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Abstract

The magnetic field gradients as well as the harmonics of two 4Q120
quadrupoles were measured utilizing a rotating coil system at Fermilab's
MTF. One magnet was from the 1975 Series, and another from the TeV I
Series. For excitation currents where the remnant field is a small
fraction of the total, values of the absolute gradient for the latter
magnets are typically 2% lower. Among the harmonics, the skew
sextupole component has the highest value for both magnets. The
harmonic measurements show small differences between the "power” and
"return” ends of the magnet.

ient M remen

Magnetic field measurements were taken on two 4Q120 quadrupoles.
See Figure 1a. The first magnet (FRD10751 in the Research Division
Numbering System) is one of a series fabricated by Industrial Coils Inc. of
Middleton, Massachusetts in 1975. It's label reads "4Q120/1550, serial
number 1011, 4/28/75". The second magnet (FRD11436) was
manufactured as part of the TeV Il upgrade in 1985, and carries a Fermilab
Technical Support label reading "Tev |l 4Q120, TV2-018, 5/16/85".
Typically the two series of magnets are taken to be equivalent, and are
used interchangeably. The laminations are identical and the length of
steel for each of them is 120 inches. The copper coils and the amount of
insulation are slightly different.! The two different types can be
distinguished physically in that the TeV Il magnet has an additional 3/8
inch thick steel plate on all four sides of the outside case which serve in

1See Technical Services drawings 2221-MD-27384, 2221-ME-27703, 2221-MD-27483,
and 2221-ME-27472.



place of the fillet weld. The 1975 series uses butt welds to hold the case
together. In addition, there are other physical differences in appearance.
The 1975 series are painted dark orange, but some are brown, and they
have tan coil packs having indentations separating the four quadrants. The
TeV Il series are painted light orange, they have white coil packs and the
indentations between quadrants is filled in.

The measurements were taken at the Fermilab Magnet Test Facility
(MTF) using a rotating Morgan coil.2 The coil had the capability to measure
the following Poles--2P, 4P, 6P, 8P, 10P, 12P, and 20P. All of these
separate coils were mounted on a glass-epoxy (G10) cylinder with the
wires at a radius of 34.5 mm. The active length for the coils is

approximately 94 3/8 inches (the various separate harmonic coils differ
only by several wire diameters which altogether is less than 1/8 inch).

Since the 4Q120 magnet is longer than the Morgan coil, the
procedure for obtaining /G d! was to combine two sets of measurements,
one from each end of the magnet to cover the whole length. Figure ib and
1c illustrate the principle.

On one end, the probe is connected to a motor drive which rotates
the coil through the magnetic flux. This end has the capability to be
moved in the X-Y plane so the probe can be centered. The other end of the
probe is held in place by an aluminum support block that fits into the bore
tube of the 4Q120. The support block holds a bearing, and also contains a
series of set screws to assure the probe is geometrically centered.
Measurements from the 2P pickup showed that the probe was aligned. The
amount the probe extended inside the magnet was determined by
measuring the length remaining outside the steel and subtracting that

length from 94 3/3 inches.

For quadrupole measurements the information came from the coil
known as "qi", the fourth wire from the inside of the probe. See Figure 1b
or 1c. Measurements of the current came from a transducer monitoring
the power supply which has an absolute calibration better than 0.1%.

After setting the current, a complete set of measurements were taken at
the power end with the probe setup in configuration 1b. To take the return
end measurements, the magnet was not rotated 180°, rather the probe was
changed into that shown in Figure 1¢. An extension rod is added to the
motor end, and the aluminum support block changes ends. The end that
was supported by the aluminum block now protrudes outside the other end
of the magnet where it is connected to a support having X-Y adjustments.

2G. H. Morgan, "Stationary coil for measuring the harmonics in pulsed transport magnets.” In
Eourth International Conference on Magnet Technology, held at Brookhaven 1974, page 787.
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For magnet FRD10751, the following individual measurements of
|G dl were made:

Measurement (1)--probe reaching 60.5" into the steel at the "power” end.
Measurement (2)--probe reaching 59.5" into the steel at the "return" end.
Measurement (3)--probe reaching 80.0" into the steel at the "power” end.
Measurement (4)--probe reaching 40.0" into the steel at the "return” end.
Measurement (5)--probe reaching 10.0" into the steel at the "return" end.

For magnet FRD11436, the individual measurements of IG dI were:

Measurement (6)--probe reaching 60.0" into the steel at the "power" end.
Measurement (7)--probe reaching 60.0" into the steel at the "return” end.

The measurement dates for (59.5"+60.5"), (80.0"+40.0"), and
(60.0"+60.0") were 5/2/90, 5/9/90, and 5/16/90 respectively. TABLE 1
lists the individual measurements 1 thru 5 for FRD10751. JG1 dl & [G2 dl
columns give the sum of the corresponding "power" plus “return” ends
yielding JG dl for the entire quadrupole. The integrated (59.5"+60.5")
measurement compares favorably with the (80.0"+40.0") measurement.
Except at very low currents, there is less than 0.1% difference between
the two measurements over the full range of excitation currents.

TABLE 2 lists the measurements for FRD11436. It has a greater
remnant field and also a smaller slope in the linear region than FRD10751.
In addition, at high currents where the remnant contributes very little to
the total gradient, the same amount of current gives less JG1 dI than
FRD10751, being uniformly lower by as much as 2%. All data were taken
sequentially both on the up-ramp 0-1800 amps and the down-ramp 1900-0
amps, without going back to zero between the individual measurements.
One should keep in mind that even though there are measurements as high
as 1900 amps, the magnet was not designed to operate routinely at these
values because the cooling is inadequate. The magnet was designed to run
at 50 kwatts DC at about 1200 amps.

Taking the length of a 4Q120 as 120.0 inches, the data can be put
into a form that is most commonly used by beamline physicists--gradient
(kg/inch) vs. current. Figure 3 shows this graphically. Saturation begins
in the 800 to 900 amp region and becomes most pronounced at the highest
current of 1900 amps. The linear region is well described by :

FRD10751 (Early Series) l(amps) = -9.8 + 193.4 *G(kg/inch)
FRD11436 (TeV Il Series) [(amps) = -37.8 + 197.0 *G(kg/inch)
4Q120 length = 120.0 inches



Fringe Field

In actuality the magnetic length of the 4Q120 changes with current.
Measurements on the "return" end previously listed as (2), (4), and (5), can
be used to separate out the effective length into a length inside the steel
and an average length in the air due to the fringe field.

I(effective) = I(steel}) + I(fringe)

Taking all the measurements at the same end of the magnet so

systematics are not an issue, the [G dI values at 10", 40.", and 59.5" can be
used to separate the individual measurements into the so-called body
gradient (G0) times l{effective). For each current, a straight line fit is
made using the lengths 10.", 40.", and 59.5" as one axis and |G dl = R{10."),
jG dl = R(40.", and |G dl = R(59.5") as the other axis.

R() = ml + b

For example, at the nominal 800 amps R(l) = 24.714 = 0.41057*] + 0.2776,
| = 59.5. The slope of this line, m , is the body gradient GO. Both m and b
vary with the current--m(i) and b(i). Substituting the various m values
gives I{fringe) as a function of current.

R(steel)
I(fringe)

GO*[I(effective)] = m*[l(steel)+I(fringe)]
{[R(steel)]/m} -l(steel)

Of the three measurements at each current, the one having the smallest
percentage error is at R(59.5"), because it has the largest absolute value.
However, since R(59.5") was not measured at the nominal 900 amps, to
include it on the plot, it was calculated by the average straight line ratio
between the nominal 800 and 1000 amps, and then relating R(59.5"} and
P(60.5").

R(59.5") = (27.830)[[2“14 +29.546 ) /2] -27357 @ 900 amps.

25136  30.064

Excitation current is then plotted versus [{fringe).

I(fringe) = {R(59.5")/m(i)} = 59.5"



A graph of
I(fringe) at_each end
of the magnet as a
function of current is
shown in Figure 2.
Thus at low currents
the effective length
is about 121.6 inches.
This gives a
quantitative feel for
how far the field
effectively extends
outside the magnet,
keeping a constant
gradient. The
decrease in effective
length as a function
of excitation current
can be understood as
a saturation
phenomena. When the
stee!l is unsaturated,
almost all the field
lines in the air just
beyond the magnet
are generally parallel
to the steel, and thus
have a significant
component in the
same direction as the
body of the magnet.
In saturation, the
lines "bulge" out
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further and further into the air, giving a longer path length and also having
both parallel and perpendicular components with respect to the body. As a
result, when the probe measures the field integral, the amount adding in
the same direction as the body of the magnet is reduced compared to when
the lines have a short path and are essentially parallel to the face.

This should not be confused with the previous section where fits

were done defining I{effective) to be 120.0 inches.

It is common practice

to take l(effective) constant as the length of the steel and include the
varying part along with the gradient.



8¥S'0 18S'9 €4G9°9 £8S° 6022 LLE' Y 60€°¢E ¥9e’t Z'E01

L6571 880°61 $60°61 969°1 80¥°9 089°2lL L19°6 9.L¥°6 2'e0t
629°2 vPSTLE 9¢s’'Le 96.L°2 0is°0t rL6°02 c68°S| ¥E9’'st S°10S
9.9°¢ LIV vp AN 44 t06°¢e vo8'vi ElLg'6c 6£2°¢e 5/8'1¢ L P0L
L29°v 02s°S¢ £55°5S c98'y 9.5'81 LAA I 2 YA 4 2es'Le 0°£06
LL2°S 02E°€9 69€°t9 Sé6v°S 9st°Le roL’ecy LS6°1E civ’LE 0°Edllt
LEL'S S..°89 I¥8°89 ¢E6’S ¢96°¢e E18'St 0ci've tech've ¢'90¢€1
£2¢0°9 vie el 6c€'eL 66179 OLL ¥ 141034 8.%°'9¢ 1S8°GE S'p0St
i81°9 9Ll vL bye vl 1GE'9 LELV 6EV'6¥ vy LE L6L79¢€ e voLl
L0€°9 cl9°GL £99°SL €LV'S gle'se 66€°06 9.1°'8¢€ L6v°'LE §'1061
eve’9 L06°¥L 996°¥L 9iIv’S cl6°¥¢ 626'6Y L08°/¢E 6S1°LE £ 108t
€819 961 vL 8se'v.L c9¢g’9 SgL ve I9¥°6v YSv'LE ¥08°9¢€ 6°€0L1L
ctL’9 LYE'EL c0v'EL I18¢°9 0sv've L6B'8Y £€c0°LE 6.£°9¢ S'¥091
¢c0'9 L9¢2°2L lee'el 261°9 t0L've 9918y Siv o€ 9v8°'St S v0S1
£68°S 02.°0L LLL°04 LL0°9 §65°€2 ScL'Ly S69°S¢ ¢80'Ge L1'90% 1
9¢L'S 904789 €EL°89 026°S 9€6°22 0LL°S¥ 0.9°¢¢ €g0've £ /0¢€1
90S°S €40°99 €099 ELL’S ?90°2¢ 800°vv 0reee €9.°2¢ P L0ct
T ZLI'E9 EVi'E9 L8YV'S 980712 920'2¢ £Ev¥8 LE oog'Le L°20L1
596°¢ G8G°6S 0L9°6S reL’s 16761 B899 6L ¥90°'0€ ors'6e 0°E001
143104 0E1'SS ¢’y ISy°8l1 6.9°9¢€ 0gg " Le 0°E06
ISL°v 808°6¥ 0S8°'6v 888"V 889°91 0ciL'ge 9€1°6¢ viLive L°v08
1S9°E ci8’EYy LS8°EY S.8°¢ 069°PI cclL'6¢e 601°22 4 F A ¥ L ¥0L
02L'e BEV LE S9¥°'LE 9ig’t L§S°¢2l I88've o6g'8l S.5°8t €109
809°¢ poe'Le cle’Le 911'¢ 86¥°'01 c08°0¢ c8.l’Sl 0E€S°G1 S'L0S
¢60°¢ 901°62 BLI'GC 6c¢c’¢ €ev's £89°901 659°¢l 6S¥'2lI €90+
SLG71 c06°81 006°81 649°1 Sve'9 L8S§°¢t 915°6 ¥8E°6 1"€0¢E
SS0°1 659°¢l 6v9°21 Sct't 0se’y 60¢°8 89¢€°9 182’9 c’'e0e
SES°0 91¢'9 66€°9 0.L5° SSiL'¢e 19¢' ¥ 9¢c’¢t €L1°E c'E€0l
¢le’0 g€9e¢’'t eve'e 06¢e’ 4601 891°¢ $E9°L 6091 v-es
600°0 FA N AN 0i0° 9g0’ LLO® 960’ 1SO° 0

/I ¢Df P 9 IP iD)f {wOlLld L. 0FHd . 08ld .509)d .S 054 sally

‘youyby si |/1p Bf Lelewsiew-e|se] sI p Of 10} Wn (. 08)d+H. 0¥)H=IP 2o (.5°09)d+(.5°69)H
=IP 19f ‘puj Jamod=d -pu3l wnisy=Y !15/010H4 J0} sluawainseapy {enpiaipu| pue (sdwe)uauny

I 319vL



6550 80.°9 1GE°€ L58'¢E 2604
G6G'1 SEL'6L G95'6 0.5°6 2 €0¢
129°2 8PP 1€ LZL'SI LZL'G S L0S
G59°¢ L98°EP €26°12 BE6' L2 L'v0L
poS° Y £9.°¥S 65€°22 Yob L2 0°£06
Z6L'S 10£°29 CFARNE 6L1°1LE 0'E0L}
6+9'G 88.°L9 898°€¢ 026°EE z2'90¢8t
6£6°S G921 L19°GE 8+9°SE S v0S1L
860°9 YA Y] 8.5°9€ 165°9¢ £v0L1L
8029 £6¥' v. V12 LE 622°LE S 1061
Z51°9 ve8 €L ¥88°9¢ 0v6°9¢ £ 1081
¥60°9 A4S 0£5°9¢€ 266°9¢€ 6°'€0LIL
£20°9 G.2°2L 201°9¢ £21°9€ Sv091
£€6°S 961" 1L g.5°s¢e ¥29°S¢ S'v0S1
v08'S $+9°69 181°vE 858'vE L 90¥1
2€9°S 285729 GS.°EE L28°EE €201
LIV £€6°¥9 8eY 2¢ G6¥°2¢ v 1021
SS1°S G58°19 £€6°0€ Z2Z6°0¢E L2011
998°% 26€°8S 681°62 £02°62 0°€00¢
S05't 950" S 8€0'22 810°.2 0°€06
690°% 828°8v 96¥ p2 2eeve L 08
909°¢ 122 €Y 19712 0v9° 12 L 0L
980°¢ L120°L€ zis'gt S15°8L £109
2852 886°0€ 26v°St g6v°'G1 S 10S
120°2 Ly8 ve SLy° 2L A3 A} £'90%
8651 16981 1GE'8 LYE6 L'E0€
£v0°L 126721 ¥92°9 152°9 202
LESTO 99€°9 £81°¢ £91°'E rA ]
¥12°0 882'¢ £v9°1 SP9°1 v'2s
¥20°0 £8e’ 9g1 syL 0

70 DJ [3]] 009y (,009/d  souy

‘youlby st 1/p Df ‘ielew/selow-eISe) SI P D] 40} Hun

"(.09)d+(. 09)H=IP Df

'PU3 1oMOd=d 'pPu3 wndY=Y :9¢p| | Q4 10} SIUBIAINSES [BNPIAIPUY| pue (sdwe)jusiing

¢ 378Vl



{kg/inch)

Gradient

4Q120 Quadrupole Field vs. Current

7 [ e — e — S —
a
L O n
o 8 ¢
[ |
a
[ ]
o]
L [ ]
[ a]
A [ ]
5 r o]
[ [ ]
[ o
F [
[ u]
4 ]
g O FRD10751
A B FRD11436
3 : §
2 i ]
!
3
! ]
1 R
[ |
:l
o.' ......... Lo o v e a2 Losa o s aa s Lo v o 00 o0
0 500 1000 1500 2000

Current (amps)

Figure 3



Harmonic Measurements

In addition to measuring the quadrupole field as a function of
current, harmonic measurements were made on both magnets at 600,
1200, and 1600 amps.

The harmonic measurements were taken on both the power and
return ends for each of the quadrupoles at their = 60 inch probe values.
This was done at three different currents--600, 1200, and 1600 amps.
The measurements were analyzed in terms of a two-dimensional harmonic
representation

i r\YD {((J-1)0+x,)
B=B,+iB, =) (Cya" ") =| ¢, A

in which By and B, are components of the magnetic field, Cp, is the

harmonic field of the dominant field component (N=2 for quadrupoles), and
a is the reference radius. Characterizing the shape imperfections of the

field by comparing them to the dominant harmonic components leads to a
definition of the normalized harmonic coefficient ¢

_ CJaJ—l _ CJaJ*N
¢ = N~-1
Cya Cy

¢, €%’ = (b, +i a,)

Some symmetry properties are most easily seen by separating the
normalized coefficient into ("normal"sbJ), and ("skew"saJ) terms.

bJ=cJ*cost aJ=cJ*sinxJ

Cpx, are the normalized harmonic coefficient and its phase. b|J and CY

are the corresponding normal and skew normalized harmonic coefficients.
rand 8 are the cylindrical position coordinates and a is the reference
radius at which the harmonic coefficients are normalized. The quadrupole
field is the angular reference and is assumed it has no skew quadrupole
(x=0). Since the measurements were made with a coil having a radius of
34.5 mm and it is customary to give the results at a reference radius of
1.0 inch, the caiculated bJ and a, were converted from the measured ¢,

by,

10



a J—-N
cj=cy|—
A
Substituting N=2, A=34.5, & a=25.4 for a quadrupole, the harmonic
coefficients at a radius of 1.0 inch for each magnet are given below in
units * (1.0E4):

FRD10751 Return End Power End
Amps Pole Normal Skew Normal Skew
600.0 6P -0.49 1.44 0.14 1.70
600.0 8P 1.35 0.82 2.70 0.07
600.0 10P 0.35 -0.59 0.21 -0.58
600.0 12P -1.93 -0.11 -1.78 0.01
600.0 20P 0.11 0.01 0.11 0.00
1200.0 6P -2.35 6.61 0.10 6.70
1200.0 8P 1.62 0.62 2.92 0.01
1200.0 10P 0.20 -0.65 0.13 -0.63
1200.0 12P -1.75 -0.10 -1.62 0.02
1200.0 20P 0.10 0.01 0.10 0.00
1600.0 6P -4.22 6.71 -0.53 5.93
1600.0 8P 1.70 0.59 2.93 0.00
1600.0 10P 0.11 -0.64 0.11 -0.58
1600.0 12P -1.89 -0.186 -1.78 0.01
1600.0 20P 0.09 0.00 0.09 0.01

FRD11436 Return End Power End
Amps Pole Normal Skew Normal Skew
600.0 6P 2.27 2.30 0.18 1.68
600.0 8P -6.32 -0.30 -9.19 -0.26
600.0 10P 0.16 -0.15 0.07 -0.29
600.0 12P -1.74 -0.02 -1.82 -0.03
600.0 20P 0.10 0.00 0.10 0.00
1200.0 6P 5.09 8.69 -0.12 8.78
1200.0 8P -6.24 -0.30 -8.99 -0.15
1200.0 10P 0.30 -0.30 0.10 -0.47
1200.0 12P -1.64 -0.10 -1.71 -0.03
1200.0 20P 0.09 0.01 0.09 0.00
1600.0 6P 3.08 9.12 -4.28 11.29
1600.0 8P -6.24 -0.24 -8.95 -0.16
1600.0 10P 0.23 -0.34 -0.01 -0.55
1600.0 12P -1.75 -0.04 -1.81 -0.03
1600.0 20P 0.09 0.01 0.09 0.00

11



Summary

Magnetic field measurements have been made on the "Early” Series
and the "TeV II" Series 4Q120 quadrupoles. The technique of combining
separate measurements when the physical probe is shorter than the
magnet works well. Errors can come from (1) the accuracy of positioning
the prabe, (2) the current measurement, and (3) the electronics measuring
the induced EMF. In our particular situation, the largest error came from
the first item. The probe was positioned in Z to + 1/16 inch, which was
easy to accomplish. This translates into a maximum error of 0.125"/120."
= 0.1%, and in fact for the same magnet the (59.5"+60.5") measurement
came out within 0.1% of the (80.0"+40.0") measurement,

Beam optics requiring high precision should be careful not to
connect the two different quadrupole types in series to the same power
supply. Treating the two Series interchangeably could lead to as much as
a 2% error. The linear regions for the two Series are well described by,

FRD10751 (Early Series) I(amps) = -9.8 + 193.4 *G(kg/inch)
FRD11436 (TeV Il Series) I[(amps) = -37.8 + 197.0 *G(kg/inch)

| < 800 amps: Length = 120. inches

Beyond 800 amps, for interpolation purposes, taking the same
length, L = 120.0 inches, Table 1 and Table 2 can be converted into
practical units by dividing the |G d! columns by 12. This then gives
current(amps) in the first column and the gradient (kg/inch) in the last
column, the same units as are used in Figure 3.

The contribution from the fringe field to [G dl is small. The
effective length varies from 121.6 inches at low currents to 120.7 inches
at high currents. Considering the 4Q120 has a maximum full aperture over
4 inches, such small distances beyond the steel length of 120. inches are
quite good.

Over all the harmonics, both the "normal" and "skew" sextupole
components are largest for both magnets. Of the "normal" and "skew"
components, the "skew" is uniformly larger. The "TeV ||" Series also has a
large normal octupole component compared to the "Early" Series.
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