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LIMITS OF Nbz;Sn ACCELERATOR MAGNETS*

S. Caspiand P. Ferracin, LBNL, Berkeley, CA 94720, USA

Abstract

field magnets. Accelerator magnets, by the shezrtfeat

Pushing accelerator magnets beyond 10 T holds adarge number of them will be needed for any aresbr,

promise of future upgrades to machines like thealren
at Fermilab and the LHC at CERN. Exceeding theerurr
density limits of NbTi superconductor, p8n is at present
the only practical superconductor capable of geimga
fields beyond 10 T. Several hn pilot magnets, with
fields as high as 16 T, have been built and tegtading
the way for future attempts at fields approachiig T2
High current density conductor is required to gateer
high fields with reduced conductor volume. Howetles
significantly increases the Lorentz force and strésiture
designs of coils and structures will require manggi

can not be treated as a “one-of-a-kind” magnetiriduest
must be at a minimum and their reliability high. To
accomplish that, the engineering of 48h magnets will
have to exceed all previous superconducting magnet
technology. Pushing the limits on high field {Sio
magnets in a way suitable for particle accelerators
requires the best superconductor, a reasonably siral
magnet, and a compact structure. The coil must be
protected against a ten-fold increase in storedggnend,

last but not least, the conductor change in stnaiist be
kept at a minimum. How we meet the challenge andl ho

stresses of several 100’s of MPa and forces of b@’s far we can push such magnets is the focus of tEep
MN/m. The combined engineering requirements on si2&/e shall address the relations between field, sie,
and cost of accelerator magnets will involve magndiore diameter, stress, stored energy, and poina@as

technology that diverges from the one currentlyduséh
NbTi conductor. In this paper we shall address lamw
the engineering of high field magnets can be pusaed
what are the issues and limitations before suchnetag
can be used in particle accelerators.

INTRODUCTION

The Tevatron, the first accelerator to
superconducting magnets in its main ring, was niexta
NbTi conductor with a current density of 1800 A/fat

where we presently meet the challenge and aretsvitha
require further R&D.

BRIEF Nb3Sn MAGNET HISTORY

NbsSn dipole magnets have a relatively short histhry.
comparison to the thousands of NbTi magnets huithée
past 40 years only several dozens have been bitfit w

useNbsSn conductor. Among them seven record-breaking

dipoles (Fig. 1) have pushed the magnetic fieldhfedb8 T
in 1978 (BNL dipole magnet [3]) to 16 T in 2003 (NB

5 T and 4.2 K [1]. The bore diameter was 76 mm, thED1 [4]). Other record-breaking magnets included\LB

two-layer coil was 16.2 mm thick, and it could redts
short-sample field of 4.8 T at 4.3 K, with a stoetkergy
of 98 kJ/m (“short-sample” is defined as the cutres
field limit in a short superconducting wire at avey
temperature). If one were to replace the Tevatralpiec

D10 (1984 [5]), CERN-ELIN dipole magnet (1989 [6]),
University of Twente MSUT (1995 [7]), LBNL D20
(1997 [8]), and LBNL RD3b (2001 [9]). At the prese
R&D on Nb;Sn magnets is being conducted at BNL [10],
FNAL [11], LBNL [12], Texas A&M University [13],

with identical size NgSn superconducting strands, thatCEA Saclay [14], and the University of Twente [15].

same magnet could reach 11.9 T at 4.3 K. The store

energy would rise to 674 kJ/m, and the originaMHa of

coil stress, produced by the accumulation of Larent B

forces (Lorentz stress), would increase to an wyeble
level of 294 MPa (we assume a 4Sh wire capable of

carrying 3000 A/mrin the superconductor at 12 T, 4.2

K).

When the LHC pushed NbTi conductor closer to its

high-field limit, the 56 mm bore dipoles reach 9.at 1.9

K, and a stored energy of 334 kJ/m (per bore) [2]

Replacing the cable in that magnet with identicak s

NbsSn conductor (31.3 mm of overall coil thickness)

would raise the field to 15.2 T, the stored enexy®00

kJ/m, and the Lorentz stress from 88 MPa to 220 . MPa
This comparison between NbTi and §Sh conductors

points out both the promise and the challenge fgh h
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Figure 1: World record-breaking Mdn dipole magnets.



emphasize that the relation is independearit bore

3m0—_l T TTT T TT I LI | T TTT | T I. T I__ dlametel’
C OST RRP (HD1) . We conducted our parametric analysis assuming the
- . best commercially available superconductor b with
2500 SMI PIT (D1-2) — 3000 A/mnf at 12 T and 4.2 K) and a Rutherford cable
ﬁ - “nm . with 50 % non-copper, a 12 % void fraction and arPd
i C OSTM JR (RD3) ™ ] insulation fraction (Fig. 4).
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, ) ) Figure 3: A pure dipole with dcosé current density.
Figure 2: Improvement in NBn current density.

The increase in field went hand in hand with 4000; =
progressively higher current carrying capacity bog t 3500E =
NbsSn conductor (Fig. 2). The current density of;8Hp = 1.9K ]
has increased almost ten fold from the early 86'she 3000 12K ]

i E . J E

present time [16]. E 2500E s -
DIPOLE MODEL £ 20005 g

Model Description = 1500 T3 -

To study the limits of superconducting dipole magne 1000; s S 19K \ ;

we formulated a simple but realistic model based o = "~ — N ]

; , . E 4.2K ™ ™~3
several assumptions: 1) the bore is round anddhésca S00E -
thick cylinder (Fig 3); 2) the engineering currel@nsity - I —
is equal taJ.cosd and the field is therefore a pure dipole; % 12 14 16 18 20
3) the field magnitude in the bore and along thedcator B (D)

inner surface is identical; 4) the short-samplerentr
density in the superconductdks and the engineering Figure 4: Short-sample current densif and the
current densityJess (Obtained by averagingls over corresponding engineering valueless Of NB;Sn
copper, insulation, and voids) are a function efdfB and  superconductor.
temperatureT; 5) the coil is not graded; 6) there is no
ferromagnetic material nearby. PARAMETRIC DEPENDENCIES
A simple relation exists between the central digiakel . .
B, the engineering current density, and the coil COil Thickness

thicknessw [17]: The coil thicknessvgs at short-sample is plotted in Fig.
Lo, 5 for two different operating temperatures. We ribi,
B, = W. at 1.9 K, a 7 mm thick coil is sufficient to genera 10 T
2 field, and a 100 mm thick coil will be needed fol@ T

If we extend the engineering current densityp to the  fie|d. Operating at 1.9 K requires significantlysge
its corresponding short-sample valiéig. By applying more significant as the field approaches 20 T.
Summer's empirical short-sample relation [18] te th |t is worth noting that, for the same current dgnaid

above equation, we obtain coil thicknessw, a solenoid will generate a field that is
W_(B_.T) = 2B twice that of a dipole By = uJow). Solenoids are
s\Pssr 1) = 13d, (B, T) ' therefore inherently more compact, use less conduactd
e-ss 4

have already achieved fields in excess of 20 T.[2i¢

where the coil thickness is expressed as a funadion werefore expect high field solenoids to representipper
short-sample field and temperature only. We notd ahoundary for high field dipoles.
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Figure 5: Coil thickness of NBn dipole magnets at short-

sample T=4.2 Kand 1.9 K).

Bore Diameter

Since the field depends on the coil thickness atn
the bore diameter, we may claim that a dipole aittero
bore diameter has the same field as a coil with lzorg
diameter, as long as the coil thickness is consthinis
gives us the opportunity to separate the cost effigid
from the cost of the bore.

The cost of the coil is proportional to its aredjah is

been maintained to illustrate the relative increiaseoil

area with increasing bore diameter. We notice tthetoil

area with zero bore increases by a factor of libagield

increases from 14 T to 18 T. In comparison, at Higlds

(for example at 18 T), where the current densitypdr
(see Fig. 4), doubling the bore diameter from 25 tars0

mm increases the amount of conductor by only 2&\%.
conclude that at very high fields, where the doitkness
approaches 100 mm, the effect of the bore dianogi¢he
overall cost of the conductor is minor (the impattoil

grading will be addressed in the following section)

Lorentz Sress

The azimuthal Lorentz stress in a 2856 dipole is the
integrated azimuthal Lorentz force with respecttno
shear) [20]. Expressed as

Jer o2
o, :'uo—e—(R2 —iz——r)co§9,
2 2 3= 3
the stress exhibits a maximum along the coil mahpl
(6= 0), at a radius nearly two thirds of the coil thieks

r = Rux ~ 2/3 w. The above expression of stress can be

rewritten as a function of field and coil thicknegs

g0 (i)

given by w? + 27wR; (Wherew is the coil thickness, and WhereRy,y, is calculated by settingse/or = 0 and solving

R; is the bore radius). We associate the first teiith the

the cubic relation im.

area of a no bore coil, and the second term with anlf we apply the short-sample field, coil thickness,

additional area representing the contribution obcae.
Accordingly, the cost of the field is proportiorialw?, but
the additional cost of the bore is linearly projmral to
the bore diameter.

Dipole field (T)

Bore diameter (mm)
Figure 6: Coil thickness and bore diameter of wasibigh
field dipoles at short-samplé € 1.9 K).

This dependence of the coil area (i.e. cost) dd f&d
bore diameter is shown in Fig. 6, where we complanee
different bore diameters at three different fiedddls. For

each field the coil thickness remains the same. The

proportionality between the various coil geometries

and a given bore diameter to the above equation, we

arrive at the maximum short-sample strég$ea.ss (Fig.
7).
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Figure 7: Maximum azimuthal Lorentz stress at short

sample T = 1.9 K).

The zero bore solution is a monotonic increasing

function of the field and is at the minimum for abgre
diameter at that field. Surprisingly, for certairoré
diameters and field ranges, the maximum stresedses
as the short-sample field increases. That can pkieed
as follows: as the field increases, so do coilkidssw
and Lorentz force; however, it is possible that it of



increased coil thickness is greater than the cporeding
Lorentz force, thereby reducing the stress.

We also note that at low fields (~ 10 T) the conducs
very efficient and very thin, resulting in high eds. At
high fields the coil thickness dominates and thesst
asymptotically approaches that for a zero boretswip
equal 100 max-ss = (3B$2)/(8H0)-

Sored Energy
The stored energl of a dipole increases quadratically
with field B, bore radiux;, and coil thicknesw:
B2 W ;
= —|1+6 R + R .
3y, 2 w w
Figure 8 is a log plot of the short-sample storedrgy
Eg for a number of different bore diameters, includang

zero bore.
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Figure 8: Short-sample stored energy in dipoleBatl.9
K for various bore diameters.

As for the stress, we can associate the energyzefa
bore diameter with the term outside the squarekietadn
the formula above, and the terms within the braelsean
additional bore contribution. At high fields (abo%8 T)

matching that drop. That way the superconductor can
reach its short-sample simultaneously throughow th
cross-section, thereby reducing the overall size.

Grading significantly impacts the coil thicknesshiagh
field: for example, above 18 T, grading reduces dbi
thickness by about 25 % (Fig. 9).
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Figure 9: Variation in coil thickness between gihdad
un-graded coils at short-sampiex 1.9 K).

16 18 20

It must be pointed out that grading reduces thé coi
thickness at the expense of an increase in conducto
stress. An 18 T (at 1.9 K) dipole will reduce itsilc
thickness from 72 mm to 50 mm with grading (Fig, 9)
but, in a 56 mm bore diameter coil, the maximunessr
will rise from 170 MPa to an unacceptable level46D
MPa (Fig. 10). Since reducing the coil thickness ha
major impact on reducing the magnet cost, we dite le
with an important R&D issue on how to bring dowr th
stresses. Reducing the stress through stress nraeage
and the possible introduction of various force ricgpts
(as proposed in [21]) will have to be weighed agiathe
reduction in the overall engineering current dsnsit
which, as a consequence, forces an increase in coil
thickness once again.

the major contributors to the stored energy ardfidié B 400 =
and coil thicknessv. The contribution by the bore is only - =
a ratio between the radi&s and coil thicknessv. In fact, 350 Layer-2 graded =
when the coil thicknesswv increases, the additional 300 =
contribution of bore diameter to the stored energ- = ]
becomes less effective and the stored energ% 250 —
asymptotically approaches that of a zero bore. ~ - ]
If we focus on the curves representing a bore dieme % 200 Laver-1 graded - cm———mmm e E
® - Layer-1 graded  __----—=~-~wo____ .
closer to the LHC dipole (50-60 mm), we notice thial5 g 150 =
T the stored energy is close to 1 MJ/m (a threé-fol &~ E One layer not graded 3
increase with respect to the actual 10 T NbTi dipol 100F —
reaching 7 MJ/m at 20 T. 505 .
i IR NI ISR R Y N NI B
) GRADED CQI LS ) 0 30 40 50 60 70 80 90 100
Grading the coil can effectively reduce overallesiz r (mm)

while the field remains the same. Grading takesathge
of the drop in field within the coil in order toisa the
current density in several discrete outer layehsjst

Figure 10: Grading an 18 TT (= 1.9 K) dipole with 56
mm bore diameter reduces the coil thickness baésaihe
stress.
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