



DSS

“‘Runs 25+26”

“100% flip mode”

Excluding 2 < z < 3.8 m region
With B, ,,, correction



DSS, fitting over full z-range

Much flatter with tweaked currents.

&, (mm)

30

20

10

=10

-40
0

DSS has
smaller ‘wiggle’
here than USS

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

I ! ! I ! ! ! ! 0.0
500 1000 1500 2000 2500 3000 3500 4000 4500

z (mm)

Yy (Mmm)

30

20

10

=10

z (mm)

4.5

B, (T)

! ! I ! ! I I ! 0.0
500 1000 1500 2000 2500 3000 3500 4000 4500
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&, (mm)

DSS, excluding 2 < z < 3.8 m region

Scale change

2.5

20

15

1.0

0.5

0.0

-1.0

-1.5

—2.0

-12
0

! ! I ! ! ! I I 0.0 ! ! ! ! I ! ! ! 0.
0 500 1000 1500 2000 2500 3000 3500 4000 4500 500 1000 1500 2000 2500 3000 3500 4000 4500
z (mm) z (mm)

B, (T)



B, residual (G)

15

10+

=10k

DSS, excluding 2 < z < 3.8 m region

Residuals on par with FC2 (still worse than FC1)

-15
0

Excluded
region

500

1000 1500 2000 2500 3000 3500 4000 4500
z (mm)

20

15+

10+

Excluded
region

B, residual (G)
o

=10}

—15¢

—20

0 500 1000 1500 2000 2500 3000 3500 4000 4500
z (mm)

Still more to learn (and still need error bars)
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"Results”

Equations describing current (Feb 2015) best fit to magnetic axis in mapper co-ordinate
system (units are m!)

FC1
—0.001485z + 0.001312

y —0.002235z + 0.00383
FC2

X 0.002076z — 0.002563

y —0.000835z + 0.001769
DSS (Excluding 2 < z < 3.8 m region)

X —1.7656 x 107°z + 0.000179

y 0.000287z — 0.007454
USS (Excluding 1.7 < z < 3.4 m region)

X —0.000446z + 0.000863

y 0.001057z — 0.004170



To do:

- Investigate vector plots from SS’s more thoroughly

- Correction to B, ,,, necessary?

- One Hall probe cube ‘contains’ 3 independent Hall sensors
- Apply survey

- ‘Swingy’ travel through SS’s needs help!
- Think really, really hard about the errors

- ... Then the remaining field map exercise!



