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This report presents the results of measurements of two quadrupole magnets that
are used in the 200 MeV transfer line. The measurements were performed to obtain
data to evaluate the suitability of these magnets for use in a 400 MeV transfer line
once the Linac Upgrade is complete. In order to provide a basis for comparison, data
were obtained from Fermilab’s Magnet Test Facility of measurements of magnets of
similar size and strength that were built for the Loma Linda project. These Loma

Linda magnets are possible replacements for the ones presently in the 200 MeV transfer

line.

The Fermilab Linac Upgrade includes the reconfiguration of the transfer line that
runs from the linac to the booster in order to handle the higher beam energy. Nominally,
the quadrupole strengths will need to be 1.5 times their current operating points. This
report will use a value of 1.7 to allow a tuning range to account differences in geometry
between the old and new lines. Another goal in the design of the new transfer line is to
produce a non-steering line. A complaint about the current line is that steering results

from any attempt to re-tune the line.

The present transfer line magnets are 10” long with an aperture diameter of 3.25”.
Each coil has 121 turns and carries between 6 and 50 amps. Most of the transfer line
quads have a solid yoke with removable pole pieces. These pole pieces are 3.75” diameter
iron bar with two notches cut in them (see Figure 1). The magnet of this type that
was measured has been designated TQTO002. A few magnets in the transfer line are of a
different design (Figure 2). In these the yoke is made in four pieces that bolt together.
The pole has a constant thickness and is welded to the yoke. The magnet of this type
that was measured was designated TQT001. The two Loma Linda quads (Figure 3)
whose data are presented here for comparison were designated LQLO00I and LQL004,



Measurement Procedure

The magnets were measured at Fermilab’s Magnet Test Facility using a rotating
Morgan Coil. This coil was 2.6” in diameter and had windings of N = 1, 2, 3, 4, 5, 6,
& 10. The software of the measurement facility can a perform a harmonic analysis on
the data from each coil. The harmonic analysis produced 30 harmonic components, n
=1 - 30, for each N.

One concern with the TQTxxx magnets is whether of not the geometric center of
the magnet coincides with the magnetic center. Unfortunately, the measurements in
this report can not answer this question. The measurement setupl does not provide a
relationship between the two coordinate systems. The centering of TQT002 was checked

with a plastic ruler and was centered to +/- .5 mm.
Questions to be Used for Evaluation

The following questions will be used to determine the suitability of the present

magnets for use in the upgrade.

1) While the physical position of the magnetic center cannot be measured, does it

move as & function of current?
2) How much saturation occurs at the field strengths needed for 400 MeV beam?
3) Is there a significant amount of hysteresis?
4) How good is the fleld quality in terms of harmonic content?

These questions will be used to determine the ”quality” of the present magnets and to

compare them to the newer (i.e. better design?) Loma Linda magnets.

In order to determine the effects of hysteresis, the excitation history of the magnet
has to be controlled. The magnet needs to be energized from 0 amps to a maximum
current and then back to 0 with measurements taken at various currents along the way.
The measurements of the Loma Linda magnets, LQLxxx, were conducted as part of their
manufacturing program, not as a part of this investigation. Therefore their excitation
history is unknown. Also, no 0 amp measurements were made of the LQLxxx, limiting

the answer to question 1.



Results

Table 1 compares the data from the four magnets for questions 1 - 3, saturation,

hysteresis, and motion of the magnetic center.

The Ampfac measures the saturation. It is defined as the deviation from a linear
correspondence between current and field. Figures 4 - 7 show the determination of the
Ampfac for the four magnets. The horizontal axis in these figures is the current. The
vertical axis is the quadrupole field strength minus the product of the current and a
constant. If a magnet of the type represented by TQT002 were to be used in a position
that required high current, it would require 17% more current at 80 amps than an
unsaturated magnet. Since the current - field relationship is not linear at this point it
could make tuning more difficult. The Ampfac starts to vary from 1 at approximately
50 amps. As can be seen in Table 3 many quads will need to run above 50 amps at 400

MeV if they are of the TQTxxx type.

An example of hysteresis is shown in Figure 8 for TQT001. This data is a subset
of that shown in Figure 4. The current is plotted along the x axis and the y axis shows
the quadrupole strength with .05 times the current subtracted. The arrows on the line
show the excitation history. Hysteresis is defined here as the difference between two
measurements of the field strength at a given current divided by the total field strength,

where the difference in the two values is due to the excitation history.

Figures 9 - 14 show the measurement of the dipole field normalized to the quadrupole
field as & function of the current. The product of the dipole field strength and the probe
radius gives the offset between the probe center and the magnetic center. Figures 9
and 11 show a large movement (1 - 2 mm) that occurs when the magnet is first turned
on. The LQLxxx magnets did not have a 0 amp measurement. Ignoring the 0 amp
values, the motions for all 4 magnets are less than 250 microns (10 mills). Ten mills is
approximately the accuracy to which the magnets can be aligned in the beam line. The
only way there could be a problem with the TQTxxx magnets would be if the 0 amp
value represented the true physical center of the magnet. However, since an attempt
was made to align the magnets in the measuring apparatus and the 0 amp values are
large relative to the energized values, one can conjecture that the 0 amp values are due

to asymmetries in the remnant fields. The large variations in Figure 13, for LQLO001, are
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presumably due to the fact that the measurements were taken over a period of months,
with the measuring system dismounted each time. Within each of the five sets of data,
the stability as a function of current is similar to that in Figure 14 even though one of

the sets has a systematic 1 mm offset.

Table 2 presents the results of the harmonic analysis. The analysis software uses
a fast fourier transform algorithm to break the measurement from a coil down into 30
components. Due to the symmetries involved only those that correspond to N{2m+1),
where 2N is the pole number of the coil and m is an integer ranging from 0 to infinity,
have physical significance. The values have been normalized by the main quadrupole
field and multiplied by 10**4. Comparison of the results for TQTxxx with LQLxxx
shows no significant advantage of one design over the other. Figures 15 - 18 show the
data for the harmonic analysis for each magnet. The x axis is the current and the y

axis is the field strength for a given harmonic measured by a given coil normalized to

the quadrupole field.

Some Discussion

As mentioned above, the pole pieces on most of present transfer line quads are
removable to enable servicing of the coils. Any asymmetry in the gap between opposite
pole faces will generate a shift in the magnetic center. The effect of the removal and
replacement of the pole pieces was not investigated for this report. Another possible
complication could be the fact that the pole pieces are just steel bar and therefore do
not have the precision of machining or stamping (for laminated magnets). There could

be variations in the harmonic content along the length of the magnet.

Conclusion

Nine of the magnets in the current 200 MeV transfer line will have to operate above
50 amps if they are to be used at 400 MeV. The saturation effects shown in TQT002
indicate that some other magnet may need to be used. Magnets of the design represented
by LQLxxx should provide an adequate replacement. The design provides a gradient of
11.8 T/m which covers all the requirements of the line except for Q8, Q20, and Q25.
However, the measurements of the LQLxxx show little sign of saturation at 260 amps,

so, barring cooling problems, they should be able to handle these higher gradients.



The parameters listed in Table 3 assume that the present transfer line configuration
will be used. A number of elements will differ in the new line, such as the chopper
position, the debuncher, and the injection girder. The final composition of the new
transfer line may have fewer magnets and/or better matching of the required gradients.
This will need to be better defined before a decision about replacing the magnets can

be made.

A final concern in the decision of whether to replace the present magnets could be
time. The TQTxxx magnets do not have good reference markings and take a long time
to align. Given the short period of time available to install and commission the Upgrade
and the large amount of work involved in the installation, it may be necessary to acquire

new magnets mainly for ease of installation.



Table 1

TQT001 TQT002 LQLO01 LQLO004
Ampfac 1.10 1.16 1.02 1.02
Hysteresis .01 .01 N/A N/A
Magnetic Center Motion
5 - 80 Amps (75 - 250 Amps, LQL) 125um 200.m 20pm 12pum
0 -5 Amps 1lmm 2mm N/A N/A
Table 2
N  Harmonic TQT001 TQT002 LQLO001 LQL004
(in units of 10~* relative to main quadrupole ﬁeld)J
2 6 40 40 50 30
2 10 15 20 25 20
2 14 10 5 4 20
2 18 25 10 5 10
2 22 20 15 5 40
2 26 20 15 5 10
2 30 25 15 5 20
3 3 8 15 3 6
3 9 <1 2 <1 <1
3 15 <1 1 <1 <1
3 21 <1 <1 <1 <1
3 27 <1 <1 <1 <1
4 4 1 <1 2 2
4 12 <1 <1 <1 <1
4 20 <1 <1 <1 <1
4 28 <1 <1 <1 <1
5 5 <1 2 2 2
5 15 <1 <1 <1 <1
5 25 <1 <1 <1 <1
6 6 36 32 10 5
6 18 <1 <1 <1 <1
6 30 <1 <1 <1 <1
10 10 22 24 o 5
10 30 <1 <1 <1 <1




Table 3

TQTxxx LQLxxx
Magnet Gradient Current at  Current  Current at  Current
(Transfer  for Upgrade Gradient + 20% Gradient + 20%
Line ID) (T/m) (Amps) (Amps) (Amps) (Amps)
Q6 7.5 42 48 141 160
Q7 11.2 63 74 211 239
Q8 12.3 69 78 232 263
Q9 8.0 45 51 151 171
Q10 5.9 33 40 111 126
Q11 5.4 30 34 102 116
Q12 6.4 36 41 120 136
Q13 3.9 22 26 73 83
Q14 8.0 45 51 150 170
Q15 B.6 48 54 162 184
Q16 3.6 20 22 68 77
Q17 1.6 9 10 30 34
Q18 9.3 52 60 175 198
Q19 10.2 57 65 192 218
Q20 i1.8 66 75 222 252
Q22 111 62 70 209 237
Q23 10.0 56 63 188 213
Q24 5.9 33 37 111 126
Q25 13.4 75 85 252 286

Q26 10.2 57 65 192 218
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100101 ‘T 2131y

+




IQ.HI

T T T P i -

7 | vt AW AT - - e, .y
2 . ',
p —— — uﬂﬂng@_ﬂ MHO@ﬁH@dﬂU d.mu.ﬂ_.._.H d.nHHO_H m Ouﬂwﬂm o p— 02— . S TR VL
T Seme “sﬂ;.hll.f!lﬂsl - 1dvya N e WO TR R
e v LPP e —— R S v ICTTYw AL A0TTY 1%14 ) < _ e ey
e e, Knd 2 — ln\l-‘nti!a PP -
op—) prowe -"l.,i..l:'h.a g E= A, i&'}iigJLM‘ﬁ;lﬁt !:mﬂ\i!mﬁl oty Al ot
R rm—— 1 - o 2k 1
e LA 2
—— = w1 A t ) OGN _B22
r o A | A AATIA
= R Pt 2]/
i t Pl P Lot ozo
e ===t Z e {4 W abr ) iurime Linbrw ot
T ; 24 e gy VL Tt A Mt ST 0 \
N [ RERVE 3. vl rrwer?
R e e sy yac LR S - 4 N, rv— . Bk L e ok h
] e .l bl Y _
e et - —r raty \\Llull!:ql.\lltti\!
o ey Y v ot H
= - face 4 - :.ll.ﬂﬂq\ gi%ﬁ r o /
1%
822°
z :.14\11!. e p drﬁ\tl.!\ill‘. .
= . ) O PR
z ™,
1 1
d

.hwﬂ&

-----




Quad Strength - .051*Current (T/m)

5.98080E-+l

2 SERERE-1"""TTTTTTTTTT

-2 .S8eE- 1

: : : :
: : : :
E : : :
: : : :
5 : + : :
j + + g :
+ .-:...._;_.._.'l’..,.+.....+...+.-..|._-_.I ............... —+,I& ................. LR L ED
@ oL e o+ Yy - :
+ + - ' + H
: . 4 : :
: ------------E ------------------- L --------------- B e
SRR S _. : *
‘ : : +
: : : :

-5 .000082E-1

Q 2 .0B0B0E1

DTR>

Quad Strength - .054*Current (T/m)

4 .80000E 1

Current (Amps)

6.60a000E 1

Figure 4, Ampfac TQT001

Ampfac =1+

8.00000E 1 1.208080E2

Field variation
Total field
A-(-3)

=1.1
80(.051)

1+

1.25000E-1

1= 1 o S

—-2.5088BE—-1 """ttt

-3 .7508pE~1 "

-5 @BBRPE—1" " Tttt

~6.25000E—1""""""""ttt

e L Sy

.................................................................................

—7.500@8E-1
~2. 000Q0E 1 %]

DTR>

2.@0eeeE1

4.00000E1 6.000E0E!1

Current (Amps)

Ampfac =1+

Figure 5, Ampfac TQT002

-11-

8.00600E1 1.00009E2

0. — (~.7)

so(.o5d) — 8



5.60800E-2

Y

] ] ]
. 1 [
] 1 ‘.
’ ] ]
] * ]
] r ¥
' [ v
[ " ]
] [ .
3 I [
] [l .
] 1 ]
1 ¢ '
[l ] ’
1 ] '
. . 1
S S '
] ' ]
) ' '
||||||||||||||| LR R Y L LRV R T P
¥ ’
. '
. ’
1 ]
4 '
' ]
] '
v '
] '
. ]
' )
' ’
] '
1 ]
' .

|||||||||||||||||||||||||||||||||||||||||||

[

cammamee—sbha.

T L L L L LR A

R L L L LT P Yy
e e EEEEreec e s EaEmgTETA A EEEEEEEsMAEEEp TTmAEEEET TS SasamTaIRSeEETesmse=-_sac-e-a

I T T T e L PR

R AR
............... A
: . :
. : :
: : : "
: : : :
+ * oty :
‘ " : :
«
-—-"
o —§— g
L W w w  w
- e v ® 0
[ . o~ & @
[ ® X
n®  n 99 n 999
~r BN § o
° N 79

AH\,HV UL L £CTO" - YTuang penpy

1.5080AE2 2 . O00BRE2 2.500809E2 3.0808R0E2

1.00000E2

S.80000E 1

1.02
4

Il
=S
ml
o=
BN Egme 1] 1] 1] r
RIS : : : '
p — 1 " "
! ! : ; :
g[S : : : :
=2 m m m m
+ : : m ;
| ' . [ ++..+
Il . ! . ;
M ........... 4” ........... m‘ ---------- —.. ........... “\ ..........
Ty [ . ] "
e : m : :
m ! : “ :
— " : " !
=) “ " : "
S " " " :
I~ : ; : "
o R B A A ! !
.\W..I LC ........... ~_. ........... "r .......... _m ........... "r ..........
g & : m : !
= : : : :
= g : : " :
" < m m : :
g o : ; : ;
5 0 EE X " :
H cesrgmmmmermamn barmreecaen Necasmmrmnan A,
O 4 [T ' : : 7
20 : ! : "
. ! ._ .” "_
! : ' :
: gt " !
........... L R Y UL SR
: : '
toF + :
_ :

~8.75000E-2
-1.08080E—~1" """
~1.12500E-1"""
—1.25@@QE— """t
-1.37500E-1
~1.50000E-1

DTR>

(w/ 1) yeimd ,eeq1y’ - Y1dueryg pend)

2.50086E2 3.0P0BREZ

1.50000E2 2 .22600E2

1.960600E2

5.800808E |

o
<
—
If
oy
n [
b=
™y -
- =
gy
| [w
St | B
I
- o
=}
I &
S

Ampfac = 1 4+

Current (Amps)

DTR>

A

Figure 7, Ampfac LQL0O04

-12-



v
1
’
.
;
4

'
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

+

X e

o+
_____‘____,_.——-1-

] m :
I  eenenns R S
f m m
t, : m
/./ H H
: m b
) -+ . )
w i w
[\ [N D
(v (W] &
® (v ©
[~ (2] & (v
S " 5.
N ™~ nﬂ

(@/1) yua1mp, o' - U38uai1lg pendy

-5.90000E-2

2 eRRORE1 3.08ReRE1 4.00000E1 S.9P00QRE1 6.0280eEl

1.0000eE 1

Current {Amps)

DTR>

Figure 8, Hysteresis TQT001

Total field range

.04 — .005

Maximum variation at & single current

Hysteresis

i

50(.05)



nnnnnnnnn

uuuuuuuuu

lllllll

6.25000E-3

T : , .
' , . '
H , ' '
: . : .
: . h h
) 1 ' 3
L} L} 1 *
) ’ L] L]
» ] L] L]
' i . \
L L] ) +
......... NrresemssdiamrresaEiacarerarabarranas
H / V h
. . ' H
' . 1 ,
: . . '
, , : H
H . . h
\ ' H :
] ] ) )
. . . .
H . ' H
4 , . i
' . ! H
......... e, N
) 1 L} '
H , . '
H H ' H
L] L] 1 []
' H 1 :
. . ' ]
H . . '
H . ' '
' : ' '
H h . \
\ : , .
 ememveen Avamaacan bee 4 ereeresmmanen
L] L] ] + ]
' b . H
H H : '
' ' H H
L} L] L} i
1 1 1 [}
' H H :
, ' . )
. ' , ,
© L] L} L}
H H H H
Aevsoersvrguwdane gor=n= L ervmsanamw
L] » L] »
' , H H
(] L] L [}
1 £l ] ]
H : i .
. : ' i
' ) H R
* ] L] L]
H : . '
V . ' h
L] ] ] i)
lllllllll Anwassvnvrdeacagavenrlipprecaspsbaccnnnss

: d b b

H . . H

. H , '

] " * L]

L] 1} L} 1

L] ) L] :

H : ' '

) h i '

, ' . ,

L} L] Ll L]

' h . b

i ; ; :
........ e

) ' . '

. ' ) H

H . 1 .

' \ . H

H ' ' !

) L] L} +

1 . . V

h . 1 '

* L 1] L]

. : , '

. ' ) . H
Foeerrrns Vemreeren domeraaans f e isemrpebaemaannn

[} L] L]

N . '

) '

H :

' .

+ H :

' '

' v

L] L]

\ )

~
1

6.25000E-3
-1.25080E-2""""""
-1.87500E-2 """
—-2.56000E

qj3us1yg ajudy(g pazieuiioN

b
a—

—3.12500E-

1.00000t 2.000001 3.00000! 4.00000L S.00R0SE 6.00000f 7 €2000t 8.0000BE1

Current (Amps)

DTR>

Magnetic Center Motion

|

Variation of normalized dipole field x Probe radius

—.03125(1.3").0254 = .001m :

Figure 9, Magnetic Center Motion TQT001

. ‘ ' ' '
. 1 ' ’ b
1 . ) ' »
' ' ' ' .
h . . . '
. ' 1 ' '
. 1 B ' +
' . ) ) .
1 L] 1) L} 1]
1 ' ' ' '
. ' ' ' .
.......... L e L L
] ' 1 ' ¥
i ' ' ' H

++ : " " :
i h ' ' .
. . i . '
L} 1 L 1 1
1 ' ' ' i
v . ' ' .
H . ' ' .
. ' ' ' '
1 . ' ) '
fraumannnn Pevemenaa Nmrarnma- feeemanans P
' v ' ' i
'

: + ¢ " " "
’ ' ' ' '
. ' ' ' .
' . ‘ ' '
. ' ' ' ‘
] L] L} » 1
' . ) ' v
* L] L} L} L]
. ' ' . '
......... Feme d amemcciescnprasmcreren
. ' ' 1 '
“ Pk : "
. ' ' '
' ' + I ' v
. . ' ' .
. i ' ' '
1 ' ' ' .
' ' ' . .
v ' ' ' '
' , ' '
Gamancanen Crenmmnae E beeammaees -
" . ' ' '
. ' ' ' '
1 . L] L] L}
' . f . '
' ' ' ‘
' ] + - ] T
' . ' ' '
. ’ ' ' v
. . ' ‘ '
' ' . . '
. . - . '
lewaermmnn Nencuanmn + e Vevvocanan .
| h ‘ h h
' . ' ' '
v . N ’ '
. . » ) .
' ' . . '
' ' + ) ]
' ' [ ' '
' ' ' ' .
' ' . . '
' | B . '
. ] 3 ' '
' ' ’ ' .
yeessEman PR R R 8= L A L LT r
' ' H ' '
' ' . ' '
. ' ' . '
1 v . f '
' H . .
. . : +. .
' ' . » b
' ' » . .
' ' ' . 1
' ‘ . ' '
) ' " ' '
detarcncna | Siemwumman ve e
: : : ; %
1 » ’
' . '
’ » L]
L} " L]
. . »
' ' '
. .
. '
' .
.
.

2.5@ereE-3

1.87500E-3 """

1.25000E-3

6 .25000E~4
-6.25000E—4 ""*"- "

q18us1yg aody( poziemzop

-1.25000E-3

1.6820008L 2. 000001 3.00000] 4000001 5.00000! 6.00000F 7.00000f 8.000209E 1

Current (Amps)

DTR>

Magnetic Center Motion = [.0025 — (—-00125)](1.3").0254 = 125zm

Figure 10, Magnetic Center Motion TQT001

-14-



o g g~ N T T L L L T e

e T

B L T e I I N .

[ N ——

g

e

e L

=2 .50000E-2

-5 .000a0E-2

—7.50008E-2 "ttt
+

q18uaryg ajodi(] pazifewrIoN

~1.00080E~ 1

2 . GROORE 1

G.PPBABE]1 B .0000RE1 1.00000E2

4 _900eoE1

o

—2.99900E1

: n ' ;
] 1 t T
m m m “
doreaeaen Tevrernannes eeeraeenes Teereeemeen eeenemnan
: : : '
Il ] L] L]
§ : m : m
S 9 m : : :
= R T foreaseeees . oo
- B " : : .
8 < " : ; :
s H : : ' :
= . : . :
wo. m ........... Ll GRRISItTE .“ ........... ”\ ..........
- - H H . '
= 0 : ! ! :
—
— H N ' '
a < Mr : : : :
g0 8  peeeee femnnencenan PR R DY
e’ Il ' 1 '
NNURK m : m m
..m 0. N . . '
8 1 .2 ' m " "
H — .ﬂ ........... N P Y= rrrerea- prmmrm—araa
o Il o ' ' + + '
o ! ' : :
O 5 ¥ " : : ;
P M H . H .
o ! : ' :
= b Venrereaceas PR e PR
5 m m : m
m & : : m :
o £ " : : :
80 _ : : :
..m Fj ........... 4” ........... “\ .......... m-+ ...... m. ----------
g m m i m
3 m m m m
= : : : :
----------- mc|'||||||-¢W|-|-¢|-¢-ma¢|-||| +. Wllllllnlln
: ! : :
[ 1 [} L}
: " ! R S
: : : :
? 7 N N ? &
41} Ll Ll 58} ] 13]
& o [an ] [a) [\ ]
(o) o [an] [an [ [uy]
5 § 8 § 8 8
r~ ® N L m~ ®
po m tn To] r- w -
...DI | | | | ] |

q33uanyg sjodi(] pazirewIoN

1.9000{ 2 0009¢ 3.6000¢ 4.0000( 5. 000 .00 7.000X% B.0000( 9.00000E1

o

Current {(Amps)

DTR»

—.00375 — (—.01)](1.3").0254 = 200um
{ (-.01)j(1.37) "

Figure 12, Magnetic Center Motion TQT002

Magnetic Center Motion

-15-



] 1
— a

Normalized Dipole Strength
|

-3
DTR>
'
3
4 3
[+T8]
=
B}
k=
7]
o 3
=]
B
A
3
& 2
=
&
[ ]
[»]
> 2
2

DTR>

.25000E~3 ; ; — E
: ‘4t P+ : F e
@ e ++ -------- “+ T TP 4 cmmmeemmesnei-aae :'+' """""""" '5""‘

+ " + i+ s
250003 "7 T PR R E e Sy T
2S@@EE-2 "TTTTTTeee frmmmmeoesennenee e dorooooneeaneeneee ponmnosesanmacasnas g
875@E~—2 7T frasoesennanseees oo S Jreveeniem s
50Q8QE~2 "I P R prommmeenee e
L 12500E-2 """ D N o
75000E-2 :

5. 8000QE 1 1. 00PBOE2 1.50000E2  2.00Q@0E2 2.50000E2  3.00000E2
Current (Amps)
Figure 13, Magnetic Center Motion LQL001
. 75600E-3 : T — g
437S@E-37TTTTTT T A ihitats
' « + ‘
: : ‘4 P
E H 5 + o+
. 125@0E-3 "7 +77 DR AR fromermemrnennaes pogiemeeaeasee rremnemnomoneees
i i e :
T2 o B A ARAECRGREEEED Seraranneasenenas oo
.5@RB@E~3 77T O RITTLLPERTETE foremm R frorpoaereenmeeaes

.1875@E~3

5.00000E 1 1.eceeeE2 1.5eemmE2 2.99008E2 2.50000E2 3.00000E2

Current {Amps)
Magnetic Center Motion = (.0035 — .003125)(1.37).0254 = 12um

Figure 14, Magnetic Center Motion LQL004

-16- .



IM..HI

100D I, stsdrauy sowIey ‘o1 amsiyg

o4 o9 ad oL 0 0e o0 2 o 0 -] 09 L 114 [ o8 09 oF of { 08 o9 o .14 -] ] [ ) ok 1]
oL
T T T T T T T T Y T T T juocooc.. T T T 7 T T T T T T T
+ - * 82200 §- + N R - 10000°9- “ .
F 60000 0- . e B PR . 2 - ps0000"
L 4 . + +e ] y
\ N | N . Jazzood . 0¢00 . .‘ ety 00000’y decooo!
' b Lt e e, * e, . - szo000~
- q ¢4 A . e +4 . +
s ) H . * OOOOOa.-O + P - R - rgtooy- , . o» ¥ o300 + M too §Ov «t
. o, N T | ‘] IR PTESAN [
N t S O 4 z0000" 4 9CO0 .o,
PEIITOY S . + - oC000’ ot +
3 ° PR LR o - BLO0M0*
. + _- o + 4 Co000" * “tts ..
* - ‘- - X -
+ e * + 400 B £o00e ‘lm " o4l ! Jreooter 4060000
Li. L 1 1 L n L n 1 L i L L 1 ) A OO0 b . 1 L i 1 1 A
WL “90} HOL “d0t Wt ' Hal '40 HO ‘e LA
09 ) or oz 4 08 o or oL & 4 08 ) or oz ] 08 00 o 0z 9 o8 00 Lad o o 08 00 OF O o
T T t T T T T T 00000 ¢y T T ™ T T Y Y MLARARS T -y . T T T T
' o L RS Y Jzoccor{
’ ' -t . =|r0000"0
S +z0000°f- s Jeoooe Y gy ‘ 4 10000 $- ' '
' T + 1 e AN ‘. * oo.ooo.l . E o
+ + Ny DO S L dos ot [« S + .
+ + & 1 3 o+ Ho0000'L + L) 3+ g t 4 .
: « . . ﬁ . ..“.& e re000'g a.us. ') + " t ., * .o 00000°y + . 40,. ‘¢oc L - .oo..,m. 4900000
SRR ENE AL [ I $y0 ., . RAPRE! e,
» L. + J - + - 10000 4+ +
v ety - e deo000 ' coney .t - ' edzocoos A
- + +
I 420000y
" . + - =y THO00"0
r + 4 To000y ..41:__.. . = rS000 ‘., R o.
'l 1 ' 1 'l 'l 1 i, 1 1 ol A i L d ng. A A1 . 1 i L 'l L
Hel 'qe WG 'd% HeZ “dr woZ "dv LA b ‘ar
ol -] o [4 L o8 L) or oL 0 (L] -] or [:14 0 1] 00 or oz ] [l 09 or oL ] b 09 or [ ]
T T T T T T T T = 99000 §T T T T T T T T T T T o T T t T
. . + + o + = r000%0 [ +]
- +Jroo00+y- . 1 R ) s PAte g e oo
. & R < ¥0000°¢- , t ., i 3 o1000$- . *ere
+ + * L]
L . * g + ] ) - Jec00'0
- v Jeoooed J2ooond-e , 4, £t 90000 * - - sove-
+ Lt Yo + + R
4 * _ - 18 * +
+ e Fe ¥ t + g + + J00000°F Jzoe00§ . Ooaoov‘ + « 80000 + R ¢ ooo .
L . - < oooo0d .u + r + AR P - 004
+ F gror LS + .
R ' 5 . Jz "y Jroo00d * ¢ Dy u.;o . . . L}
: - PRI o ke o000 | .t e
r " Feeedy + -|rocooy +4a0000" . + ’ .
A 1 A wi i i 1 i 1 L 1 ] L A A L i 't H A 1 . 1
ReZ "L MiZ ‘dE WGl ‘o L HC 'dC Hoe ‘42
0 09 or oL [ 09 09 or o 0 1] 00 oF oL [} [23:] W gr 0z [ 09 [ or o 0 o8 o0 or oL L]
T T T ¥ Z000- {7 T T T ~T T T [T T T ¥ T T T T T T T
* o ** - zoc o [ *4 0w Yo . * . jeee *
+ ¢ + H %00 . s +
L + +.J soo" + o+ . + o e 00D L - G000
y 9 v, L 2l IR + . “— . o,
+ , +
. . s » + 4 0000 . MR | t LR PR FTVS ot
R o8 . . . by - . + - 0s00 0 * 4 400070 . . * ¢t 4
F - + 4 JER0 ’ . ', . - . M o 000~
+ et o ! * ' PRI T ¢ o ! [ A o PRy, 0
L * ., * droen F . ‘.-nnoo.o.. v, . . +
+ + * * ‘e + + A
L R J oot .t . + +1, " e b BRTY ‘.
ot . o s AT AN - 00000 o T+ o oo
* F . - r000 ‘ * ' o + zoorn *
A 1 e 1 L L L L 1 1 H L e 1 A L A | L | P I | L
HOZ " HZT ‘o a1 'dZ LI Wl “dZ HO ‘42

L¥:il 6861-NAL-6

100101



|le

Z0OLOL ssA[euy dwcwivy ‘g1 arnfryg

8r:01 GEGI-NNL-B

c00101

0 o9 oF oz o 0a oQ Qr oL 0 09 o9 [ ‘14 [ 08 09 or o [ o8 v g (24 0 09 Ll or O Q
T T T Ll r T T T Jorzood- T T T T T T T T 0000 T T T L T T T T
+ . * + . .
. - 100004
+ . - - C0000°0
™ + AR Ra'a'a'a’s ¢+
. ¢ 3 v . L + I [t
+ t * o 2 rrZ00¢: ] . v -{E0000Y- ._
: . + u : 0884 . + - -{zoo000
., + ’ *
b . - 100004 * . . + R . + 1 + L *
ol ~ TC00L B
Lot b Lnes . o 1ee0a't ' ' {zoooey- 0 44100000
¢ . . R |
+ H + oy H
+ + * . 2 .
L Jz0000°4 ' . Lo d : 4000000
. + o * - ZE000" - + L . + o 1000 ' .
I 1 i L 1 1 1 1 OrZO0 ud i ] L 1 1 1 1 10000 " §al. 1 1 I 1 L 1 n
WL ‘adl HOL "L HOE "0 wat ‘o L IR ) WGZ ‘el
) o0 oy oL 0 ] 09 ar o 0 - 08 0 o <4 0 08 bl oY oL Q 08 o0 or 02 ¢ g 09 or o [
T T T T ; T Y T g MO T T Y T ] zoooa b T T T “ 1 oro00d T T T T 000"y Y T T BEI000*
- ~HGo000" W + u +
+
+ 4 ' + * J .
ot A BRI B | * 883_.o ot Jescoord” iaasd
i 7oy o PSS S [ovoce’ + o = .
. . + L . . b aoooj ] + L, + Jeco000
+ R ., . + 3 = 0000 2 “ “
I 1 T0000™9- - 5000000 *
. N - Jz00004 ¢ 4 ¢ . b 40500007
o ! r ) eeony o orocodo ' !
L . o Ly 4
Fep v Y qooeed ﬁ 90000, * o000t
+ ) B + = 0000 + ] SI000Q0 +
J 1 1 J L L 1 i L i L 5 A i 1 I 1 i L 1 L 1 L L M .
Wl ‘9% HG "% HBT ‘or T 'dF (AR N dv
0l o0 or 0 08 o9 or 0z a 08 o9 or o ] 08 {5 or o o 08 09 or o . 08 o9 ar O [}
T T T T Y T T 01000y T T T T T T T T 180000 T T Y Y 0000°0 vy T Y T
+ + + N I +
' * + . + H -1 200°0-
L Hz9000y- ? *
. d ' +7] 01000'S
t t . ¥ o T €060 - Jsooao b o woro-
L ]
SR ! ooy z1000" N
- - *
) ' - e : 00000 ! , W 3 DR £ el
J . *
. Jesooef e v 33 11t Frw e e, IS hucaad IR SR - Jowoe| * . ._
‘ + PO 2 ot e g o F1000"4 i . woe
.+t . + +
o Jroo00p 4 60000" * ¥ o s Jzoeo
+ + - o Jzooooy Yo {0000y ¢ « 5100°0 .
1 1 Il 1 1 1 1 L i 'l 'l 1 1 1 1 1 L L 1 L 'y 1 1
NET *IC K “dC WGl ‘aC HY 'd€ HE ‘ot HOC 'dE
e d 09 Qr O 0 (] 09 or 14 ] 08 09 or 0% [ 06 o0 Lid oL 0 i o] or 4 0 08 [ or [ Q
Y T T T Jeoao [T T T T T T T T T Y T Y T T T T T T T ¥ Lo
. + . - = TOQ0-F ¢ -1 ¥00"0- +
L 4 top'0- - +
et + 4 w000- . .V .
L+ 3 + *1z00°0- + . . A I R . Foe o, . ¥t orde-
. L .t + = 000°0 + . - 8007y F o0 [ . - Cooro- .
. N I . + ' . . . . *
I e Aok s * ¥ 100 ' ' . - * < ocooe-
+ + + - '
e ' . r $ g R S Jenore-
' L Jeotro r L L A * M
. + + . * 000
L s Joewe | b R < 200'0 s . R ] 1
R . L ! Jeoero . o, r + 100 ‘
i 1 1 L 1 L 1 L L L 1 i ﬁs.o 1 i 1 1 ._8.0 A L Fl 1 L " i 1 Rg-ﬂn
WaZ a2 W2 ‘dZ HAL "dZ Hel *dZ [ N ‘ez



lmﬂl

100107 stsd[euy swoursey ‘41 2By

T0000°0

10000°0

0000~

I000°0-

010°0-

000~

e

S0

oY

000°0

¥C:01 6861-NOT-6

100701

05 o o5l ot 0 DOZ 0%l 00 05T 0T oLl 0N 0l 00% 051 o0t e G0 051 001 oSl X 05l
T T T T T T T T L] T T T ¥ T 1 4 T T ‘# T T T T T T T ¥
* + * L3 +* * - - + +
o + ~ GLloood - M L + TR . * + o b
. ﬁ.. + + + ] sicool . .1Noeoor4 * o.uvo.oﬁow... . . ” “:..oo.?
¢
- + 900000 0+ + * + m *
. . . o . N » F 4 4 Jzocood-
s N + . s M * ' r qrore-t ¢ o+
- 4 a00s'of * 00000°Y
2 S S 0000000 of . 4 r D] L . Jooc00'y .,
+ * +
20000 + 4 I < 80070 { § .
b . . L ' o, - Jzoc0oy { 2
o 00000 -|zoo0e Yoor e e SRR
L | - ’ - 4 100°0-
+ , oocodo, - . rooey s, o !
' A R . ’ v e »,
i i 1 1 1 'l 1 i 1 i P S | i | L 1 Iy 1 1 4— M 000" 1 1 1 1
HOE G wal ‘a0l HOL "R HEl "9 He ‘9 HEZ ‘oG
00T OO 00l 00l 092 00f AL OO [ LI 097 00X 00l od Rl 00Z o0l 0l Q¥ OO 00l oM
T T T T T Y T T T T T T T T T T T -y ¥ 0000 T T T T
o 10000°§- '] N * * + +
w. + « T Hreoeel . 10000 o 10000°§- . LN
-
. + 4 * t * + ) e o ] cooony: . . ‘ b
% - M - 00000°% . M ) t . [ . * 1 M
o o 4 ol . i 4t 1 *
R , Rkl JC TR A hikdad SOOI P Lt Jeoooay ¢ R
M u + + . L] » R 4 . . o.q . »
4 L) ¥ L) ’ . u % ﬂ o . + L
L] »|
i Rl 120000} 4 . . J o000 . . Y . 4 {10000, . .
o -1 10000'p *+
+ + ¢ + + ¢ + H + b + < ooo0o ¥ * ‘ + =
i L L 1 i 1 A i 1 i 1. 1 L 1 1 )l 1 i L L L L L 1
Hel ‘g% " ‘¢ HBZ “dr HT ‘ar L AR W ‘dy
062 00 0%l 001 05T  0OL 081 Ot 05T  o0f oSt 0 05r 0% 9%l ool 0o 0OF 051 oD QoF OO  OGL  DOf
T T T L L T A T T L] T T “l L] T 1] L] l_ L 1 L] T 1 T T L]
+ . . . * #0007y~ ¢ +
r JZ0000'y- . 1000074 * * * 1o
2 M + o 10000F {7 o q + N 3 . Jroo0of *
10000° . . 1. : N ' r Jzooooy * + N o R -
+ N 'y oceah 1 . ¢ ] § Rl * 4 ._ooooo. . [ . . . 3 .
o ! cqmety e s joeocoy + * {cooror >
. + * * L4 + + t + +
. : 60000 . ._ N s ¢ . s * 2 ¢ + .
+ b 4 * . -
- . . [ & . + 4 10000" . 10000°¢ + . + = TO000"¢ hd . | ¢ . + +]
L - vo00¢" . ' c, * iy * oo .
+ T <z0000'§ . 4 ro000y .
# * —1To000 1 . 2000 + * * s Jooooo * * * . ¥ I + B
i i i i n i i " 1 A1 1 i L L 1 i i 3 L 1 1 I -o.ec.e. 1 L Fl 1
HiE 'oC WE 'dC HGL 'dC Ho ‘ol HC 'dC HIG ‘a2
OeE 0O 0GE 001 oeT  pOE 06l 001 0% 002 05l 001 0oz 00T OSlL o0L 9B 00 081 ol [
¥ L] 1 L T L] T T L) T T T ¥ T L) T 1] T ¥ L] L] T L]
+ h + . [+ o s10°0- . . 5 G100 . .
) 200°0 10" ¢ {000 .
- - - ¢ - -
+ ", =3 * -l .
! - { awove- g qoree s M haadl S I
+ R . . { . * 000'0 * . . “ . . + 3 . + -
3 : \ - o000 & . Jso0re-| . ¢ o . 8000 L + N * o000 R
+ . 4+
T : ! ' unoS.o.. * * ' ewo ke v v Jdooee] * ) Fe ¢ 7
N . 3 + . N L . Joo00 | *
r e N PO I vt 1 ]
L 4 .
. . ) . | . + ] o000 I . . - S00°C | Jowo . N
i 1 1 1 1 A 1 L olo°0 i 1 | A A L I L A L Al L. 1 1 1 L
WeZ 'dd H2Z 'dE HEl ‘g2 L L4 HOL *d2 [

010°0



0.004

002

0.002

0.001

i 5§

0.004

9.00010

0.00018

0.00020

0.00025

LQLOO4

9-JUN-1989 10:05

2r, oM 2P, 10 2P, 144 2P, 1BH 2F, 2 2P, 204
T T T T T T T T T T T T T T T T T T T T T T T T
. - . R . * * . 0.004 - & . -
0.002 4 o002, - 0.002 1 10,0050 . b
+ L] + 4
L+ * ' ' + *
+ b . v | 0001 |, + Jo00s - 4 0.002}F + 1
. o {oo00f N +1 0.000 y + * .
+ . ’ vooof ¢ . 4 ¢
L 1 . N 0.0000 [ . . oot . + 1
» J + - *
. -0.002». . R oooal * * g.001 I "00025 :d t ’
+ + -0 - d r
R . L + . + + . 0002k " .
* -
s 10000 | . . + * o.002 ¢ + Tooosol ¢ 1 y
i I I i 1 1 L i 1 L i 1 A I 1 i L L A 1 1 " Il L
100 150 200 250 190 1% 20 ¥ 160 150 200 ™0 100 130 200 X0 100 30 200 %0 1000 130 200 250
¥, I », M », W, 1M P2 P, M
Y T T T T T T T T T T9.00002 T T T TTTT%.00009 T T T ™ T T T T
+ L] L] L + *
b . i i -4.00008 4 .
. .00000 b . 00001 - . Y0000} 4.00002¢ , 1
+
+ .
= + 75,00008 ' §roecoe o 3 ' ! ¥1,.00000-' ' s t1 0000[-’ * + * 0 *
. E Y - - . "
+ +
» 4.00000 - +
 * + . 00010 booooL + 00000 . +4 t . ool
N 00000k N . . ’ LI ¢ *
+ +
900002 1 .
" -§.00012 * 4 + ‘o000t B § * ‘4o0002f ¢ 4
r . * 3.00005 v J
. ¥ . K JLoo000k+ 4 3 + +
1 1 L 1 i 1 1 1 L 1 i 1 J I 1 i 9000020 L1 L 1 : 1 1 t i,
100 150 200 o 100 130 200 250 100 130 200 2% 100 150 20 256 10 150 200 250 10e 130 200 290
4P, 44 4P, 1M 4P, 204 a», 20 5P, B &P, 154
T T T T T T L] T T T T T T T T 220 T T T T T Y T T
. + + [ *
ot . ’ dosozast  * t . * 4.00003
e . 00001 [ A g g 1
+ T.00000F 1.00001 * 3 LF N . [3 . +
. + J . " L t : D j000240 - 1 sostal | ]
o 4 ¢ + + N 00000 | + + - +
Hoooo2f  * + + . ' t, , *04000245 . * 4
3 t _ . Lt A o . R $.00001 |- ¢ . 4
. + o000t - -0j000200} ¢ 1
, . = % !
«$,00004 } - OO000= ¢ & + * ]
- - + 01000258 b ] L]
1 H -4.00001 |, +.00002F 1 t t . !
L Nl ol i L 1 L i i 1 i 5 L 1 i 1 3. 1 L L L. 1 i i
100 180 20 200 100 18 200 200 100 186 200 250 160 190 200 250 190 190 200 250 100 196 200 ™0
o8, 254 &P, o OF, 194 oF, J0H 108, 100 10P, J0H
T T 1 L T L T T .DOOOl hLd T T T 3 T L] 1) T T T T L T T
- * ’ + choooast-+ * * ).00048[ : . b .
s R o.oc08f ¢t + . vt t.doocorsf J
-4,00002 . 8 [ ’
3 . ¢ o * + H fojocsoool  * ' H -$.00048 oam t . s t
. * C.0000 - 3.00002 . t i v H M ' . ; !
* e N : 0000008 + v S.00044 I - - + + 3
*
o <0.0004f 400004 ]
. . 000018 |- J-00042 2. -+ 1
F . qoooo;).. ..{‘ J * 1 + D.OOC40- _8 *
L i 1 1 4 5 1 1 N 1 i 2 M [LX o i i 1 1 i 1 fwe LI 1 L 1
100 150 200 2%0 100 156 200 250 0 130 200 250 100 150 00 250 1o 130 200 50 100 1% 200 250

Figure 18, Harmonic Analysis LQL004
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