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Abstract 
Magnets for beam steering, focusing and optical 

corrections often have demanding requirements on field 
strength, field uniformity, mechanical robustness and high 
radiation strength. The achievable field strength in normal 
conducting magnets is limited by resistive heating of the 
conductor. A break-through magnet technology, called 
“Direct Double-HelixTM” allows operation at current 
densities in excess of 100 A/mm2 with conventional water 
cooling. The conductive path generating the magnetic 
field is machined out of conductive cylinders, which are 
arranged as concentric structures. Geometrical constraints 
of conventional conductors, based on wire manufacturing, 
are eliminated. The coolant, typically water or air, is in 
direct contact with the conductor and yields very high 
cooling efficiency. Based on Double-HelixTM technology 
the conductor path is optimized for high field uniformity 
for accelerator magnets with arbitrary multipole order or 
combined function magnets. Advanced machining 
technologies, enable unprecedented magnet 
miniaturization. These magnets can operate at 
temperatures of several hundred degrees Celsius and can 
sustain high radiation levels.  

INTRODUCTION 
Currents described by Eq. 1 produce simultaneously 

axial and transverse magnetic fields.  
 ܺሺߠሻ ൌ ௛ଶగ ߠ  ൅ ∑ ߠ௡ sin ሺ݊ܣ ൅ ߮௡௡ ሻ       (1)             ܻሺߠሻ ൌ ܴ cos ሺߠሻ             ܼሺߠሻ ൌ ܴ sin ሺߠሻ 

 
 Superimposing two such currents with appropriate 

direction allows cancelation of either the axial or the 
transverse magnetic field. Pure transverse magnetic fields 
of arbitrary multipole order can be produced. Coils based 
on this technology have high field uniformity without the 
use of field forming spacers as required in other winding 
configurations. Conductors surround the coil aperture 
giving intrinsic mechanical stability to the coils. The 
resulting winding configurations are called Double-
HelixTM coils [1]; examples of a dipole and quadrupole 
are shown in Figure 1. 

Direct Double-Helix Technology 
Double-helix coils (DH) can be produced by machining 

the current path out of conductive cylinders, which are 
then arranged as concentric structures (see Figure 2). This 
patented technique, called “Direct Double-Helix” (DDH) 
technology offers significant advantages over 
conventional coil winding, which uses wire, cable or tape 
conductors.  

 
 
Figure 1: Left: 2-layer quadrupole winding. Right: 2-layer 
dipole winding. Both windings produce transverse 
magnetic fields. 
 

 
Figure 2 : Two concentric cylinders of a DDH coil in a 
sextupole configuration 
 
 

Machining the current path out of a cylinder with a 
given wall thickness produces a conductor with 
rectangular cross section that changes with azimuth angle 
around the coil axis as shown in Figure 3. 

Figure 3:  Variation in conductor width as a function of 
azimuth angle for a single turn of a DDH coil. 

 The resulting resistance of the machined conductor is 
significantly smaller than a round wire that would fit in 
the thickness given by the cylinder. Already a square has 
about 25% more area than its inscribed circle. But more 
important is the effect that the machined conductor is 
significantly wider in sections that are perpendicular to 
the coil axis and do not contribute to the generation of a 
transverse field. The machined conductor also eliminates 
any constraints from the wire or cable manufacturing 
process, and arbitrary bending radii of the conductor are 
possible. As for the DH coil configurations DDH coils 
have high intrinsic mechanical robustness, since the 
conductor completely surrounds the coil aperture as in 
solenoidal windings. 

-200 -150 -100 -50 0 50 100 150 200
2.5

3

3.5

4

4.5

5

5.5

6

6.5

Angle [deg]

St
rip

 W
id

th
 [m

m
]

Proceedings of PAC09, Vancouver, BC, Canada MO6PFP041

Magnets

T10 - Superconducting Magnets 229



Material C
Depending

materials is 
structures ne
coils coppe
conductors. 
temperatures
Celsius, car
composite c
matrix, whic
lead to coil
conductors c
than Cu, and
possible wit
needed for s
materials, wh
yield very hi

 

Field Unifo
Based on 

almost pure 
DDH coils s
computer con
possible vari
unique field
spacers are 
achieved wit

Possible fi
steering, qua
multipole ma
function ma
quadrupole),
quadrupoles 
bent magnets
 

Conductor
As seen in

along each 
where it doe
fields that f
multipole fi
automatically
contribute to
the temperat
indicating th
conductor.  

The space 
DDH coils a
section. In c
hollow cond
the coolant 
temperature 
Additionally
can be used a
cooled from 
improved by

Choice 
g on the ap
possible for 

eeded for DDH
er or alumin

If the coil 
s, in the rang
rbon or tung
conductors lik
ch are current
ls with unpr
can have a re
d enable perfo
th supercondu
some DDH co
hich allow hig
gh radiation h

formity 
double-helix
multipole fie

show excellen
ntrolled mach
iation of cond

d optimization
required, and

thout cost pena
ield configura
adrupoles for
agnets for bea
agnets (typic
 twisted dipol
for multi-di

s can be produ

r Cooling 
n Figure 3, the
turn of the h
es not contrib
form dipoles, 
elds. As a r
y small when

o the required 
ture distributi
e reduced tem

between the c
are used as co
contrast to co
ductor, very li

through a 
gradients exis
, the machine
as a cooling ch

m 3 sides. Coo
y using heat co

pplication a 
the conductor
H coils. For n
nium are na

has to oper
ge of several
gsten can be
ke carbon na
tly under dev

recedented pe
esistivity that 
ormances that 
uctors. The 
oils can be m
gh operationa
hardness. 

x technology
elds away fro

nt field uniform
hining of the c
ductor cross 
n potential. 
d high field u
alty.  
ations include
r beam focu
am optics corr
cal dipole w
les for polariz
irectional foc
uced or those w

e conductor c
helical windin
bute to the tr

quadrupoles
result the re

n a conductor 
magnetic fiel

ion along on
mperature in th

concentric cyl
ooling channe
nventional Cu
ittle pressure 

DDH coil, 
st along the p
d groove betw
hannel and th
oling efficien

onducting supp

large choic
rs and the su
normal condu
atural choice
rate at very 
l hundred de
e used. Adva
anotubes in a
velopment [2]
erformance. T
is 10 times l
are normally
support struc

made from cer
al temperature

, which prod
om the coil 
mity. Furtherm
onductor path
section allow
No field for
uniformity ca

e, dipoles for 
using, higher-
rections, comb

with superimp
zed beams, tw
cusing. If ne
with flared en

cross section v
ng and is lar

ransverse mag
 and higher-

esistive losses
segment doe

ld. Figure 4 s
ne conductor 
he wider part o

linders formin
ls with large 
u coils made 
is needed to 

and very 
path of the coo
ween adjacent 
e conductor c

ncy can be fu
port structures

ce of 
upport 
ucting 
es as 

high 
egrees 
anced 
a Cu 
] will 
These 
lower 

y only 
ctures 
ramic 
s and 

duces 
ends, 
more, 
h with 
ws for 
rming 
an be 

beam 
-order 
bined 
posed 

wisted 
eeded, 
nds.  

varies 
rgest, 

gnetic 
-order 
s are 
es not 
shows 

turn, 
of the 

ng the 
cross 
with 

force 
small 
olant. 
turns 
an be 
urther 
s.  

Figu
a DD
cond
distr
 

Dim

The
coil 
enab
dime
show
DDH
mach
disto
cond
are f
 

Figu
appli
apert
 

Ach

Sma
are p
fit in
outer
techn
to be
(see 
wate
in T

ure 4: Left: Te
DH coil, sho
ductor width 
ribution near a

mensional Sc

DDH Techno
dimensions. 

bles unprecede
ensions of a 
ws small dipo
H coils also le
hining the 
ortions that 
ductors. The r
formed and se

ure 5: Left; Mi
ications. Righ
ture of 100 mm

hievable Cur

ll dipoles for
presented in F
nto each other
r diameter 
nique allows 
e built with o
Figure 6). Th

er containmen
Table I and T

emperature pr
owing reduced

is largest. 
a conductor be

caling 

ology is appl
Laser or e

ented coil min
few mm are

ole coils with 
end themselve
conductor av

result from
required cylin
am welded.  

iniature DDH 
ht: Larger quad
m. 

rrent Densi

r horizontal a
Figure 6. The t
r. The inner c
is 40mm. A
for the two la
nly one suppo
he complete 

nt vessel is sho
Table II, the 

ofile along a 
d temperature

Right: Cur
end.  

licable to a w
electron beam
niaturization a
e feasible. Fig

apertures of 
s for large dim
voids the c

m bending 
ders for large

coil for medi
drupole coil w

ties 

and vertical b
two DDH coi
oil diameter i
A special m
ayers forming
ort structure b
magnet assem
own in Figure
coils produc

 
single turn of

es, where the
rrent density

wide range of
m machining
and coils with
gure 5 (Left)
about 1 mm.

mensions, and
cross section
prefabricated

e coil aperture

cal 
with an 

beam steering
il pairs shown
is 20 mm, the
manufacturing
g a DDH coil
between them
mbly with the
e 7. As shown
e the needed

f 
e 
y 

f 
g 
h 
) 
. 
d 
n 
d 
e 

g 
n 
e 
g 
l 

m 
e 
n 
d 

MO6PFP041 Proceedings of PAC09, Vancouver, BC, Canada

230

Magnets

T10 - Superconducting Magnets



fields of abo
Gauss for ver

 
Figure 6: Tw
forming one
steering. 

 

 
Figure 7: E
DDH coils o
outlet water c

 
Table 1: O
dipole 

Inom 
(A) 

P
(W

5.5 7
7.0 1
8.5 1
10 2
11 3
13 3

 
Table I and

the power 
density in th
C and 10C),
conductor. 

 

out 950 Gauss
rtical steering

wo sets of DD
e unit for h

xploded view
of Figure 6. T
cooling tubes 

Operational pa

P     
W) 

Jc Pea
(A/mm

73 39 
20 49 
81 60 
51 70 
09 78 
69 92 

d Table II als
consumption,

he conductor, 
, and the mea

 for horizonta
g, respectively

DH coils that 
horizontal an

w of magnet 
The SS hous
are shown. 

arameters of 

k 
m2) 

TInlet   
(C) 

T

35 3
35 4
35 4
35 
35 
10 

o show the op
, the calcula
the inlet wate
asured peak t

al steering and
y. 

fit into each 
nd vertical 

assembly fo
ing with inle

f vertical ste

TPeak   
(C) 

Field
(Gaus

39.6 83
42.7 105
46.3 128
51 150
55 165
44 195

perational curr
ated peak cu
er temperatur
temperature a

d 250 

other 
beam 

 

or the 
t and 

eering 

d 
ss) 

5 
8 
0 
5 
5 

rents, 
urrent 
re (35 
at the 

Tabl
dipo

I
(

2
2
3
3
4
4
5

6
 

As
at pe
the m
77.8 
magn
field
 

A 
whic
cond
contr
the u
elim
coils
cond
have

Ba
mult
magn

A 
conv
spec
effec
laser
of c
temp
ioniz

[1]

  
[2]

 

le 2: Operatio
le 

nom 
(A) 

P     
(W) 

20 174 
25.0 268 
30 387 
35 515 
40 692 
45 792 
55 578 

60.0 714 

s can be seen 
eak current de
maximum me

C, the wate
net is less th

ds are possible

novel magn
ch the field ge
ductive cylind
rol over the co
usual constra

minated. The un
s enables cur
ductor in exce
e been achieve
ased on dou
tipole orders 
nets with high

computer c
ventional CNC
ific tooling 
ctive. With ad
rs or electron
oils is feasib

peratures of se
zing radiation

R. B. Meinke
Accelerator M
2003, Vol.3, p
C. Goodzeit e
Vol.1, pages 5

D. Elcock, “P
Energy Tran
Argonne Tech
2008, DOE-In

onal paramet

Jc Peak 
(A/mm2) 

T

38 
48 
58 
67 
77 
86 
106 
115 

from the data
ensities of mo
easured tempe
er temperature
an 10 C, and

e. 

CONCLU
net technology
enerating curre
ders. This te
onductor cros
ints caused b
nprecedented 
rrent densities
ss of 100 A/m

ed in long term
uble-helix coi

of magnets
h field uniform
controlled m
C machines, 

makes thes
dvanced manu
n beams, unpr
ble. DDH coi
everal hundred
. 

REFERE
e  et al., “Supe
Magnets”, IEE
pages 1996-19
et al., IEEE Pr
561-563. 

Potential Impa
nsmission A
hnical Report
nformation Br

ters of horizo

TInlet   
(C) 

TPeak 
(C) 

35 41.1 
35 44.4 
35 47.8 
35 52.2 
35 57.5 
35 57 
10 62.5 
10 77.8 

a, the coils op
ore than 100 A
erature at the 
e rise at the 
d even higher

SIONS 
y has been 
ent path is ma
echnique off
s section alon

by wire manu
cooling effici

s in water c
mm2. Such cur
m tests with D
il configurati
s and combi
mity are possib
manufacturing 

and the lack
se magnets 
ufacturing tech
recedented m
ls also allow
d degrees Cel

NCES 
erconducting D
EE Proceeding
998. 
roceedings of 

acts of Nanot
Applications a

t, No. ANL/E
ridge. 

ontal steering

  Field 
(Gauss) 

308 
385 
463 
540 
617 
694 
848 
925 

perate reliable
A/mm2. While

conductor is
outlet of the

r currents and

developed in
achined out of
fers complete
ng its path and
ufacturing are
iency in these
ooled copper
rrent densities

DC operation.
ons arbitrary
ned function
ble. 

process on
k of magnet-
highly cost-

hniques, using
miniaturization
w operation at

lsius and high

Double-Helix 
gs of PAC 03, 

PAC 07, 

echnology on
and Needs”,

EVS/TM/08-3,

g 

e 
e 
s 
e 
d 

n 
f 
e 
d 
e 
e 
r 
s 

y 
n 

n 
-
-
g 
n 
t 
h 

n 
, 
, 

Proceedings of PAC09, Vancouver, BC, Canada MO6PFP041

Magnets

T10 - Superconducting Magnets 231


