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DIPOLE APERTURE AND SUPERCONDUCTOR REQUIREMENTS*

S. L. Wipf
Los Alamos National Laboratory, MS HB29, Los Alamos, NM 87545

Summary

The cost of an accelerator is not proportional to
the aperture. A change in aper*ure by a certain per-
centage results in an overall accelerator cost change
by oniy a fraction of that .ercentage; the fraction
may be between 0.1 and 0.5 and is almost independent
of the bending field. This estimate is obtained by
analyzing the superconductor requirements as a func-
ticn of aperture and by making rough estimates of the
largest cost items of the accelerator such as magnets
and ring tunnel.

Introduction

The aperture of a Superconducting Super Collider
(SSC) should be small to keep the accelerator cost
dewn, but large enough to accommodate the beam without
undue inconvenience. The main component of the in-
crease in cost with aperture is the cost of supercon-
ductor. We can reasonably predict the amount of su-
perconductor needed as a function of aperture. From
this information we can make a rough estimate (guess
is perhaps the better word) 2s to the effect of an ap-
erture change on overall accelerator cost.

Amount of Superconductsr Needed for Bending Magnets

Although 1t {s not possible to develop reliahle
cost estimates for the magnets without specifying @
concrets design, we can gauge the relative cost
changes with aperture by contidering the amount of su-
perconducior required. The superconductor is a sig-
nificant compunent of the bending dipoles; it may ac-
count for as much as one-fuurth to one-third of the
cost of the complete magnet system and may well be the
largest single cost item for an SSC. Other components
of the magnets are iron; cryostat; and fabrication,
including quality control.

Single-Layer Approximation

Consider a typ'cal dipole cross section as shown
in Fig. 1. A winding space of thiclness d, between
radius ry and ro, with & current density j = 35 cOS ¢
produces a field'
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Fig. 1. Geometry of dipolc single-layer approximation.
Tork supported By the US Department cf Energy.
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The current density 1s related to the critical
current density in the superconductor at the field B,:

Jo . ) * JC(BO) »

accounts for the space in the
winding that is not filled with superconductor, but
with things such as insulation, nrecessary force-
contairing structure, and (mainly) the copper (or alu-
minum) used for stabilizing purposes. The range
0.2 <2 < 0.4 {5 avarlab'e in moderrn designs. Tre
thickness of the winding necesiary to produce By witn a
given superconductor is

where the factor )

TB° —,-,—Bg (2)
¢ u? "2 — .
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where F, = j. x B 1s the flux pinning strengtn, an
1mportang cr?tica\ property of the superconductor;
Fp usually has =z fla'. maximuym near half the criti-
cal field.

The volume of winlding per unit dipole length is

vt (e %)d . (3)

but the volume of th: superconducting material itself
1s smaller by ) and a factor 2/n because of the wire
density necessary to produce the cos o distribytion in
current density; thus, we find that

4 8 82
[ ] [ ] 0 +* o
Ve = Alry + 300 = 1 ;;7; (}1 E;TF;) . (4)

The superconduttor volume consists therefore of
two terms: the first is due to the aperture ry, and the
second {s due to th: <urrent density (or flux pinning
strength) determinirg the thickness of the winding.

To obtain the otal superconductor volume for the
SSC, we multiply vy, times 2nn, wnere o v (E/c)/B, V3

the bending radius for the beam energy €. Thus,
v cang? L. D (5)
sc(total) : i Tc' '_'4."l ’
uoMde

with € in eV, 3 ir tes)s and other units also in the
mks system,

To {llustrate this relationship, we
some repretentative superconductors:

may choose
A: NOTY at 4,21, Be ST, jou 2x 109 A/m;

B: NbTY at 191, BeaB T, § = 2.3 x10%A/m?;

C: Nb3Snat 4,21, B« 10T, § = 1.25 x 109 A/m2;

and plot Vye(eotat) for £ = 20 Tev versus ry in Fig. 2.
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Fig. 2. Plot of the total volume of superconductor

versus aoerture for the bending magnets of a
20-Tev .-celerator. GExamples are for 5-, 8-,
and 10-T single-layer windings and for a 10-)
two-layer winding, each layer producing a 5-7T
increment (see below), all with ) = 1/3,

The general features are obvious: rero aperture
{s not gratis, and the superconductor volume is not
Just proportional to the aperture. Thus, we see from
the figure that a change from a comfortable ry = 3 cm
to an uncomfortable ry = 1.5 cm may save rather less
than 30% in superconductor volume.

The other components that contribute to the mag-
net cost have the same feature: a significant cost {s
incurred even for ry = 0 and then the additional cost
is eapproximately proportional to ry. This {s notably
s0 for the iron shield (whose cost may be between 10
and 50% of the superconductor cost, depending on field
and construction), and also for the cryostat (having &
high fixed cost and a very small increase with ry).
For superferric magnets, the iron cost dominates.

Influence of Current Density

From Eq. (4) or (5), we see that the relative im-
portance of aperture depends on current dens.ty. A
high current density reduces the overall superconductor
requirement by reducing the winding thickness term in-
side the bracket and the multiplier in front of it; in

Fig. 2, the intercept * 0 decresses like JEZ:
the slope of the curves decreases like J;‘. In a good

magnet design, the wiading thickness s kept as low as
pussiole, however, the 1limity are set by the highest
flux pinning strength {n available superconduttors.

ihe dependence of V. on current density {3 best
{1lustrated with the help of Fig, 3, where F verjus 80
{s given. The loct of roily containing Vy. £ 10°9 md/m
and also those with YO and 100 times larger V. are
plotted, The solid line s for ) s 0.2, the dashed
1{ne for ) = 0.4, both for ry » 0. The three thin,
deshed ‘ines are for ) = 0.2 and rq ~ 1, 2.5, and 5 cm,
The winding thickness d corresponding to the ?Qvon Vic
{s entered for each curve. In addition, we also enter
the availsble ranges of Fp B for various
superconductors.!

From this plot, we can estimate the practicabili-
ty of reaching high fields in superconducting dipoles.
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Fig. 3. Regquired flux pinaing strength Fp for
dipole windings of field B with a givern
superconductor volume V¢. per leagtn of
dipole. Several apertures for ) = 0.2 are
indicated; fo~ 3 = 0.4, only ry =0 s
given for comparison. The shaded rcgions
give Fp (averaged over the noncopper Cross

sec?ion) of avatlable multifilament conductor
and F, of a tape conductor for comparison.
The points are the three examples of Fig., 2.

The coil costs and the design complications increase

with Ve and with d; in fact, ore would like not to
exceed Voo » 1079 by more than & factor 2 or 3. The
Importance of high current density (high Fp) is
evident

The bands on versus; B in Flg. 3 of multifila-
ment conductours 1nJ1cate available material; it may be
that in the future the upper limit can be raised sme-
what," btut s unlikely to roach the performance
Tevels obtainable with tape. averaged over
the no opper (that fis, ronstabif‘zer) cross section
of the wire, and the myultifilamentary process for A.15
material olways leaves a substantial amuunt of fnert
material in the form of hronze and diffusion barriers
behind; for tape these components are not necessary.
The current densities and fields chosen for the exam-
plet in Fig. 2 reflect present state of the art,

Superconductor Cost

The cost of the supercenductor i

Co v asg s ( eg ) (&)
. p, * — r ¢ ’
w ¥y ' F; ‘1 o 1 Fp

where py i3 the price per volume of superconductor
|nclud\ng favrica’ion and stebilizing copper, 2tc. At
present, the lvpfolimltS (arge quantity) values of pg
are fpr NbTH: } Mi/m for NbqSn_ multifilament:
5 M/mi; (V36 might cost 10-15 My/md).

1t i3 seen from the formule that the cost 18 im-
proved by reducing the ratio py/Fp. This meany that an
improvement in Fp by mathods thyat also increase py 19



not of great help; this ic why NbTiTa need not be con-
sidered. The values of ps/Fp are for NbTi at 4.2 K,
5 T: 3x 0% §/N; at 1.9k, 10T: 2 x 107 $/N; for
Nbasn multifilament: 5 x ]0'4 9/N.  The cost unit §/N
indicates that the job of the magnet windings
restrain the Maxwell tensor of the produced field.

Manufacturers often give the conductor price p. in
$/kAm at a given field B. Multiplying pc by Jjc (criti-
cal current density in the noncopper cross section 3f
the conductor, in kA/m2) one obtains pg in §/m7;
dividing by B [T] gives pg/Fp n 3/kN.

The winding thickness should not be too large.
With ry » 2.5 cm, the three examples chosen for Fig. 2,
have according to Eq. (4), the following vsc: A

0.93x 1070 m; 8 7.4 %107 ml: €. 2.25 x 1077 .

The actual winding cross section is larger by a factor
4.7 (=—/"); that is, the ratio of winding <Cross sec-
tion to aperture becomes 2.4 x 103 V. and is for A:
1.2; for B: 1.8; for C: 5.4.

when the winding 1s too thick, tne single-layer
approximation becomes inadequate. The superconductor
being chosen for the highest field is overdimensioned.
There 15 suLstantial savings in splitting the winding
into high- and low-field sections,

is to

Dipoles with Several Leyers

The winding space {5 subdivided into n iayers.
Counting the layers, starting from the outermost, layer
¢ is between rg and ry, and layer #k is between ry .
and v with rp = vy, Each layer creates a field ﬁn-

crement AB,. The maximum field (that is, By in the
aperture) is the sum of all the increments. The thick-
ness of layer k is

) a8, * B, 7)
r -r, v 2 - .
kel 7 Tk ST TE)
where tp 1s characteristic for the superconductor
fn layer k. (In this example the field distribution

iy simplified and taken as independent of angle «.
In reality the field {s larger toward the poles and
smaller at the equator.) Taking the simple case where
811 {ncrements (B, are 2qual and Fpy the same in 8l)
layers, we get

8
Bk » k8 , and 48 « — . therefore,
n
" | 2(08)?
de= T r -r L] Tk
Kl kel Kk “O\FD
8 n(ne1) 82 \
. Xg — ?r, (SRS B (8)
o'p N o'p

In the limit of laorge n, the thickness i3 only one-half
of the single-layer thickness from €q. (7). In prac-
tice, one may reach a reduction of 0.6 or 0.7, an’
ne*3 or even n = 2 {y sufficient. The example of
two-layer coil 11lustratey this.

Two-Layer Winding

The thickness of the outer and inner layers are

B?
]
d] =roc "t 2 E;—T:—r;TrETT .
and (9)
28+ B
dzir‘]-”'?”—x—r——??—"
“0 "2 p2'7o
For the respective superconductor volumes, we have
(see Eq. (4)]:
, ]
VSc1 d(r‘ + d2 + 3 d])d]\] ,
and
s 4 ! b
sc2 ATy T 7 dle
Taking NbT§ for the outer and NbySn for the irrer

layer with the following values:

10 3 10
F .= : . S NmT
ol 0 " Nm; F 5 1,25 x 107 N'm™;

X1 . )2 . 0.333; 81 . ST‘
B, = 10T:2B=B -8 =57

we obtain the volumes as entered in Ffig. 2. for
ri = 2.5 cm the NbaSn layer has a thickness of
d> = 1.9 ¢m, the NbTi layer of dy s 1.2 cm, and tne
outer radius is rq = 5.6 cm. The ratio of winding
thickness to aperture {s now down to 4 (from 5.4) for
the single-layer, all-Nb3Sn winding, that s, a 25%
savings in suvperconductor volume. However, the cost
savings 1s larger because approximately half of the
winding i now replaced with the less expensive NbTH
conductor. The cost reduction is approximately 40%.
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More on Costs

Having discussed the influence of the aperture on
the total amount of superconductor needed for the
accelerator, we now ask: how large a fraction of the
tota® cost of the accelerator goes for superconductor?
In answer to this question, the cost of bend‘ny mag-
nets and of th~ ring tunnel has tn be considered,
both, individually, are dependent strongly on field
strength but their sum is much less so.

Magnets

Any accurate estimate of total magnet cost needs
more detailed design {information than is now available.
The two discusssions of this sub rct by Hassenzahl
differ so widely from each other that they can only be
taken as very pessimistic (1981} and very optimise
tic (1982)" nprediction. My own guess {s that the cost
per T.m for 2 T <Bg < 10T dipoles will be roughly
proportional to B, and, for ry = 2.5 cm, will he ap-
proximately 0.6 kSIQ.m at 2 T and 2.5 k§}’T.m at 10 T,
(For a 20-TeV accelerator, 4.2 x 10% T.m are needed.)
Alternately, the magnet cost can be taken a3 3-4 times
the cost of superconductor, using the volume of super-
conductor from Fig, 2. Between the two recipes, we



arrive at the following brackets for the total bending
magnet costs: at 10 T: 1.0-1.9 G§; at B T: 0.3-0.8 G§;
at 5 7: 0.35-0.5 G, at 2 T: 0.25 G§.

Tunnel

The other major cost {tem of the accelerator is
the tunnel. It 1{is inversely proportional to 0.
Assuming a tunnel length of 1.3 x 2ro = 8.2 (E/c)/8B,
and & price bracket of 2-8 M§/km (the upper limt
being probatly closer to a realistic cost), we arrive
at costs of tunnel + bending magnets in the following
brackets: for 10 T: 1.1-2.3 G6}; for 8 T: 0.45-1.35
G, for 5 T: 0.6-1.4 G§; for 2 T: 0.8-2.4 G§.

Aperture Relative to Total Accelerator (est

It should be understood that the cost brackets
given here are purposely quite wide. No attempt is
made to include any refinements or complications, surh
as the more esoteric technology of 5-T, 1.9-K magnets
with their smaller stability margin and increased
cryogenic requirements, or the higher breakdown reli-
ability requirements necessary for the lower field
magnets to avoid excessive down-time of the acceler-
stor. The given cost brackets are not sufficiently
narrow to favor any particular field; although, they
seem to indicate that the cost optimum will be found
in the middle rather than at the high or low extremity
of the fiela range.

We may assume that the cost of tunnel + pending
magnets represents about three-fourths of the total
accelerator cost. Thus, & change of 20% {n ry
starting from ry = 2.6 (according to Fig. 2, and
with tre use of above cost brackets and assimptions)
results in a total accelerator cost change almost
independent of the bending field. The change 1is 4-10%

for 10 7; 2.5-11X for 8 T; 3-10X for 5 T and 2-5% for
2 T (naving, in this latter case, assumed a change
with aperture in magnet cost of 80 M%/cm).

Conclusion

In conclusion one can say that in the range of
interest, a change in aperture diameter by a certain
percentage will change the total cost of the acceler-
ator by between a tenth and half that percentage only.
The pressure to choose an uncomfortably small aperture

is, therefore, not as strong as might have been
assumed.
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