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Abstract Table 2: Calculated multipole components along the return

Two 1-m model magnets of the KEK-LHC low- end (unitsmeter).
guadrupole magnet were constructed and tested. The two

Multipole

magnets reached a field gradient of more tR40T/m. ba +1658.6

Magnetic field measurements were performed with two be +1.329

kinds of harmonic coils. In this paper, the field qualities b1 -0.128

of the straight section and the end regions are reported and . .

compared with the calculations. Lead End _.  Straight Section __ Retum End
1 INTRODUCTION (C(@ @))

KEK has made two 1-m model magnets for the R&D of > <100

the LHC low+7 quadrupole magnets [1, 2]. The first mag- ramping of the the conductor

net (No.1-a) had additional shims at the pole surfaces of the conductor begins starts to curve

coils to keep the pre-stress in the coil at 55MPa in the aFigure 1: Definition of the lead end, straight section and
imuthal direction. The thickness of the shims was 0.2mmeturn end of the 1-m model magnet.
for the inner two layers and 0.1mm for the outer two lay-

ers, respectively. Iron yokes almost covered the straigffe fie|g profile along the magnet length [3]. The other is

section, and the length was 599mm. Due to the additiongkmm 1ong. It was designed to see the fine structure of

shims, the magnet hadfa of 1.25units in calculations. 4 field profile in the end regions. The radii of the both
The multipole components of the magnet are summarizgth monic coils are 22mm. The harmonic coils consist of
in Tab. 1. seven windings: a tangential winding, three dipole wind-

) ings and three quadrupole windings. The inductive volt-
Table 1: Calculated multipole components of NO.1-84g65 of the windings are measured by integrators (Metrolab
No.1-b and No. 2 in the straight section (units). PDI 5025). The harmonic coils are supported in the warm

Multipole No.1-a No.l1-b&?2 tube in the magnet bore, and their temperatures are kept at
be +1.25 -0.20 room temperature by dry nitrogen gas.
bio -0.89 -0.84 In the 200mm harmonic coil, a radial coil is installed.

It is used for measuring the field gradient. It is one turn
. . il he length and the radi re 200mm and 22mm,

The second magnet (No.2) was fabricated as desgnefé’ébsg?\/;l; ength and the radius are
;I'r;eée Wletire Ino ag]d't'ﬁnﬁlt Shrlmgiffe-lr—gr?tr?grf}htgsee (;?I::hu- The measurements are performed in a vertical cryostat.
ated muttipole components are The harmonic coils are moved vertically, and the position

Nfoilé'é rrr:?[gn_ertr.] Est;?eic 'ﬁltléggﬁj:g\gs ;La:g?nd'f;;zngf tk?ej the harmonic coil is measured by a magnetic scale. The
ot .Aounits. The straight s P révolution speed of the harmonic coils is 0.208Hz. The
magnet were covered with iron yokes.

. zimuthal position is measured by an angular encoder.
The first magnet was re-assembled to remove the adc?l- P y g

tional shims (No.1-b). Therefore, the calculated field char-

acteristics in the straight section are the same as the No.23 FIELD MEASUREMENT RESULTS

magnet. The whole magnet is covered with iron yokes. 3
The calculation of the magnet return end for the No.1-b

has been completed using ROXIE, and the results are sum-

marized in Tab. 2. The definition &fach section for the The harmonic coils were moved longitudinally be a con-

1 Multipole components as a function of po-
sition

KEK magnet is shown in Fig. 1. stant amount/,, and at each pdson, the measurements
of ten rotations were performed with a constant current (Z-
2  FIELD MEASUREMENT SYSTEM scan measurement). The summary of the measurements is

shown in Tab. 3. The No.1-a magnet was only measured by
The field measurements were performed by two harmontbe 200mm long harmonic coil. The No.2 and No.1-b mag-
coils. One is 200mm long, and it is used for measuringets were measured by the both harmonic coils. The field
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Table 3: Summary of Z-scan measurement. ;Egt‘u n'end | Straight'section. " 'l ead! end <]
Magnet No.l-a  No.2  No.l-b 110*F — .
Harmonic coll 200 200 200 8000 £ L]
Current (A) 7000 7000/6400 7200 c § ]
d. (mm) 100 100 200 S 6000 - .
Harmonic coil  NA 25 25 4000 / Af .
Current (A) NA 20 20 2000 E f \l} ]
Harmonic coil NA NA 410 a j | ]
d: (mm) NA NA 200 06500400 600 600 1000 1200 1400

Position (mm)
Figure 2:5, profile along the No.1-b magnet.

profiles along the No.1-b magnet, which were obtained by

the 25mm long harmonic coil, are shown in Figs. 2 - 5. 10 ET T[T rrrprrrrrrprrrg

In Fig. 3, theb, mainly comes from the lead end, it is 5E gw& E
negligible in the return end. In the both ends, theshows 0L o =
a large peaks of over 30units. The peaks are induced by -5 E 3
the geometry of the ends and this is explained by the 3-0F -10 8 éo\% 3
calculation. In Fig. 5, thé;o comes almost entirely from -15 £ ﬁ\ E
the straight section. 20 E df ﬁ

The multipole components along the straight section are 25 g dig? E
summarized in Tab. 4. The data of the No.1-a magnet .30 = 3

were obtained by the measurements of the 200mm long 0 J I20(5 l 2106 l éod J éod }1}OOJ()|1|20|Ol1\400
harmonic coil, and the No.2 and the No.1-b magnets were Position (mm)

obtained by the 25mm long harmonic coil. The multipole Figure 3:b4 profile along the No.1-b magnet.
coefficients were re-calculated at the radius of 17mm. The

data in the table are plotted in Figs.6 and 7. In Fig. 7, the 10 ——— 1+

= T TT T T3

allowed multipoles, which are the design, are shown by ar- 5E e
rows with he measurements. Theandb;, of the magnets 0F ‘ o?w& E
have offsets to the calculations, which are -0.6 to -1.5units g £ \slé \ E
for thebs and -0.1 to -0.15units for thg . < -10 g ASGE
The multipole components along the magnet ends are 15 S “{\ E
summarized in tables 5 and 6. The coefficients are normal- 20k d§ ﬁ
ized by the quadrupole components at the straight section. E %5
The lead end was measured for the No.1-a and the No.1- ~22 g 3

b magnets, and the return end was measured for the No.2 '300 200 400 600 800 1000 1200 1400
and the No.1-b magnets. In the lead end, large multipole Position (mm)

components arg,, b5 andbs. The values will be compared Figure 4:b4 profile along the No.1-b magnet.
to the calculations. In the return end, the multipole compo-

nents are calculated as shown in Tab. 2. Boththe No.2and (.4

No.1-b magnets show a good agreement to the calculation 0.2 SRR RN R R R~

for b andbyy. The No.2 magnet haslg of -1.05 unitsm E X m%

while itis -0.03 for the No.1-b magnet. 0 - \/\ ]@5 7

o -0.2 F -
2 4r M 4> ]

Table 4: Multipole components along the straight section. g g F / ]
Magnet No.l-a No.2 No.1-b osb E
Multipole anlby, anlb, anlb, '1 L e s @33 ] NE

(units) (units) (units) 0 200 400 600 800 1000 1200 1400
3 -0.32/-1.60 1.55/-1.70 -0.55/-1.52 Position (mm)
4 0.85/-1.12 -0.71/-1.34 0.49/-0.80 Figure 5:5,, profile along the No.1-b magnet.
5 -0.27/-0.02 -0.56/-0.08 -0.37/-0.01 o
6 0.06/-0.04 -0.38/-1.67 0.53/-0.82 The No.1-b magnet was measured at the lnjectlon stage
7 -0.02/0.02 0.13/0.05 -0.07/0.01 by the 200mm long harmonic coil. The field quality at the
8 0.00/-0.05 -0.05/-0.30 0.02/-0.02 magnet center is summarized in Tab. 7. Theshows a
9 0.22/0.00 0.09/0.26 0.00/-0.01 difference of -1.9units from that at 7200A. This is due to
10 -0.08/-1.01 0.01/-0.90 0.04/-0.93 the magnetization of the superconductor. The effedt;gn

is small, and the difference is -0.05units.



R R R Table 5: Multipole components along the lead end.
15F — 7 Magnet No.l-a No.1-b
- .~ No.l-a ] Multipole anlby, anlby,
10 5 No 2—b . (unitsmeter)  (unitsmeter)
C - 3 2 0.00/2975 0.00/3077
= 050 L ] 3 0.14/0.31 -0.01/-0.07
> - 4 4 0.15/-1.92 -0.02/-3.10
0L O T I N | N S A 5 -0.39/-1.24  0.20/-0.06
i\ NH [ E 6 005210  0.04/2.47
-0.5 [ fd L ] 7 -0.02/-0.04 -0.02/0.01
- ] 8 -0.04/0.02 0.02/0.04
Sl b b b b b b b 0019 9 008/021 002/000
3 5 6 7 8 9 10 10 -0.02/-0.27  0.01/-0.22
Multipole number
Figure 6:a,, components in the straight section.
Table 6: Multipole components along the return end.
1'5|:H\|‘HuiuuH\ll\l\\\\\\u\u\L Magnet No.1-a NO.l-b
— 125 ] Multipole anlby, anlby,
N NO-%'a e ANOLAGAL). E (unitsmeter)  (unitsmeter)
w Ng:l-b -0.2 3 2 0.00/1690 0.00/1693
. (No.z& Nol-bcal) g 3 0.22/0.19  -0.14/0.07
- 0 ey ;4 2B N . 4 -0.03/0.18  -0.18/-0.24
S os ” e o 5 0.02/-1.05  0.01/-0.03
s (NOZ& No.1-b ‘éal"‘)* 3 6 -0.07/1.00 -0.05/1.03
-1 — 7 0.02/-0.04 -0.01/-0.01
] 8 0.01/-0.11 -0.01/-0.01
-1.5 5] [ 0.89 - — 9 0.04/-0.18  0.00/-0.00
-2 :1 BN AT R SR I 1 : [ A \(lw\l? l\-?a\CJajl?\ 1 LE 10 0.00/-0.13 0.01/-0.12
3 4 5 6 7 8 9 10
Multipole number . L
Figure 7:b, components in the straight section. Table 7: Multipole components at the injection stage.
Magnet No.1-b
3.2 Current dependence of a multipole field Multipole (an/_l;n)
units
The current dependence of the multipole components was 3 -0.25/-0.24
measured at the magnet center with the 200mm long har- 4 -0.74/0.18
monic coil while stopping the current ramp. Before the 5 -0.27/0.15
measurements the magnet current was cycled from 50A to 6 -0.07/-2.74
7200A four times due to Z-scan measurements. The mea- 7 -0.12/0.17
surement scheme is shown in Fig. 8. In the scheme, we 8 0.18/0.01
guenched the magnet at 7603A in order to measure the ef- 9 -0.04/-0.03
fect of the quench on the multipole components. After the 10 -0.07/-0.98

guench, the measurements were performed at magnet cur-
rents of 410A and 7200A during up- and down-ramping.
In Figs. 9 to 12, the measured valuesothroughis are
shown. The open circle symbols correspond to the mea- 4 SUMMARY
surements of the first cycle, and the cross symbols corre-
spond to the measurements after the quench. As seenlipe field quality of the two 1-m model magnets can be
Fig. 12, thebs has a hysteresis of 6units at the injectiorsummarized as follows:
stage. Thés shows a change with magnet current, and thStraight section
value of the change is -0.4units from 2000A to 7200A.
! . e The sextupole and octupole components are -1.6 to
In the first cycle after the quench, large differences be- 1.7units
tween pre- and post-quench multipole values were mea- '
sured at 410A. The differences iof andb are -1.1 and - e Thebs has an offset of -0.6 to -1.5units to the design.
0.6units respectively. The differences became smaller with e The b, has an offset of -0.1 to -0.15 units. In the
cycling the magnet current, and the multipole coefficients  No0.3 magnetp,, is designed to be 0.001units while
became close to the values before the quench7280A, the previous magnets have thg of -0.84units. The
the quench effects on the multipoles were negligible. b1g is expected to be within 0.1units.
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Figure 8: The measurement scheme of the current depen-

quench at 7603 A

7250A
7200A /' 7200A

7250A

7200A /72004 72004

ramp rate=10A/s | / \ /
2108/ //410A a0an 7 410A
v \J

stay one night

dence.

Return end

design.

¢ In the new design, thés and b, are 0.003 and -

0.037units m, respectively.

Lead end

e Compared to the return end, the and b are rela-
tively large. This is due to the wiring of the conductor
out of the coil. The wiring position of the conductor

will be re-designed.

Current dependence

[1] A. Yamamoto, K. Tsuchiya, et al. "Design study of a Su-

(s2]
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¢ The allowed multipoles are almost consistent with the

<
o

e Thebs has a hysteresis of 6units at the injection stage.

¢ In the first ramp after the quench, the sextupole to the

dodecupole components show differences of 1unit to

the values before quench at the injection stage.
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Figure 11: Current dependencebgf
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Figure 12: Current dependencebef




