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Abstract goes tangentially at xf/al to the rectilinear part; then the
part is rounded off resulting in the so-called "little shelf"
The Efremov Institute and DESY have designed iRarallel to the midplane. Then the rounded of section
collaboration high performance normal conductingransform into an inclined (at an angle ofBeectilinear
quadrupole magnets for the HERA luminosity upgrade[1part. The calculations for the optimization of the pole
The quadrupole magnets QI and QJ are almost 2m lorijofile were performed by POISSON [6] and OPERA 2D
they have a pole radius of 37mm and 50mm and mugtl codes. In case of the QI magnet the influence of
provide a gradient of 27T/m and 18T/m respectively. ThBarmonics with k=6,10,14 was large and in case of QJ
requirements for the field linearity is in the order ofhagnet - only harmonics with k=6 (see sections 2 and 3)
several 1*10 at a reference radius of 25mm. The spac@re important.
between the coils must be kept free for a synchrotron The high field quality requires high precision in
radiation fun to pass through. Results of detailed design 8f@mping of the well optimized pole contours and also

these magnets are presented and discussed. high precision in magnet assembly. Required stamping
and assembly precision are at the level 1j0r20(see
1 INTRODUCTION section 4). In addition, the magnets have small correction

windings which help to assure that the field quality can be

An upgrade of the HERA straight section is planned iAchieved over the whole excitation range and to
order to increase the design of luminosity by a factor omPensate field errors from manufacturing tolerances
more than four. Conventional magnets design has to faarmonics k=3).
pushed in order to achieve the ambitions goal.

Four types of normal conducting iron quadrupole 2 DESIGN AND FIELD
magnets are needed for strong and effective flow- CALCULATION FOR THE QI MAGNET
focusing of the proton and the lepton beams in the new

interaction region of HERA[2-4]. The magnet design The 1.88 meter long magnet has a strong gradient of
pushs the limits of conventional magnet technology. As 27T/m at a relatively large pole radius of 37mm. The
result, field gradients of up to G=30T/m are achieved ifield errors must be less thari@* on a reference radius
large aperture magnets with minimized space=25mm for both, low excitation and high excitation.
requirements for coils, poles and return yokes. The fieldig.1 gives a detailed view of the cross section of magnet

quality requirements in these magnets are quite stringe@|. The results of the magnet computations are
Nonlinearities at radius of 25mm must not exceed a limg§ymmarized in table 1.

of a few units of 16_ in+ B/B. _ Table 1: Results of quadrupole QI computations.
Normal conducting magnets QI and QJ provide low- S=1-FAW)/F((AW) a2, F(AW)=G/AW.
beta fc_)cusing fqr the HERA lepton beam. The nomingl ., G a3 | &g | ada S
qp_erat_lng energies of the mag_nets_ QI and QJ are 12§ev KA T/m 10% 10° 10° 102
(injection) and 30GeV (IL_Jmmosny operation). Eacl 1.710 3.097 003 012 024  o0do
magnet should allow operation up to 30GeV and down o 2.275 - 7861 008 012 020 005
;Sael;;ywnh no more than a factor two degradation in fielg 8550 5530l 011 011 o2k 0
The QI and QJ are a compact fully symmetric high 10.6875 | 19.422 '0'15’ 0-115 024 047
field quality conventional quadrupole magnets. Their_12:825 | 22.704 ‘0-2:: 012 024 285
specialty is a gap between the coils in the magngtl4.9625| 252671 -03% 0.1¥ -0.24 7.33
midplane for the synchrotron radiation. To maintain__17.1 27.046] -06§ 0.1Q -0.2¢ 132

symmetry, the coil geometry is the same in all four

guadrants.The value of inductance in the pole {&td, The magnetic properties of steel gt (Umax=3000,

a - radius aperture) is quite large. That means iron in tH&=2T) have been assumed in the field calculations. The

pole fully saturated with B=2-2.3T. maximum field error in whole range of excitation has
As an initial approximation [5], the profile is taken (forharmonic content @alA(ag/a,)<0.7*10*. Harmonics with

example 1/8 of the magnet) in the following form: thek=10,14 are almost constant.

pole generatrix profile with the hyperbolic central part
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The magnet yoke will be produced from laminated
magnet steel 0.75mm thickness. and is re-enforced by a 3 DESIGN AND FIELD

rectangular magnet frame made from 10mm thiCkCALCULATION FOR THE QJ MAGNET
magnetic steel. This frame is welded to the laminations of

the yoke. The mechanica[ construction is su_ch'thf':\t thel-he QJ magnet, like the QI, is also compact quadrupole
magnet can be separated into W.VO halve_s easily inside mﬁh space in between the coils for the synchrotron
HERA tunnel to allow for easy installation of the beam,jation fan. The 1.88 meter long magnet has a gradient

pipes. The magnet also has removable pole tips f8'f 18T/m at a large pole radius of 50mm. The field errors

optimization of the fringe field. The magnet coils aré, st be less than1D for low excitation case and10*

made from rectangular copper conductors with a specifif, high excitation on a reference radius r = 25mm. Fig. 2
resistance of not more than 17.2me /mnThe coil

insulati ilb de with : tion. T gives a detailed view of the cross section of magnet QJ.

!cgsgridag WilnsutleartTi]:n ei\sNI d;’;gr’]:? '?;?regn&\‘/é?ggeurg he results of the magnet computations are summarized
] ) - n table 3. The maximum variation in the whole range of

V=1000V. The coils are water cooled. Despite of th g

. . . * 4
large gradient of 27T/m, the magnet is only 522mm widg.xCltatlon has a harmonig af A(ay/2;)<0.2*10".

As a result of the high current density in the coil, a large
number of the parallel cooling circuits (4 for each coil) is
necessary. A pressure gradient of up to 7bar is allowed in

each of the parallel cooling circuits. Thermo switches on
the conductor detect the temperature of the coil.
The main parameters of the magnet are summarized in
table 2.

Table 2: Main parameters of the QI magnet

Parameters Value| N
Field gradient, [T/m] 27
Aperture radius, [mm] 37
Magnetic field homogeneity 3x10
Rated current, [A] 502
Voltage drop, [V] 141
Ohmic resistance of the winding, [* ] 0.25 :
Inductance of the winding, [H] 0.06 177 55
Power consumption, [kW] 70.9 27 ¥
522
Number of the coils per the winding 4 Figure 1: Cross section of magnet QI.
Number of turns per coil 34
Conductor dimensions, [mm] 8x8-5 The return yoke of QJ leaves some extra space with a
Conductor cross-section area, [fim 44 width of 40mm to provide room for distributed pumping.
Hole cross-section, [mfh 19.6 The mechanical construction of QJ magnet has the same
features as QIl. QJ differs from QI only by its larger

Pressure drop per cooling circuit, [bai] 7 aperture OfJOIe:50mm (pole radius). As a result, it has a
Cooling circuits per coil 4 large number of turns in the coil and increased number of
Water speed per cooling circuit, [m/s] 2 parallel branches of the water cooling c_ircuit (6 per coil).
Water volume in the cooling system, [I] 12 T_he QJ magnet has small correction wmdlngs_. Th(_e
Water flow per winding, [I/s] 0.64 main parameters of the magnet QJ are summarized in
Water overheating, [K] 31 table 4'_ .
Cooling system is designed for Table 3: Results of quadrupole QJ computations

max water pressure, [bar] 21 Aw G ¥ | adx | ada | S()

kA T/m 10* | 10" [ 10* | 10°

Magnet length [m] 1.984 3.5 | 3.4915 0.16] -0.14 -0.01 0.09
Iron length [m] 1.88 10 | 99842 | 0.14] 014 -001 0
Yoke steel weight, [t] 0.98 15 | 14.9314| 0.10] -0.14 -0.01 0.3
Winding copper weight, [t] 0.25 17 | 16.6843| 0.08] -0.14 -0.01 1.7
Magnet weight, [t] 1.65 19 | 1817 [ 0.01] -014 -001 4.2

1964



Table 4: Main parameters of the QJ magnet 0.02mm) will be measured inside the magnet along the

Parameters Value entire length by a special gauge with an accuracy qf.5-6
Field gradient, [T/m] 18 It consists of an inductance-type gauge, travelling
Aperture radius, [mm] 50 mech_anlsm gnd ellectronlc data_system. . _
Magnetic field homogeneity 1xT0 This device is now designed and it will pe
manufactured by the time of measurement of the first
magnets.
\R/’ated current, [A] 422 The final decision about quality and readiness of the
oltage drop, [V] 155 X .
> - — magnets will be made on the basis of acceptance tests and
Ohmic resistance of the winding, [+ ] 0.34 magnetic measurements
Inductance of the winding, [H] 0.13 '
Power consumption, [kW] 65.4 ‘
Number of the coils per winding 4
Number of turns per coil 45 N
Conductor dimensions, [mm] 8x8-05 Si00t002
Conductor cross-section area, [fim 44 %
Hole cross-section, [mfih 19.6 /
‘ =}
Pressure drop per cooling circuit, [baf] 7 } § s
Cooling circuits per coil 6 7
Water speed per cooling circuit, [m/s] 2 4
Water volume in the cooling system, [l] 16
Water flow per winding, [l/s] 1.04
Water overheating, [K] 20
Cooling system is designed for
max water pressure, [bar] 21
652
Magnet length [m] 2.020 70
I\:grll E:esr;gterll V\[/r(:i]ght, M 1382 Figure 2: Cross section of magnet QJ
Winding copper weight, [t] 0.336
Magnet weight, [t] 3.75

4 QUALITY CONTROL OF THE REFERENCES

MAGNETS [1] "Future Physics at HERA", G. Ingelmann, et.al.,

1995/96 workshop at DESY, 1996.
The accuracy of the completed quadrupole magnets [ "HERA Luminosity Upgrade”, L. Suszycki, et.al.,
achieved by system of close tolerances for the main parts DESY workshop working group report, July,1997.
of the magnet (lamination, yoke quadrant, coil, assemblg¢8] "On Increasing HERA Collider ep IR Luminosity",
yoke). These tolerances are ensured by the precise W. Bartel, et.al., proceedings EPAC'96, June,1996.
manufacturing tooling (i.e. the die, stacking fixture[4] "HERA Status and Future Plans", F. Willeke
device for yoke assembly, mandrel and mold for winding proceedings of PAC'97, Vancouver, May,1997.
and forming of the coils) as well as proper inspectiofb] K.G. Steffen, High-energy beam optics - N.Y.:
during the main processing operations in content with the  Wiley (Interscience), 1965.
guality control program. [6] POISSON Group Programs. User's Guide, CERN,
The tolerance on the dimensions of the lamination is  1975.

+10u. The first three punched laminations are measurdd] Opera 2D reference manual, VF-01-97-24, Vector
on the coordinate measuring machine with a precision of  Fields Limited, 24 Bankside, Kidlington,Oxford
3-4y. OX5 1JE

The reference surfaces of the stacking fixture are
adjusted with straightness tolerance of 0.01lmm at the
length of 1m, and are opticaly measured by
autocollimator with a precision of 345 The aperture
(distance between the opposite pole tops) and the
symmetry of the pole positions (specified tolerance is
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