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1. INTRODUCTION

It mav seem premature to design hardware components for LEP at a
time when some basic parameters of the machine are not yet finalized.
However, general methods and design principles remain valid througheout
changes in machine parameters, and are therefore worth being presented as
such. This is the spirit of this work.

After putting together a counsistent set of requirements for the or-
bit correction magnetic system, on the basis of presently available data,
the choice of a magnet geometry fulfilling these requirements is discus-
sed. A method for technico—economical optimization of the system is then
presented, leading to the choice of current densities. Finally, prelimi-
nary designs for the orbit correction magnets are given with emphasis on
the specific points requiring further study and the possibility of
exploring alternate technical options.

2. BASIC REQUIREMENTS

The principle of closed orbit correction in LEP versionm 111 has
been described in a note?) which constitutes the basis for our work.
The technological framework used to set design boundaries is essentially
that of the Pink Book3), and the relevant additions or modifications to

it at this date.

Function permits classifying corrector magnets in two classes: cor-
rectors for horizontal orbit called CH (i.e. vertical field magnets), and
correctors for vertical orbit called CV (i.e. horizomtal field magnets).
Corrector magnets are also of three different types according to their
position in the machine: standard lattice correctors, RF-section correc=-
tors, and interaction region correctors.This yields six classes of re-
quirements for the orbit correction magnets given in table 1 with the
number of units in each class. As far as standard lattice CH magnets are
concerned, the alternative solution of backleg windings on the main di-
pole magnets has been rejected, mainly because of large hysteresi323).
A common design requirement for all magnets is their magnetic length of
0.5 m, allowing their maximum field levels to be calculated from the
requirements of field integral given in reference 2). The gap of each
magnet must accommodate the LEP vacuum chamber, equipped with its lead
shielding and bakeout insulation; vacuum chamber design is not finalized
at present but the following guidelines4 have been used:

i) in the standard lattice correctors, the vacuum chamber has the same
quasi-elliptical cross-section as in the lattice quadrupoles; the
overall magnet aperture dimensions are 200 mm horizontally and
100 mm vertically, including fabrication and alignment tolerances- .

ii) 1in the straight RF-sections, one intends to use standard vacuum
chamber as much as possible; only between the installed RF cavities
will one use round 100 mm I.D. chamber, requiring a circular aper-
ture about [20 mm in diameter. Since the sections to be eguipped
with circular and elliptical chambers are not yet defined, and may



change as RF cavities are installed gradually in the machine, the
RF~-section corrector magnets must be tailored to the biggest aper-—
ture requirements, namely 200 mm horizontally and 120 mm vertically.

ii1) close to interaction regions, the vacuum chamber design 1s even less
defined; it will be fixed only at a later date. At present, a round
chamber of 160 mm I.D. is envisaged as one possibility, requiring a
circular aperture 180 mm in diameter. This value was taken as the
basis for preliminary design work.

iv) in all cases the longitudinal positions of the corrector magnets in
the machine are such that vacuum chamber singularities (compensator
bellows, connecticn flanges, pumping ports, cooling water in- and
outlets, electrical feedthroughs) fall outside the magnet apertures.

The maximum field inhomogeneity &B/Bg,4 tolerable in each corrector
magnet 1is 5%, in the useful region of the aperture2 , appearing 1in
table 1. 1In all cases the setting accuracy and stability has to be bet-
ter than 1%. of the maximum field value, and the maximum ramping rate

expected is 1% per second.

Each magnet will be energized by its own dedicated power supply,
through cables running along the tunnel. The power supplies serving two
adjacent half-octants will be located in a surface service building at
interaction points 1,2,6,7,8; for interaction points 3,4,5 which will
have no access pit to the surface, the power supplies will be imnstalled
in a . cave at the level of the machine tunnel®’/. The length of cabling
involved can be estimated from table 2, which gives the approximate lon-
gitudinal positions of the correction magnets in one octant, as obtained
from the AGS structure of LEP version 111); the LEP layout imposes loag
cables and thus favours low design currents.

3. THE CHOICE QF MAGNET GEOMETRY

The overall length of the orbit correction magnets, defined by the
longitudinal space available in the machine, is a fixed boundary to the
designer; optimal design then consists in finding a two-dimensional dis-
tribution of excitation coils and magnetic yoke which gives the wanted
field level and quality, while keeping to a minimum the transverse dimen-—
sions and hence the mass (and cost) of the magnets. Other important
parameters in selecting a geometry are magnet end effects, non linear
effects at low excitation (remanent field, variation of permeability),
stray field, transient effects wupon ramping, mechanical structure
stability, manufacture and assembly characteristics of coils and yoke.

In the following, three magnet geometries able to generate homogene-
ous dipole fields are investigated (fig. 1):

i) a conventional 'pole—and-return—-yoke' geometry, similar to that of
the radial field magnets in the ISR,

1i) a so-called 'window-frame' geometry,

iii) a 'horse-shoe' geometry.
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In order to compare the respective merits of each solution, a common
set of design requirements was established:

- gap = 200 mm (corresponding to a lattice CV corrector)

- field strength = 0,05 T

-~ field homogeneity better than 5%, over rectangular aperture
of (£ 55 mm) x (£ 30 mm)

- copper coils with average current demsity = 2 A mm™ 2

- yoke made of unalloyed low-carbon steel, identical to that used
for ISR magnets.

In each case, the two-dimensional magnetic field in the transverse
plane was calculated by program POLSSON’’/. Starting from simple confi-
gurations fitting tightly around the vacuum chamber, two-dimensional mag-
net designs were progressively refined in order to achieve the desired

field quality.

For the 'conventional' geometry (fig. 2), field calculations show
that with optimized shims, a minimum pole width of 240 mm is necessary to
fulfil the requirements on field quality. The flux return yoke, which
increases the transverse dimensions of the magnet, suppresses all stray
field in the transverse plane. The excitation coils are simple in design
and construction.

The 'window-frame' geometry (fig. 3) yields excellent two-dimensio-—
nal field quality with a simple yoke design. In practice, there are two
ways of building excitation coils for such a yoke geometry: bedstead or
racetrack. The latter, although simpler to manufacture and assemble, re-
quires more copper and hence increases capital and operation costs of the
magnets. Moreover, the current return path in the racetrack coils pro-
duces stray field around the magnet itself. However, the two-dimensional
field quality in the useful region is the same for both optionms.

The 'horse-shoe' geometry (fig. 4) permits suppressing one of the
two racetrack coils of the 'window-frame' magnet. Yoke and coil designs
are rather straightforward; a simple shim is sufficient to obtain the
desired field homogeneity in the gap.

The results of this comparative study are summarized in table 3: the
'conventional' and 'window-frame' geometries are comparable as regards
mass of copper and power consumption, while the 'horse-shoe' geometry al-
lows a gain of about a factor of 2 on both parameters. Therefore, it ap-
pears that the latter solutiom, which leads to a more economical design,
is to be preferred. However, before a final choice is made, other as-—
pects have to be investigated.

Strav field

The simple racetrack coils of the 'horse-shoe' and 'window-frame'
geometries produce stray field around the magnet, A calculation by
POISSON yields a map, of the flux lines in the transverse plane (fig. 3),
showing the decay of the field strength with increasing distance from the
centre of the magnet. Ways of reducing -this stray field by magnetic
shielding have been investigated, with 1little success; significant
improvements can only be achieved by using iron shields comparable in
size to the magnet yoke, which is both uneconomic and impractical.



Therefore, such a stray field seems unavoidable; however, it snould not
bring important adverse effects (magnetic forces, field perturbations),
since its strength, 2 x 103 T at 1 a from the magnet centre, 1S compar-
able to the stray fields of adjacent magunets.

Non linear effects at low excitation

The magnets studied here, being correction elements, are expected to
operate mostly at low excitation, say 10Z of their nominal levels. Hence
it is essential to study the degradation of field quality in those condi-
tions, due to variation of magnetic permeability and remanent field in
the iron: the former effect can be taken into account by POISSON, put not
the latter. The results of POISSON calculations performed on the same
'horse-shoe' geometry (i) at 100% excitation using the upper branch of
the steel permeability curve (fig. 6) and (ii) at 10% excitation using
the lower branch of the permeability curve, appear in fig. 7: the gradi-
ent produced by the difference in the flux path lengths in the low perme-
ability regions degrades the field homogeneity, however still within
acceptable limits, Moreovir, the coercive force in the steel tends to

compensate for this effectd’,

More critical than the field gradient inhomogeneity is the error in
the central field resulting from remanent effects:

-
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where the coercive force H. depends on the maximum magnetization previ-
ously undergone by the steel. Assuming that the magnet has been previ-
ously excited to its maximum level, one can then calculate B,y from
POISSON field maps and the measured values_ of coercive force versus ini-
tial magnetization of the steel (fig. 8)8). For a yoke thickness of 20
mm, the central remanent field is calculated to be about 107* T, 1i.e.
2%, of the maximum field. The absolute value of the remanent field
can be further reduced, if required, by:

i)  increasing the yoke thickness, thus lowering Hg;

ii) use of silicon-steel instead of unalloyed low-carbon steel for
the yoke (Appendix 1).

The presence of the remanent field will lead to a hysteresis effect,
depending on the excitation history of each magnet, which will affect the
reproducibility of the orbit correction. This problem could be solved,
as for the ISR, by the introduction of a numerical model describing the
phenomenon.

Mechanical construction

The dimensions of the yoke being defined by magnetic requirements,
it remains to check 1its mechanical stability upon magnetic forces. A
typical requirement is that the relative gap closure at maximum excita-~
tion should be small as compared to the tolerance on field inhomogeneity.
Due to the relatively low field level in the magnet, the magnetic forces
produce a maximum gap closure of only a few .m, which has a negligible
influence on the field quality.
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The simple geometry and small thickness of the pole pieces, as well
as tne slow ramping rates to be encountered, suggest a massive steel
plate construction, rather than the usual stacked lamination solution, in
which the punching of sheets would result in a considerable loss of
material (typically twice the amount of material in the yoke) and a more
expensive construction. Moreover, a yoke made of three bolted plates
would permit easy assembly of the coil around the yoke backleg. A4n esti-
mate of the field error due to eddy currents induced in massive pole
pieces upon ramping the magnets (Appendix 2) shows that, in principle,
the solid-cored solution is feasible.

The available standardsg’lo) on form and dimension tolerances of
rolled metallurgical products seem to show that thickness and planeity of
20 mm sheet are precise enough to use it as rolled for construction of
the pole pieces. However, should these tolerances not be met, one-pass
milling of the plate surface has proved to be a simple, inexpensive and
satisfactory issue .

The mechanical tolerances on coil fabrication and position have also
been investigated: the field error created by a gap of 2 mm between coil
and yoke (i.e. 1! mm surface insulation + 1 mm tolerance) can be easily
compensated by machining a small shoulder in the pole piece (fig. 10).

On the whole, it appears that among the different options studied
the 'horse-shoe' geometry fulfils all techmnical requirements for orbit
correction magnets in the most simple and economical way.

4, THE CHQICE OF CURRENT DENSITIES

The magnetic system for orbit correction in LEP includes the magnets
proper, their cables and power supplies; the aim is to minimize the total
(i.e. capital plus operatiom) cost of the system, according to the same
basic rules as applied to other LEP components :

i) the costs are expressed in constant currency units; the effects of
inflation and actualization are neglected.

ii) operation costs are calculated on the basis of 30'000 hours (i.e.
3'000 hours per year during 10 years) at a beam energy of 85 GeV.

iii) the cost of electrical power is assumed to be 70 SF per MWh.

iv) cooling and ventilation costs in the LEP tunnel amount to about
1'000 SF per kW of power extracted; for distributed loads, as well
as lumped loads of moderate power, air and water cooling costs are
comparable; due to the good heat exchange between air and cooling
water in the tunmel, all the heat added to the air will transfer and
ultimately be extracted in the cooling waterl3),

The following remarks apply:

i) the magnets considerad being correction elements, their r.m.s. exci-
tation level over operating lifetime will be only a fraction of the
maximum, of the order of 20%**’/; the corresponding average elec-
trical power consumption is then only 4% of the rated power, yield-
ing low integrated operating costs which can be neglected as com-
pared to capital costs.



ii)

iii)

iv)

in the range considered, and provided gne accepts the present safe
limit of 120 V maximum output voltage , it appears that the cost
of power supggies shows little dependence to output curreant or
output powerl° . This can be accounted for by the relative
importance of the coantrol circuitry with respect to the power stage
of the supplies. It is then legitimate to exclude the cost of the
power supplies from the cost function to be minimized.

remaining contributions to the cost function are thus magnet (yoke
and coil) and cable (material and installation) costs. The yoke,
being essentially determined by magnetic requirements, has no signi-
ficant influence on the optimum. As for the cables, installation
costs are not expected to be strongly dependent on their type and
cross—-section, in the range of low currents (a few A) and hence
small cross~sections (a few mm2) considered. The cost function then
consists only of the cost of copper in the coils and in the cables.

a survey of small cross~section biconductor cables meeting CERN
standard requirements (see Appendix 3) shows that the equivalent /%
cost of copper in such cables is in the range of 30 to 35 SF/kg, b
i.e. about the same as the cost of copper in an epoxy-impregnated
magnet coil of simple geometry . Therefore, mninimizing the
total cost reduces to minimizing the total mass of copper m in the
cable+coil system.

Which set of operating current I and current densities jy in the

magnet and jc in the cable will minimize m = my + mz under the
condition U = Uy + Ug < 120 V?

By definition

with

with

with

with

I = juSy = IcSc (D

Sy = conductor cross-section in magnet
S¢ = conductor cross-—section in cable

'
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> = resistivity of conductor
l1¢ = maximum length of cable per magnet.
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depends only on the variables jy and j¢.

The minimum of m is found by writing that:
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from which one can calculate the optimal current:

— opi ANT
4L =
Ve ex
and hence the conductor cross-sections Sy°P® and ScOPt.  The number

of turns in the winding is then:

NOoPT _ . e.*
A

mopr-= mcopl'z Zj_hfjAN_T_' \/ ecgcﬁf

This relation clearly demonstrates that the maximum output voltage of the
power supply affects the total mass of copper, and hence the economics of
the system; this is discussed in more detail in Appendix 4.

and

It is worth noting that in optimized conditions half of the total
available voltage drop occurs in the magnet winding, and the other half
in the longest cable.

The average and maximum lengths of cable feeding CV and CH magnets
can be estimated from table 2 and ref. 6); the corresponding optimal
values for current densities, operating current and conductor cross-—
sections appear in table 4.
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For the lattice corrector magnets, the maximum output vdltage of the
power supply imposes moderate current densities in both coils and cables,
However, due to the shorter length of the RF-section magnet cables, this
condition is not restrictive enough to define realistic values of current
densities 1in the windings of these wmagnets. Other technological
considerations need then to be considered, namely the power dissipation
and resulting temperature rise in the coils.

Temperature gradient across coil

Consider a coil of rectangular cross-section, of width x equal to
the gap of the magnet, and thickness e. Let q be the power dissipation
per unit volume, and K the equivalent thermal conductivity in the coil.
The steady-state temperature difference between the centre and the sur-
face of the coil is thenl8):

_ C? e.z
Al4 =

~~

L2 &K
Since g = M + and e = NSm
q=pPomf i
with f = conductor filling factor im coil,
then . 2
AT, = f ( NT )
' FRE x

For a given magnet, AT] depends only on the filling factor f and equiva-
lent thermal conductivity K; it is independent of the current density
ju in the coil.

The filling factor f which can be reasonably achieved in epoxy-im-
pregnated coils wound from enamelled (grade 2) round copper wire appears
in fig. 11 as a function of the wire cross-section*”?’/. Fig. 12 shows
the ratio of the equivalent thermal conductivity of the coil K to the
thermal conductivity of the insulation Kj as a function of the filling
factor £, for round wire windingsl8 .

From this data, one can plot the equivalent thermal conductivity
ratio K/Kj of the coil versus the cross-section of the wire (fig. 13):
using a bigger wire increases both the filling factor and the equivalent
thermal conductivity ratio and hence decreases the temperature difference
ATy (fig. 14). For all the magnets considered, the values of AT} obtain-
ed with wire cross—sections above 1 mm“ are acceptable (AT; < 15 K).

In the case of water cooling, the temperature at the surface of the
windings will be very close to that of the coolant, which can be kept
sufficiently low, thanks to the good heat transfer coefficient and high
specific heat of water. Therefore, water cooling at the surface of the
windings is not expected to set tight comstraints on power dissipation
and hence current densities in the coils.
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However, air cooling is worth being comsidered for it could bring
several technical simplifications to coil design: besides the suppression
of water piping and connections, a coil cooled by natural coanvection in
still air is intrinsically safe against overheating, and hence does not
require temperature interlocks and the associated cabling.

Let h be the heat transfer coefficient between coil surface and air;
the steady-state temperature drop occurring at the surface is

AT, = —

h Z
with Py = steady-state power dissipation in the coil
=_ = heat exchange surface area.

For the coil geometry considered, one can take:

Z ~ 2AhA=x

and thus: :
AT~ FNI .
2 - - ™M
Zh x &

so that, for a given magnet, ATy depends only on h and jy.

During machine operation, the velocity of air in the LEP tunnel will
be about 1 m_s~+, yielding a heat transfer coefficieént of about
9 W m2 K'I(ZO). However, to cope with all situations, the more con-
servative value of 6 W m~2 K-l used for natural convection in still
airl8) will be used in the calculations. Fig. 15 shows calculated
values of ATy for orbit correction magnets as a function of the current
density in the coils: acceptable values of AT, (i.e. below 40 K) can only
be achieved with very low current densities, at the expense of a large
amount of copper in the coils. This situation could be improved by
increasing either = (finned radiator plate) or h (forced-flow cooling,
heat pipe); both solutions require further investigation. In the follow-
ing we shall keep to the use of a water—cooled radiator around the coils.

Maximum power dissipation
R

Practical limits can be set on the current densities in the windings
by the power drawn from the supply at maximum excitation:

Py =09 ANNI) iy

This relation is shown graphically on fig. 16 for the different types of
orbit correction magnets. The techmology presently envisaged for the

_ power supplies tends to limit their maximum output power to about

1 kw?? , which we shall take as upper design limit. For the RF-sectionm
magnets, a rated power of 500 W (excluding the power dissipation in the
cable) is obtained with a current density of about 3 A mm < in the win-
dings. For the interaction region magnets, which need more ampére-turns
and are located closer to their power supplies, a rated power of 700 W
corresponds to about 2 A mm~2 current density in the windings.
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The above values will be used for preliminary work; finalization of
the RF-section and interaction region magnet designs will require a more
precise knowledge of the technical limitations and price-performance
relationship of the power supplies, which our colleagues of the ISR-PO
group are presently investigating.

For practical purposes, Sy and Sg will be selected among the
currently available standards. A proposed set of design values appear
in table 5 for lattice and RF-section magnets and in table 6 for inter-

action region magnets.

5. PROPOSED MAGNET DESIGNS

Having selected magnet geometry and coil current density, one is now
able to put forward a preliminary design solution for orbit correctiom

magnets.

Transverse cross—sections and calculated field quality of the propo-
sed magnets appear in figs. 17 to 28, while their corresponding technical
characteristics are listed in tables 7 and 8.

At this stage, further development work will be split into two
parallel lines, namely:

(i) More refined field calculations, in particular as concerns low field
imperfections and three-dimensional effects at magnet ends.

(ii) construction of prototypes, in order to assess technological prob—
lems and perform measurements (magnetic, electrical, thermal) per-
mitting to check the calculations and finmalize the design. The
prototype magnets will also permit testing of prototype bi-polar
power supplies, under comstruction in the ISR-PO group.
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APPENDIX 1

Magnetic properties of nom-oriented silicon steel

as compared to low-carbon steel

Silicon steels are used in place of low-carbon steels for AC elec-
trotechnical applications in order to reduce AC losses associated with
magnetic hysteresis. For LEP orbit correction magnets, which operate at
low field levels, the coercive force of the material used for the magne-
tic circuit may produce a remanent field in the gap degrading the field
quality and introducing a hysteresis effect having to be dealt with. One
way of reducing this remanent field is to use a material with lower
coercive force, provided other relevant magnetic properties remain
acceptable.

Fig. 29 shows the variation of coercive force H., induction at
saturation Bg,, and maximum permeability p§f¥ for non-oriented silicon
steels, as a function of silicon content . While low-silicon grades
do not seem to present any advantage over ISR low-carbon steel, high-
silicon (i.e. 4.25%Z Si) steel allows gaining a factor of 2 om H,, at the
cost of a modest reduction in Bg,r . Provided that plates of adequate
thickness are available, the merits of silicon steel could be assessed in
the course of prototype magnet work.
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APPENDIX 2

Field error due to eddy currents in solid-cored magnets

The feasibility of solid-cored (instead of laminated) yokes for the
orbit correction magnets depends primarily on the magnitude of the field
error created by eddy current loops induced in the pole pieces upon ram—
ping of the magnets; this field error should fall within the required
tolerances on field quality, or at least be smaller than that created by
the eddy current loops induced in the LEP vacuum chamber placed in the
magnet gap. The order of magnitude of the field error can be assessed
using the simple two—-dimensional model below.
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> . . .
The local eddy current density J occurring in the pole pieces of the
magnet, of electrical resistivity o, is givemn by the Maxwell-Faraday

relation: A
A = =

j)f‘ot J = - ?__'2

2L

In the eddy current sheets developing at the inner surface of each pole

piece, this relation integrates into:
L[]

3, -4 286, __ B

tT e nE E J
The eddy current density in the sheets increases linearly with distance
from the centre of the pole piece, where it is zero for symmetry reasouns,

Let e be the thickness of each eddy current sheet: although difficult to
estimate, e is upperly bounded by the thickness d of the pole pieces.
The steady-state field maps calculated (fig. &) suggest that e << d; in
the following one shall take e = d/2.

The elementary current circulating in each loop at distance y from the
centre is then:
' B.e
. - 0 ,
dIf = J,dS =_. =2~ 3:{5

The corresponding elementary field error produced by dI on the magnet
axis can be calculated from Ampére's theorem:

d(a,) = o 42T
sp that: e { YT o ) ‘
u
(] ‘JO ‘2'&' * 1
AB, = Zu B e { 4 e - 2-(*‘0_60@ (,40_%4}1-:3«\11)
th’ "}o b‘l'r'-'xal TP o Xy

i
With the following numerical values:

B, = 5x 1074 T 57! (i.e. 1% of B, per second)
e = 1072 n
p = 10x 1078 am (for low-carbon steel)
Xg = Yo = 107 o
one gets By = 1076 T
and MBy/By = 2 x 103

This 1is well within the requirement of 1%. setting accuracy; there-
fore it seems that a solid~cored comstruction is compatible with the ram-
ping rate and field quality required for the orbit correction magnets.
The use of silicon-steel for the yokes (see Appendix 1) would further
reduce the amplitude of eddy currents, thanks to the higher electrical
resistivity of the material.
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ABPENDTX 3

Cost Survey of DC Power Cables

In June 1981, eight major European cable manufacturers (listed
below) were surveyed for fabrication standards and prices of DC power
cables for the orbit correction magnets, on the basis of the specified
characteristics below:

- conductor material: copper or aluminium

- cross—section: two-core, 1 to 6 mm?

- insulation, sheath: EPR, fire retardant.

No firm proposed aluminium conductors in this range of cross-sec-
tions for which the standard fabrications are 1, 1.5, 2.5, 4 and 6 mm?.
The linear price to conductor cross—section relationship appears on
fig. 30 which suggests a specific price of 30 to 35 SF per kg of copper
in such finished cables, excluding installation. Most manufacturers are
also able to supply multicore cables of such cross—sections as standard
products, an option which may reduce installation costs.

- Alfacavi SpA, Via Serra 1, T - 15028 QUATTORDIO.

- BICC Ltd., 21 Bloomsbury Street, GB - LONDON WC 1B 3QN.

- Cibleries et Tréfileries SA de Cossonay, CH - 1305 COSSONAY-GARE.
- Cibles de Lyon SA, 170 ave. Jean Jaurds, F - 69353 LYON CEDEX 2.
- Fabrique Suisse d'Isolants, CH - 4226 BREITENBACH.

- Kabelmetal, Kabelkamp 20, D - 3000 HANNOVER 1.

- Pirelli SAPSA, Piazza Duca d'Aosta 3, I - 20124 MILANO.

- Thomson—Jeumont C3bles, 50 rue J.P. Timbaud, F - 92402 COURBEVOIE.
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APPENDIX 4
Ec mic inci ower

Minimizing the total mass of copper in the cable + coil system of an
orbit correction magnet 1is achieved by taking the current densities in
coil and cable such that:

~ U
P o
jo = —U

The corresponding mass of copper is

Zfec

ook opr o) *— 4w /\Ni-
m P_—_ mMP + mC_P = L
U

Figs. 31 and 32 show the variations of j@Pt, jﬁpt and w®Pt as a function
of U for lattice corrector magnets. The present design value of 120 V
leads to relatively low current densities in coil and cable, and hence a
large mass of copper (about 100 kg per unit). Upgrading the maximum out-
put voltage to, say, 180 V, would probably raise no extra requirement on
electrical insulatiom; above all, it would reduce by a factor of 1.5 the
amount of copper required, while still allowing acceptable current densi-
ties in coil and cable.

0, 0

The corresponding capital savings have to be put in balance with the
associated increased cost of the power supply. Present trends in
semiconductor device development lead our colleagues of the ISR-PO group
to believe that power supply output voltage could be increased, whilst
still maintaining necessary safety wmargins; development work will
continue in this direction.
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