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Abstract— It has been shown that by superposing two solenoid-
like thin windings, that are oppositely skewed (Gilted) with
respect to the bore axis, the combined current density on the
surface is cos (§)-like and the resolting magnetic fiedd in the
bore is a pure dipole field. Following a previous test of such
a superconducting dipele magnet, a quadropole magnet was
designed and built vsing similar principles. This paper describes
the design, construction and test of a 75 mm bore 600 mm
long superconducting guadropole made with NbTi wire. The
simplicity of the design, void of typical wedges, end-spacers and
coil assembly, is especially suitable for future high field insert
coils wsing NhsSn as well as HTS wires. The 3 mm thick coil
reached 46 Tim bul did net achieve its current plateao,

Tuder Terms—NbTi, tilted helieal solensid, superconducting
quadrupole,

I. INTRODUCTION

HE original concept of using helical winding to wind

quality accelerator superconducting magnets gained re-
newed interest in the past few years [1]-[B]. Part of it arose
from work on high field magnets and the possibility of
applying this method to insert coils. This appealing approach,
partially void of the usual complexity associated with su-
perconducting magnet technology, can achieve adequate field
guality with significant reduction of manuflacturing cosls and
complexity and apply te a number of different superconducting
mzterials, Therefore Lawrence Berkeley National Laboratory
(LBNL) demonstrated the practical potential use of such an
approgch by testing & small NbTi dipole magnet in 2005 [9].
Based on the magnet performance the concept has been ex-
tended to guadrupole magnets. This paper presents the design,
assembly and test resules,

[1. DESIGN AND AMNALYSIS
A, Construction

Four layers of a NbTE wire were wound around a Kapton®
insulated aluminum mandrel with each twm goided by four
winding pins placed sround the mandrel al 90 degress with re-
spect to each other and displaced axially to form a sinusoidal-
like pattern as depicted in Fig. 1, Fig. 2, and Fig. 3. The
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Fig. 1. Chmdnipole cross-section with four layers of wire asound a pole.

stainless steel ping, 377 mm apart, have been inserted and
glued into 4 sets of 110 pin-holes. Bech turn followed & path
that took it around the four pins with a forward pitch for each
following turn, The theoretical path followed the relation;

s(R8) = Recos(f),

y(R46) = HRsiu(f), (n
R . fd*

z(R,0) mﬂm{ﬂﬂ}%— B in 1)

It is the winding radius, o is the mid-plane inclination angle
between the wire and the Z axis and d* is the wire diameter
plus additional space between wires,

The golenoid field component cancels out by alternating
current direstions between layers. The net axial cument, in
the direction along the mandrel 2 axis, forms an azimuthal
distribution that approximates a cos (26) current density dis-
tribution. However in this magnet the wire was wound between
pins following a natural peodesic path; an approximation that
did not [oflow the theoretical path of Eq. 1. Additional fiber-
glass sheets, used as filler materials, were added over the ends
to fill the void arising from the tilted winding (see Fig. 4). 8-
glass wrapping over the four layers provided coil compaction
and a layer of insulation to an outer aluminum shell. The coil
placed between the inner mandrzl, outer shell and additional
end-caps was vacoum impregnated with epoxy. The only pre-
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TABLE 1

MAGHNET PARAMETERS

L T T e Ty '

e NbTi wire
Diameter n{wl.lm plus insulation) 0L.749 mm
I CuiSe radlo 21l
Filament dinmeter 55 pm
Wumber of filaments 54
Wire insulotion formvar s
Magnet
202 mm a . End fo end winding length 596 mm
208 mm Magnctic length 415 mm
Magnet center Winding angle, o 17 =
Wire diameter + gap, o 1.1 wmm
Fig. 2. Side view of the end region of the quadrupobe magnel winding, Total niember of tms per layes Lo
Tutal of layers 4
Bore radivs 38,1 mm
Seli-inductoncs Il mi
Winding lension l.:i.'J_N___

Mechanical structore

Shell length

Inmer Adumdnom 2024 mandrz!
Ouier Aluminem BDEL shell

OD: 76.2 mm, 10: 72.9 mm

Oy 1016 mma, 1D BES mm

Winding space belwesn shells

HB6 mm
5,35 min

Fig. 3. View of layers wound aroand pins (poles).

stress applied to the coil was during cool-down as a result of
thermal expansion differences between the ouler Aluminum
shell and the impregnated coil. The pre-stress is therefore
likely to be insufficient to fully support the coil and minimize
training. Table. I summarizes the magnet parameters.

Fig. 4. Pholos of (he magnel hefore and during finad plass wrapping.

B. Compuetations

We used four different ways to compute the field and
gradient: three two-dimensional programs and one using the
exact helical path as deseribed in Eq. 1. The results are
siwmmarized in Table 11 We have also caleulated the expected
harmonics, The first allowed harmonic bg is plotted in Fig, 6
at a radivs equal to 17 mm corresponding to 45% of the bore
radins,

1) Poisson - 20 Line-cwrrents: Assuming a thin layer at
radius i = 40.45 mm, wa calculated the intersecting points A
between two layers of sinusoidal quadrepole windings. At 2
a given Z, 25 intersecling poinls were recorded and their ra
corresponding angle & used W locate the line current 1o be used 4 j
in the program POISSON. Each line-current earried a cutrent ; vyl
equal to 1600 A corresponding to 4 layers each transporting
400 A (a flux plot is shown in Fig. 5.

Fig. 5.
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TABLE 1l
COMPARING CALCULATED AND MEASURED GRADIENTS.

Method Type Gradient (T/im)
POISSON 2D Line ouments at cos {20) 30,7
ANSYS 2D ek shell cos (26) current densily Ll
Analytical 2D thin ghell cos{29) surface coments 14
Riot-Savart 3D linez currents along helical path o4
Measwred rodating coil 80

2) ANSYS - 2D thick shell: ANSYS was used to solve the
magnelic field of a thick shell carrying a current density distri-
bution proponionsl (o Jg cos (20) where Jy = 666.8 Almm*
corresponding to four layers carrying 400 A each.

3) Amalytical - 20 thin layer approximalion: Assuming an
average rading H=40.45 mm and a coil thickness 6 =3 mm
we calculated the gradient @ using the relation for a thin fayer
dpproximation:

_ body _ pol
“=%R T2

¥ (2}
where J} = JsdR is the current density per unit length and

I is the total amp-turn per pole,
&) Bior-Savart - 20 helical line-curvents: We have used the
Biot-Savart 1aw 1o som up the Geld contributions from seg-
mented short line-current elements following a path according

o Eg. 1.
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Fig. 6. Allowed harmonic bg calculnted at a mdins of 17 mm corresponding
for 43% of the bore radins,

111. TEST RESULTS

The magnet was first tested at LBNL at 4.4 K. It was then
shipped to CERN for additional tests at 4.4 K and 1.9 E.
During the first thermal cycle, the magnet first guench was at
200 A reaching 432 A after 15 quenches as depicted in Fig. 7.
During the second thermal cycle, the first quench was below
300 A but soon surpassed its first thermal cycle current and

finally seitled around 580 A. Subsequent tests at 1.9 K and
4.4 K raised the curent to 609 A and 637 A, respectively,
corresponding o B3% of its short-sample limit (730 A at
4.4 K) as depicted in Fig. B. At 637 A, we calculated the
ficld at the conductor to be 1.93 T. The long training could
be attributed to: 1) lack of supporting structure and pre-stress,
and 2} impregnated NbTi conductor. This magnet did not have
voltage taps to locate the quench origin and strain gages to
estirale the pre-stress,
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Fig. 7. Training curve,

A, Field measurements

During the first thermal cyecle a transverse Hall probe was
placed approximately at 27 mm ofl the magnet axis to measure
the field. The sensor was rolated on ils axis o capture the
maximum magnetic Mux density and was also used for z-scan
measurements. Fig. 9 shows a comparison between calculation
and experimental data, At CERN magnetic measurements wers
made using a rotating coil. The measured rotating coil gradient
was used to normalize the Hall probe data. However, measured
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Fig. 8 Load line and expected short-sample limit



harmonics were much higher than what could be explained by
a sensitivity analysis and will have to be further investigated.
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Fig. % Axial scan of measared and calevlated gradient,

IV. CONCLUSION

A thin (3 mun) 76 mm bore superconducting quadrupols
magnet was built and tested nsing four layers of allernaling
helical NbTi windings. The magnet reached 46 T/m at 85% of
its short sample limit at 4.4 K. Excessive training is attributed
to lack of structural support. Although the field quality issue
remains open, the simplicity of the design, small number of
parts and minimum assembly effort, are allractive features for
Nbz5n and HTS coils.

ACKNOWLEDGMENT

The authors are indebted to MR. Finney, G. Ritchie, E.
Hinkins J.C, Perez and H, Higley,

REFERENCES

[1] B Meyer, and B, Flasck, "A new configerution for & dipole magmet
for use in high emcrgy plysics application”, Muecl fusie and Meniods
&0, pye. 339341, 1970,

2] AN Gavilin, er al, "Concepiual desipn of high transverse field magnets
at NHMFL", JEER Trassaction on Applicd Superconductivity, Vol 12,
purt |, pp: 465-460, 2002,

[3] C.L Goodzell, M.J. Ball, snd R.B. Meinke, "The double-Helix-dipole:
& noviel spproach to accelermior magnet design”, JERE Tranwackion on
Appiied Superconduetivirg, Vol. 13, part. 2, pp. 1365-1168, 2003,

[4] BB Meinks, M1 Ball, and C.1. Goodseir, "Supercondusting double-
helix aceelerator magnets”, Proceedings of the Particle Accelerator
Conference, 2003 PAC IEEE. Vol 3, pp. 1996- |99, 2003,

[3] E.B. Meinke, C.L. Goddzeit, and M.J. Ball, "Modulated Double-Helix
Qunacliupole Magnets", JEEE Transaction on Applied Superconduciivity,
Yol. 13, part 2, pp. 1369-1372, 2003,

[6] AM. Akhmeteli, AV, Gaveihin, and W.5. Marshall, "Superconducting
and Resistive tilted Coil magnets for Generation of high and Uniform
Transverse Magnetic Field”, IEEE Transaction on Applied Supeicon-
diectivity, Vol 15, part 7, pp. 1439.1443, 2005,

17 C. Goodzeit, . Meinke, M. Ball, "Combined function mageels uwsing
douile-hielix coils”, Proceedings of tee Fariicle Accelerator Conferesce;
2007 PAC IEEE, pp. 560-562, 2007,

18] AL Devred, e o, "Owerview and statug of the next Eurdpean dipole
jornl sesearch activity”™, Supercond Scf. Techmel, Vol 92, pp. 6783,
2006

9] 5 Caspi, DR. Bsetdench, P, Ferracin, MR Finsey, M1 Foery, 5.A.
Gioerlay, and A K. Hafalis, “Design, Fabrication. and Test of 2 Supercon-
ducting Dipole Magnet Based on Tilted Solenoids”, IEEE Tronsaction
oo Applied Superconductivity, Vol 17, part 2, pp. 2266-2269, 2007,

110} L.J. Lasleii, & Caspi, end M. Helm, "Configaration of coll ends for
mullipole magnets”, Particle Acceleramors, Yol. 22, pp. I-14, 1987,

[11] 8 Caspi, M. Helm, and LJ. Lasbett, "The we of harmonics in 3D
magnelic felds”, (EEE Transacron oy Magnerics, Yol. 30, pp. 2415
T4TT, 1994,



