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Abstract

To correct field and alignment errors, providefull aperture steer-
ing at injection, and control the horizontal orbit in the straight
section, a0.060 T-m and a 0.090 T-m correctors were designed.
The two magnets were chosen to have identical lamination cross
section andidentical coil packages, however thenormal low field
corrector has no cooling while a water cooled plate is incorpo-
rated to the high field one. Diffusion of the heat through the cop-
per conductor, insulations, and magnet steel, with and without
plate cooling, was analyzed, and temperatures were estimated.
We report in this presentation the calculations of the various
magnet parameters, and in particular, the procedure to optimize
thetemperature of the steel and thetemperature of theinner cop-
per coil.

|. Design requirements and constraints

Tracking studies at 8.9 and 120 GeV/c [1] have established
that correctors with rms value of + 35 ur in strength, will pro-
vide adequate correction at al energies. With astrength of 0.060
T-m, our normal corrector will provide 120 pr of steering at 150
GeV, afactor of 3.4 standard deviation at the highest energy.
This should alow for correction for unexpected field/alignment
errors and/or future orbit control requirements at high field. To
reduce unexpected dipolefield variations, we will consider shuf-
fling the main ring dipolesduringinstallation, and realigning the
quadrupol es during commissioning. Stronger correctors around
the straight sections are required to provide position and angle
control around the el ectrostatic septaand Lambertsonsduringin-
jection and extraction. To minimize corrector strengths at these
locations, the high field orbit is first determined by quadrupole
alignment. Then acorrector strength of only 0.090 T-m will pro-
vide 180 ur at 150 GeV/c and till provides a safety factor of
about 2 above the required strength.

In addition to the beam requirements, the design of the trim
dipole correctors was strongly restricted by first, the available
space, and second, the necessity to accomodate existing power
supplies. The horizontal trim dipoles are to be located upstream
in the proton direction of each quadrupol e, occupying a space of
no more than 17 inches. For the normal trim dipoles, the maxi-
mum current allowed is 10 amperes with aduty factor of 0.7. To
providethe stronger dipol esfor injectionand extraction manipu-
lations, weinvestigated the possibility of having an optional wa-
ter cooled plate added to the coil to be able to reach higher cur-
rents.

These specifications and constraintswere used as a basis of a
top-down optimization procedure that is described below. The
allowed currents, given the desired ampere turns, precluded us
from using copper tubing, but rather required low gauge solid
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Figure 1. Horizontal magnet corrector cross-section. The
dashed line shows an eventual way to increase the magnet area
for better heat transfer.

copper wire. We therefore concentrated our effortsin modeling
and evaluating the various mechanisms of heat transfer within
the magnet components and convection at the outside surface.
The main challenge in this optimization was to minimize the
temperature of the inner copper to reduce the risk of insulation
failure and the temperature of the steel surface for personnel
safety consideration. We decided to limit the copper temperature
t0 95° C (epoxy rating). We a so plan in using Dupont Pyre-ML
wire coating which can withstand 220° C. The steel temperature
islimitedto 50° C. Based onfailuredataof past dipolecorrectors
and other small magnets, we do not believe that extra coolingis
necessary for the normal corrector.

We assume an H type of magnet, with pancake coils around
the poles. The magnet aperture to accomodate the Main I njector
beam pipeis 2 inchesfor the gap and 5inchesfor the polewidth,
and these define the pole gap and polewidth in our magnet. The
magnet cross-section is shown in Figure 1



[I. Thermal model

The heat starting from the copper wire, flowsthrough thewire
coating, the epoxy potting and G10 around the coail, the steel
core, and finally isdissipated by convectionin theambiant atmo-
sphere at a 30° C temperature. Each one of this processes gen-
erates atemperature differential that will be estimated. A smple
series configuration is assumed, and alternate paths with higher
resistance to thermal flow have been neglected. We should men-
tion that a more elaborate thermal model of existing Fermilab
corrector magnets has been attempted. In thiscircuit-like model
thermal resistances and capacitances (heat capacities) are fitted
to measurements.[2]

To start with, we may assume that good thermal contact be-
tween the coil and the sted can be realized only at the bottom
or top coil surfaces. Using an electrical parallel circuit analogy,
the thermal impedance between the side of the copper coail to the
steel poleismuch larger than itscounterpart at thetop or bottom
interface. Alternatively, we also consider the possibility where
good thermal contact iseasier toaccomplish at thetwo coil sides.
It should be added that a small air gap will add a significantly
high series resistance to the heat flow. Therefore, we plan to use
thermal greasein al interfaceswith thecoil, aswell asmaintain-
ing good contact pressure.

The conductor coil made of copper wire and coating around
each wire ismodeled as a distributed heat source with an effec-
tive thermal conductivity that depends on the coating conduc-
tivity, coating thickness, and wire gauge. This effective ther-
mal conductivity can be derived by consideringaunidimensional
heat flow through alayer of copper, in between two layersof in-
sulation. The accumulated temperature gradient is then:

P 2t g

(1)
where % isthe heat flow per unit area, t isthe coating thickness,
and g is the wire thickness (gauge); A; and A. are the respec-
tiveconductivities. Sincethecopper conductivity ismuch higher
than theinsulator conductivity, the effective conductivity of this
medium is:

g
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More detailed calculations for the case of cylindrical wires can
befoundin [3].

We assume a4 mil thick Dupont Pyre-ML wire coating which
can sustain higher temperature (higher glass transition at which
mechanical properties change drastically). For this material the
thermal conductivity is about 0.16 watt/m.°C. The coil will be
dipped in epoxy to reduce air pockets.

The assumption of only one coil-steel contact simplifies the
heat transfer within the copper source to an inhomogeneous 1-
dimensional Poisson equation that can be solved easily:

Ae = A

d*T p
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p being the heat productionratein aunit volume of copper. Inthe
case of top/bottom contact, the temperature difference between

the hottest point (% = 0), on one side of the coil, and the op-
posite point closest to the stedl interface at a distance h (the coil
height) is:
_ P 4>
AT = 55-h (4)
Inthe aternate case of side coil-stedl contact, the temperature
depends on w (the coil width):

P W.s
AT = 5 "y (3) ©)
Next, the heat flow through the epoxy and G10, described by
an eguation similar to Equation 1, assumes athermal conductiv-
ity of 0.65watt/m.°C. The respectivethicknessesare 30 milsand
1/16 inch.
Finally, the convection at the steel surface is described by:

P

AT = TH (6)

A isthe external magnet area, and H is the heat transfer coef-
ficient by natura convection. Vendor painted auminum plates
can reach about 14 watt/m?.°C. Our magnet will be painted, and

we will assume this optimum value.

[11. Optimization of the copper and steel

Thesize of the copper cross-section, and thelength of the steel
core are dictated by the necessity to simultaneously

- reduce the power needed to energize the normal corrector.

- minimize the temperature of the hottest spot inside the cop-
per,
Thetotal length of the magnet, coil and steel being restricted to
16 inches, we loose stedl length as the coil package increasesin
width. We are |eft with only the coil width w and coil height h
as free parameters.

For a given magnet strength, the power and theinner coil tem-
perature scales like:

1 1 9
poOwer ~ E(L — Qw) (7
where L = 16 inches, and
AT 1 (8)
w?(L — 2w)?
for atop/bottom contact, or
1

AL~ 4h2(L — 2w)? ©
for a contact from both sides. These relations are plotted in
Figure 2.

Figure 2. suggests that a square coil of size 2 inch is agood
compromisethat doesnot overdesign themagnet size. Thisisthe
value adopted in the present design. The backleg and yoke are
fixed to a thickness of about 1 inch to have enough mechanical
strength. No saturation is expected given the low value of the
field in the gap.

Themagnet core as well as the copper coil are sufficiently de-
fined now to derive other parameters. In particular the amount
of heat produced when the magnet is powered to the required
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Figure 2. Effect of coil size on the amount of heat and on hot
spot temperature

strength and duty factor allows usto estimate the temperature of
the different components using the above model.

The stedl temperature is found to be 58° C. Thistemperature
will be decreased by increasing the magnet area. We are ex-
ploring two possibilities. The first oneisto have wide endplates
while the second one isto have a wedge on the top and bottom
of the magnet. The latter reduces the weight of the magnet. The
former may create a bottleneck for the heat flow, and increase
temperature gradients. In any case, we assume that the temper-
ature of the steel can be maintained below 50° C.

Next, thetemperature of the epoxy at the copper coil interface
isevaluated. The epoxy isa vulnerable component. If the con-
tact between the steel, G10, and epoxy istight (thermal gresseis
utilized), then thisinterface will be at temperature of about 57°
C. An air gap of 5 mils with the same heat flow, will raise this
temperature by 12° C.

Last, the inner coil temperature is found to be around 81° C.
Thisisbelow thelimit we specified. At this point we should say
that some gradients are short-circuited if we put a water-cooled
plate against the bottom or top of the epoxied coil winding. For
thisoption, with ahigher current of 15 ampere and the same duty
factor we reach atemperature of about 91° C. Thisisto be com-
pared to 120° C with no plate cooling.

V. Summary

The modeling of the trim dipole has been dominated by the
desire to minimize the temperature of sensitive components. It
gave usthefollowing directionsin which to orient the engineer-
ing efforts:

» There must be as much contact as possible between the coil
and the stedl.

« Thewinding impregnation should get rid of the air pockets
to maximize the effective thermal conductivity.

» Theinsulating materias are limiting components, and their
thermal conductance and temperature resistance should be
as high as possible.

» The lamination design should maximize the external mag-
net surface.

o The steel should preferably be painted in black.

In additionto the thermal calculationswe arein the process of
adding bumpsin the pol etip to maximize field uniformity. This
design will have to take into account the sextupole captured at
the ends since our magnet stedl israther short, 12 inches.
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