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Introduction

This report will cover magnet construction up through number 160
which took place at the end of December, 1978. We hawve in this group
almost 100 magnets that have had measurements made on them either in
the vertical dewar or in the Magnet Test Facility. This set of magnets
will“ be used as a data base to estimate what the systematic and ran-
dam errors are made during construction and also to try and set
realistic limits on what errors may be expected in the future.

We attempted to make #160 a magnet that would satisfy all of
the criteria necessary for an operating doubler magnet, however, in in-
corporating the necessary changes to make such a magnet a mumber of
troubles were encountered. All of these troubles have been met in same
form before and are generally reappearing for a second time. At this
point we are faced with the task of identifying these troubles, their
symptams, and instituting a suitable quality control program to elim-
inate them. Troubles exist with controlling shorts, wire size, mech-
anical tolerances, short sanple.tests on the wire, and the quality of
the test program itself. In addition, we must set up a system that
will allow us to speedily react to any indication of trouble.

The quality control system should be as diffuse as possible
with simple tests employing “"go-no go" limits and using umskilled people
as much as possible. It is realized that such a program will occasion-
ally produce bad test results. At this point there should be a skil-
led group of people that can access as rapidly as possible whether

there is trouble with a magnet or whether the test has sinply not been



carried out well. In any case, the work on that particular magnet

must be stopped until the problem is properly understood. As we

go through the magnet description in this report an attempt will be made
to define as many "go-no—go" tests and limits as are possible at

this stage.

1.1 Properties of Multipoles and Description of Coordinate System

The bore of the magnet is 1.5" in radius. Inside of this
volume a coordinate system is set up such that the beam travels
along the z axis in a positive direction. ILooking upstream the y
axis is wvertical and the x axis is to the right, thus, defining
a right-handed coordinate system. The inside of the ring is then
in the minus x direction. Fiqure 1.1 shows a cross section of
the coil with letters on it that are used in the magnet
assembly building to designate various portions of the coil.

The buss is located in the plus x upper, outer coil median plane
and crosses over at the ends where the connections fram magnet—to—
magnet are made on the minus x side of center. In addition to
the coil labels, collar dimensions are shown in the top part

of the picture. C and D refer to little shoulders on the sides
of the ccllars; PL and PPL refer to the parting line and per-
pendicular to the parting line directions respectively. This
same coord:i.nateT system is used for the roam temperature measure-
ments.

In this coordinate system we can express the fields by

the following equations.
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The vector potential is given by:
Az (r, ¢) = 1?1 (Cn Sin n¢ + D, cos no) (r/:ro)n

where ¢ is measured from the + x axis and r, sets the scale.

GAZ . r(n_l) .
0
_ 1 3z n -1 :
Br—-f—cp—:_gn = (CnCosmb—DnS:Lnncb)
o
B, = B_ Cos¢ - B¢Si.n¢
By = Br Sin¢ + B¢oos¢
rn-l
13X=-§tl n . {C,Cos mn~1)¢-D Sin (n - 1)¢}
0
rn—l
B,=Ln {C, sin (n~1)¢ + D_Cos (n - 1)¢}
Y n r n
o _
at y=0, we have ¢ = 0 and x = r, so:
n-1 ©
- x —
B, ® =-Inc *o BOE anxn
o
xn—l o
B: X =In D = BY b
Y n n rn Ol n

0
where a bn are the usual multipole coefficients.

In these equations, the units will be chosen such that x is
measured in inches. This is not a capricious adherence to the

inch system but rather comes about because 1 inch represents
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two thirds the magnet aperture. At this radius the multipoles

up through the 30-pole are all of the order of 10"4, and
hence, this multiplier may be suppressed. In everything that
follows in this report the units will be expressed in terms
of 107 at 1 inch for all of the multipoles.

The useful aperture of these magnets is about 1". In this
connection, it is worth remembering some simple properties of
multipoles. The first is that on a circle of a constant radius,
any given multipole has a magnetic field vector whose magnitude
is constant in value. Second, as one trawvels around a circle of

constant radius, the vector of the multipole rotates B _ 1 times,

2
where n is the multipole order. One can easily verify this

by thinking about a quadrupole field. Finally, recall that the
amplitude of the multipole is proportional to rg -1,

Our present magnet is very rich in multipoles. These largely
arise from the shaip corners on the coil blocks; the inner one of
vhich is located at about 72° and the outer one of which is located
at about 36°. Symmetry requires that all of the a,'s are zero,
and all of the odd bn's are zero. Thus, when we care to the analysis
of the fiéld as measured by the Magnet Test Facility (MIF). We will
have same handle on the size of the magnet errors by locking
at the coefficients that should not be there for a perfectly
symmetric magnet.

The calculated value of the multipole coefficients in
the body of the magnet as well as the integral values are listed
in the Table 1.1.1 below. It should be mentioned at this point
that all of the theoretical calculations on the magnetic
field resulting from a given current distribution have been done

by S. Snowdon.
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Table 1.1.1
Body Integral .

N # Pole b, bn

0 Dipole 1 1

2 Sextupole 7.28 41

4 Decapole 3.19 1.11

6 14-Pole 4.67 4.42

8 18-Pole -12.22 -12.08
10 22-Pole 3.73 3.64
12 26-Pole - .83 - .82
14 30-Pole .07 .07

An examination of the table in cambination with the little
| theorems about multipoles given in the previous will J_ndJ.cate
that if we know the multipoles wp through the 30th that then
we will know the magnetic field everyplace inside of a 1" circle
to an accuracy of better than % gauss out of 45,000. Figure 1.1.2
shows the magnetic field calculated from this set of multipoles

along the x axis. It is noted
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to this field. This camponent is necessary in order that the
integral of By through the magnet be independent of x. This occurs

because the ends of the magnet are curved in a circular fashion
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and hence as one moves out in x, the magnet beccmes slightly

shorter. This parabolic shortening of the magnet is campensated
for by making the field slightly stronger at larger x. This will
be discussed in more detail later.

Figure 1.1.3 shows a plot of the /B4l through the magnet as

a function of x. It is noted that the useful aperture is

Figure 1.1.3

limited to a *.0.8" and that past this point the field very rapidly
deteriorates. The second important point to note is that the
aperture in the x direction is larger than it is in the y direc-
tion. The sum of all the multipoles very nearly cancels at
about x = 1. However, when one moves off the y = 0 plane,
all of the multipole vectors are rotated by different amounts
and this fortuitous cancellation no longer takes place.

A magnet with such a rich hammonic structure has not been used
up to the present for an accelerator. Iron pole tips have been a
very convenient filter to smooth the field. However, if one is to
take advantage of superconductivity, it will be necessary to
solve the problem of controlling this harmonic structure carefully.
In fact, this represents the major challenge to the designer

of the accelerator for the future.
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Philosophy of Magnet Construction and Control of Errors

A simple calculation of the accuracy that it is necessary to
use when constructing a magnet, will indicate that the conductors
must have their position controlled to the order of .001". It is
not clear that modern technology is capable of this feat while at
the same time maintaining the cost of the magnet at a manageable
level. However, our experience has led to a new philoscphy of
magnet construction. An examination of the magnet cross section
shows that the uniform field is based upon approximating a current
sheet with a c:_:sinusoidal distribution of current density. However,
due to the finite thickness of the wires, the current sheet
becomes two rather massive current blocks, whose thickness is
far fram negligible. In fact, the corners of these current blocks
are the sources of the higher harmonics that are displayed in
Table 1.1.1. For instance, it is apparent that there are two
angles in the coil that can be adjusted such that the sextapole
and decapole camponents of the field are made to vanish (remember
that for a simple current sheet cut at 60°, the sextapole
vanishes). Thus, the first harmonic of the field over which
the gross geametry of the coil does not have a strong influence
is the 14-pole. The group of three very strong harmonics
14, 18, and 22, is mainly the result of the corners, and we

have very little control over the amplitude of these harmonics.

All of the lower harmonics are available for our control by

changing the angles that the current blocks occupy.
Once this is realized, a new philosophy for the control of

the magnets becames possible. Suppose we have a machine that will
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make magnets in a reproducible manner, but that these magnets
have a multipole structure that is wrong due to the shape for
instance being slightly different than the shape for which the
calculations were made. The result of these errors will be the
appearance of sextupole and decapole terms plus perhaps same
of the skew symmetric and normal harmonics that should vanish
because of symmetry. If careful measurements are made of the
magnetic field, it should be possible to calculate what changes
are necessary in the coil angles in order to make the lower har-
monics vanish as was the case for the desired perfect coil. Since
the higher harmonics, i.e., 14 and above are determined only
by the corners we have no control over these harmonics and hence,
there is nothing that can be done. However, the other side of the
coin should be that these harmonics very nearly have their calculated
values. That this is actually the case will be demonstrafed
in the section on harmonic analysis that follows. In other
words, all "near-by" shapes have a similar structure of field for
multipoles of 14 and higher and in addition sextapole and deca-
pole terms that can be adjusted by changing the key angles.
The absolute shape is not important —— only its reproducibility.

Figure 1l.3.1 then shows the possibility of controlling
such a machine by means of feed back in order to produce
accelerator quality magnets. In this feedback control system,
there are two loops. The first is a roam temperature measure-
ment of the field just after the coil has been collared. This
allows one to control slowly changing systematic errors such as
wear of the tooling, change in the wire size, or change in the size
of insulation used around the magnet coil. Since ultimately

the magnet must be used in its superconducting mode, it must
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be measured in its own cryost'at‘ and inside an iron return

yoke. These measurements provide the ultimate verification
that the quality of the magnet is acceptable for use in the
Doubler. They may take place as much as one or two weeks after
the coil has been collared, and provide an absolute measurement
of the field. Hence, one can see the crucial need for a rapid
method of verifying the accuracy of the coil construction such
as is provided by the roam temperature measurement. We will

discuss this in much more detail in Section 3.

Systematic Errors

In addition to the randaom errors due to conductor place-
ment there are systematic errors that arise for at least three
reasons:

a. Motion of the coil from magnetic forces,

b. persistent currents in the superconducting cable, and

c. magnetization of the iron.

Motion of the coil results fram the large magnetic
forces present within the structure of the magnet. These forces
are proportional to 12 and if the magnet is well made are balanced
by an elastic deformation of the coil collar. For instance, the
magnet lengthens by 70 mils when it is magnetized to 4.5 tesla.
This effect is negligible in its action on the beam, but does
mean that the magnet has to be supported properly in its
cryostat. The major diameter of the magnet also increases by
about 2 mils during magnetization. This slightly alters the
nmultipole structure of the magnet as it is excited.

Persistent currents in the superconductor are also present,
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and mainly couple into the sextapole camponent. These fields
tend to be constant in magnitude and hence are more important
at injection than they are at full excitation. Their structure
is displayed in Section 6. The iron in the magnet is mainly
in its linear region, however, a small non-linearity is calcu-
lated due to saturaticn effects, and this will be different for
the quadrupoles than it is for the dipoles. The effect as it
has been measured in the dipoles is discussed in Section 4.
The quadrupoles have not yet been measured and hence how well
the two will track when they are connected in series is not
known.

For all of the above reasons, a camplete set of dynamic
corrections must be made available. Unlike the iron magnets

of the past, these corrections must be under program control in

order to provide the proper correction at each point of the magnet

excitation, from injection to full field.

Model for Error Analysis

In order to analyze the errors that various distortions
in the magnet structure can give rise to, we have constructed
a simple model for the magnet. This consists of line currents
located at the centers of the busses in the real magnet. This
model has the virtue that it represents the actual magnet
quite well, and in the region inside of a radius of 1" allows
us to make simple calculations for what various distortions in
the wire placement will do to the magnetic field (these calcula-
tions were programmed by R. Flora).

We investigate here distortions of two types. The first

type is distortions caused by the magnetic forces distorting the
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coil support structure. There are two effects. One is that
the collar becaomes slightly elliptical and the wire moves
both in azimuth and radius. These distortions will be proportional
to the square of the current. Figure 1.5.1 shows the diameter of
the magnet as a function of excitation current. The curve
through this point is a fitted parabola and it can be seen
fram the curve that it fits the data nicely. Warren Young from
the University of Wisconsin at Madison has made calculations
~of the elastic deflection expected through the collar. These
distortions agree well with the values measured here. A
secand type of distortion that occurs under magnetic ‘forces
is a compaction of the wire in an azimuthal direction. The
theory will be worked out in Section 6. The distortion that
is calculated in that Section is used with the present model
to calculate the perturbations to be expected in the field.

Another set of perturbations investigated here are those
of a type that could be expected from various errors in the
manufacturing process. For instance, the radius may be
slightly wrong, the key angles could be wrong, the insulation
of the parting plane could have fluctuations in its thickness,
or finally there could be randam fluctuations in the individual
wires in the magnet. The error fields are highly correlated in
so far as the error in the position of one wire will necessarily
cause a displacement of nearby wires. However, correlations
between the two sides of the magnet and between the top and bottom
coil would not be expected. We will see later that the skew

symmetric terms which should vanish under perfect symmetry
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give us a sensitive measure of the various sorts of errors
that we are discussing here. The following tables give the
properties derived from this simple model. |

Table 1.5.1 shows the calculated coefficients for a
circular magnet with the wires equally spaced. This can be
campared with the multipole structure given fram S. Snowdon's
calculations, (Table 1.1.1 and it is seen that there is a good
'deal of similarity. We now describe various perturbations
that have been made on this basic structure. The following
tables show in the first colum the harmonic number where K = 0
is the dipole terms. The following four colums are the A,
and B for the inside and outside shell respectively. The
units here as mentioned previously are in terms §f é—g—x 1074
at 1".

Table 1.5.2: The distortion considered here is one that

increases the inside radius of the magnet by 10 mils.

All of the conductors maintain their same angles but

move out in radius by this amount.

Table 1.5.3: The distortion given here is specified by

| the following equation:
r =r, + .01 cos2¢

where R, is the original radius and ¢ is measured from

the x axis. This is an elliptical distortion of the magnet

and corresponds closely to the distortion caused by the

magnetic forces. The amplitude of the distortion is .01".

Table 1.5.4: Considers the distortion that would arise if

the collars are given an elliptical deformation. When a

circle is distorted into an ellipse, the points on a

circle move both radially and azimuthally. For a
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structure whose length 1s fixed, the peak radial
motion is twice the peak azimuthal motion. The dis-
tortion is given by the following equation.
> ¢ = =_01 sin2¢

The amplitude of the distortion corresponds to the
wires at 45° moving an amount equal to .01". Cambining
on half of this distortion with the distortion in
Table 1.5.3, would give the motion for an elliptical
change in shape of the collar structure with a radial
amplitude of .01".
Table 1.5.5: Considers the distortion caused by the
elastic campression of the wires in an azimuthal dir-
ection due to the magnetic forces. This distortion is
worked out in Section 6. The amplitude here corresponds
to a maximum motion of the wires equal to 10 mils.
Table 1.5.6: This Table applies to the harmonics
when the key angles are changed by 10 mils in a pattern

shown below.

¥s s\

\$ s}

The median plane is assumed to stay fixed.

Table 1.5.8: Shows that if the key angles are symmetrically
changed on only one side of the magnet, that then quadrupole
and 12-pole terms care in to the B series of coefficients.

Note that A coefficients are still all 0.
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Table 1.5.9: Displays the results for a 10 mil gap
inserted in the magnet at the parting plane on the right
hand side. Note that this generates all of the B's, however,
if a symmetrical 10 mil gap on the opposite side of the magnet
were inserted then the even B's would be double in amplitude
and the odd B's would go to zero. This table demonstrates
that the transfer constant and the sextapole moment are
very sensitive to symmetrical changes in the gap at the
parting plane; and that in addition, strong quadrupole

and octapole terms can care in if this gap is asymmetrical.

Table 1.5.10: Shows a distortion at the keys that is
described in the following diagram.

5/ %

The two top ];:éyé- are assured to move down by 10 mils, the
bottan keys are fixed and the coil is assumed to be an
elastic structure so that the parting plane would move
down by 5 mils on each side. This distortion breaks

the symmetry about the horizZontal plane and induces skew
quadrupole, octapole, etc., terms. Since it campacts
the coil more on the sides, it also changes the normal
sextapole, decapole, etc., terms in the B series .

Table 1.5.11: Shows the results of having a symmetrical

raising or lowering of the parting plane. The table
gives the values for a raising equal to 10 mils as shown

in the following diagram.
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In this distortion the keys are assumed fixed, hence,
the top coil becames more compressed and the bottaom coil
becames less compressed. If the coils are molded in
different sizes, this is the situation that would exist.
Again the skew terms are strongly excited.

Table 1.5.12: Considers the displacement of only one of

the keys. The other three are assumed fixed. This dis-
tortion completely breaks the symmetry of the magnet
and generates all of the multipoles. The amplitude

considered is 10 mils and it is depicted in the sketch

,\.%f!
! 

Table 1.5.13: Considers a case where the parting plane

shown below.

on the right hand side of the magnet is displaced upward
by 10 mils, the keys are considered to be fixed. Again
this distortion campletely breaks the symmetry of the

magnet and generates all terms, however, it can be seen

that the effect on B is minimal. It is interesting

to campare this case with the last one where the average
current density was not changed, but it is changed in
this case. This shows that the B's respond very strongly

to right-left gross distortions in the current density.
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Table 1.5.14: This Table shows the results of placing the

coil inside of the yoke, but having thé axis of the ocoil

displaced from the exis of the yoke. The only effect of this

displacement is to generate a quadrupole term in the amount
that is shown in the table. The fact that only the quad-
rupole term is important is a result of the radius of

the iron being very large campared to the radius of

1". Higher multipoles are clearly generated in the iron

but their scale size is related to a radius equal to the image

radius of the coil in the iron cylinder.
This campletes the lists of distortions that will be considered
here. In addition to these systematic distortions that can
be expected during the manufacturing process, there are also
randaom distbrticns due to fluctuations in the wire size, the
insulation thickness, the details of the winding and so forth.
An estimate of the magnitude of this type of error will be
made later.

There is a second model that is useful for understanding
the magnet. In this model, we replace the two individual
windings by current sheets located at their individual centers.
This model is useful because the coefficient can be writ-
ten down in analytical form, and some insight can be obtained
by studying the equations that result. We give below the
equations for the A 's and Bn's as an integral over the

current sheet.
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Table 1.5.14
TAX = +.01" AY = +.01"
= " = n
Sbl +.27 Sal +.27

K, (@) = ZKm(e) Cos mp + k(0 sin mp

Kmo\_ _2, a? T Mfap g
u, b

Kn bn -1
The K, even and Kno stand for the even and odd Fourier camponents
of the distribution. A properly constructed magnet will have a
current distribution that is symmetrical about both the horizon-
tal and vertical planes, and hence, one can see fram these equations
that all of the a 's will vanish and only the odd by's will be
present.

To camplete this model we should include the effects
of tl;e iron. However, a serarate study shows that to a very
high degree of accuracy, the iron contributes only to the di-
pole field. This is an important effect which we will need when
we discuss the ends of the magnet in more detail. Note, however,
that since the a, and b are all normalized to the field on the
axis, that if the iron changes the dipole field, tile a, and
b, will be decreased by the amount the dipole field is enhnaced.
At 45 kilogauss Snowdon's calculations shows that 18.64% of this

central field arises from iron.
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1.6 We give here an outline of the following sections of this
report:
2. Limits Set for Mechanical Tolerances
3. Room Temperature Measurements
4. DC Harmmonic Analysis
5. AC Hammonic Analysis
6. Stability of Magnets
7. AC Losses

8. Short Sample Tests
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Roam Temperature Measurements

As we have discussed previously it is necessary to have same
type of feed-back control on the coil assembly procedure. This feed-
back is provided by means of the roam temperature measurements that
will be described here. We have developed the facility to make meas-—
urements of the gradient of the field in the coil at room temperature
immediately after the coil is collared. These measurements will be
shown to correlate well with the later measurements that are made
when the coil is in its cryostat and ycke. We achieve two benefits
fram this measurement:

1. immediate knowledge is necessary in order to correct

systematic errors in coil production,

2. quality control of the coil before it is campletely finished.

The first allows us to monitor the effect of all of the errors

that can creep into the coil production such as small systematic changes
in wire sizec, the tooling aging, systematic changes in the insulation
of the coil and so forth.

We emphasize here that a coil can not be corrected after it is
manufactured, although, some thought has been given to a dynamic
type of feedback that would correct individual coils as they are
manufactured. This led to the invention of the so called key lock
type of collar where a loose wedge is driven to set the key angle
after the coil has been collared. We feel that such coil-by-coil
correction will not be necessary and it needlessly camplicates the
manufacturing process, but the concept is interesting. If coils of
much higher accuracy were required, it would be possible to collar
the coil and then correct its field afterwards by slightly changing
the key angle.

The second gain that We make by room temperature measurements

is that we are able to predict whether a coil has such gross errors



-28=

that it will be unsatisfactory as a final product. Thus, if a coil

does not came wp to standards, it can be aborted at this point of the

manufacturing process, and the costs involved in assembling it and

the cryostat can be saved.

The techniques involve measuring the field gradient in the

coil to less than one part in 104 at roam temperature. The measuring

system that has produced the results that we shall shortly discuss has

been developed with enormous persistence by R. Peters, and the coils

have been constructed by M. Kuchnir with great patience.

3.1

Method

Figure 3.1.1 shows the technique that is used to make
these gradient measurements. Each coil is over 22' long and
stretches campletely through the magnet. There are 12 such
coils, and their center-to-center spacing is .215". The
difference in the voltage between coils is either integrated
if the magnet is pulsed to about 100 amps, or alternatively a
lock-in amplifief is used and the magnet is excited to about 10
amps at 11 hz. The later measurement technique has supplied
all of the data in this report and seems to be the best technique.
These coils have been made by stretching thin tungsten wires
over precision pins. A stainless steel tray is located very
close under the wires and after the wires have been stretched,
this tray is filled with a room—cure epoxy. It has been
verified that the eddy currents in the tray do not effect the
results. The whole coil is then inserted in an oval bore tube
that can be slid in and out of the magnet bore. The clearances
are rather small and the bore tube simply rests inside of the
coil bore. The fit is such that its x position is prcbably

determined to + 50 mils and its y position to better than % .1".
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The ends of the coils are then collected together on

twisted pairs and brought to a switch. The switch allows the

difference voltage between any two adjacent coils to be applied

to the input of a lock in amplifier that is operating at 11 cycles.

The magnet coil is driven with about 10 amps of current at a
frequency of 11 hz. If the coils were ideally perfect the dif-
ference voltage would be proportional to the gradient of the
field inside of the magnet.

Consider now one of the harmonics of the field given by

br1 using the diagram shown below.

-

BY

n

B:=%, b, %
Cotl wipTH = 2W {
Xear- ¥e = d '
: ]
C‘r-&—-’

1 1"‘( > x
Xew

w

Figure 3.1.2

We can integrate the flux of this harmonic over a pair of coils
and calculate its difference. The result is the following

equation where the coordinates have been labeled in the diagram.

F(i) = %%%ﬂ (x+w" ¥ Towx-wth

F(i) = Flux through it ¢0i1 from harmonic #n

If we choose one of the loops as a standard and divide by
that voltage then we have an answer that is given in the

following equation.

F(i + 1) - F(i) _ .5by

. ntl
2BoW n+]

ntl _

X

+ (Xi - W

{(Xi a7 W)
n+l

- W)

+
(x; + W) Ly
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We see in this equation‘-the difficulty that arises with
this type of measurement, and that is that although the in-
duced voltage is proporticnal to the difference of the field
at the centers of the two coils, it is also a function of the
dimension of the coils. Thus, we can not distinquish between
a gradient in the field and a difference in the area of adjacent
coils. It was rapidly realized that one could not match

the areas of the coils to one part in 104 which is a typical

magnitude for the b, 's that we wish to measure. As a result

we decided that it would be necessary to calibrate the coils
in a uniform field. As yet this has not been done. In fact,
for the two primary goals of this measurement it is not nec-
essary since even with a coil whose individual loops have various
areas, we can monitor the constancy of the output of the
factory, i.e., if all of the coils are stable, they will
give the same pattern of the difference voltages. Many
studies of repeatability and struggles to eliminate the noise
in this system have resulted in measurements that are reproducible
to the accuracy that we require. However, it was felt that
same type of calibration of the instrument would be desirable.
That is, if we see a deviation occurring, how big is it and does
it correlate well with the field that will eventually be mea-
sured in the campleted magnet?
Calibration

In order to make the room temperature measurements
quantitative, we have attempted to calibrate them by means of
using the fields of the magnets we measured in the MIF. The

steps of this calibration are as follows.
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Magnets #109 through #128 were selected as a set of
normalization magnets (magnets #112, 122, and 125 were
not included).

The room temperature measurements for this set of magnets
was averaged.

The measurements made at the MTF on the same set of
magnets were also averaged. The measurements used were
those made at 2,000 amps and the values as integrated
through the magnet were the ones selected.

The MTF values are corrected to what the reading would be
with no iron and roam temperature.

A camparison is made between the two averages so cbtained,
and a correction for each pair of coils is calculated.
This correction then effectively cancels the built-in
differences of the coil areas and allows us to get
absolute values of the gradient of the magnet.

The last two steps need to be discussed. First of all,

as mentioned in Section 1, the multipole fields in gauss

except for the sextapole, are the same with and without iron.

The iron changes the dipole field by a factor of 1.23. How-

ever, since all of the multipole coefficients are normalized

to the central field, when iron is placed around the négnet

all of the coefficients will be decreased by a factor of 1.23.

Thus, the room temperature measurements and the MIF measurements

must be corrected by this ratio. In addition, the iron adds

a sextapole component to the field. The relation between the

cold and room temperature coefficient is:

b, (cold) = bn(rocm temp) /1.23 n#?2

1l
N

(bp (room temp) /1.23) + 6.22 n
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There are sane other discrepancies that the calibration

procedure covers up. The first is that the room temperature
measurements are made without iron, and if the iron is off
axis, it can induce a quadrupole moment (See Table 1.5.14).
This quadrupole error will be built into the calibration of the
room temperature measurements. However, the effect is probably
small since the induced quadrupole moment from an off axis
displacement of 1 mil is only 0.2 units, and we have normalized
to an average over 14 different magnets. If there is a sys-
tematic effect from the yoke it will show up as an error in
the RT calibration.

Two other effects are the preresistant currents in the
superconductor and distortion of the coils where they are
energized. For both of the reasons we have chosen 2,000 amps
as our appropriate comparison point. At this level the
preresistant: currents change the sextapole moment by less than
1.2 (decrease) and the forces which are proportional to I2
are only 1/4 their final value and, therefore, have made
negligible distortion of the coil package.

We now display in Figures 3.2.1 to 3.2.2 a set of repre-
sentative roam temperature measurements. The first figufe
shows representative sets of magnets included in the range of
#110 to #128 that were used for calibrating the measuring coil.
It should be emphasized that the camparison only required
that these curves agree in an average sense. The fact that
fluctuations are well reproduced is an indication that the
measurement is working well. The last Figure includes magnets
outside of the calibration range and it is seen that the rather

large changes in sextapole moments of these magnets which are
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picked past #130 is well represented by the measurements. In
these curves the circle is the result of the romm temperature
measurement and the asterisk is the predicted nurber as measured
at MIF for the completed magnet.

The roam temperature measurements were the first to show
up an error in magnet construction near magnet #130, aﬁd this
case represents a nice example of the way that room temperature
measurements will be able to monitor the quality of the coil
assenbly. As we will see in Section 4 sare place around magnet
#125 we suffered fram a defective shim in the magnet. Due to
the time lag between when the coil was formed and when the magnet
was campleted and assembled in a cryostat, this defect was
not discovered immediately. However, we had at this time,
started the program of making room temperature measurements.
Figures 3.2.3 and 3.2.4 show a pair of coils, one suffering
from a crushed key and the other properly assembled. It is
seen that the room temperature measurements indicated that a
trouble existed in the coil. If we had understood the room
temperature measurements well enough at the time, this would
have enabled us to eliminate the defect immediately. Instead,
the defective part has probably been built in to about 15 coils.

In order to use thé room temperature measurements in a
quality control program, it is necessary that we place limits on
what is acceptable in a measurement. We will see in Section 4
the anly harmonics that vary with magnet construction are the
ones up to decapole, and since the only terms to which the room
temperature measurement is sensitive are the normal series of

bn's. We see that the room temperature measurements is
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monitoring the four coefficients bl' b2, b3, and b4. However,
an examination of the shape of the curves in Figures 3.2.1 to
3.2.4 shows a rapid change at the outer coil due to the higher
multipoles that are being measured. Since these higher multipoles

do not change, it would be useful to subtract their calculated

values out of the measurement in order to display the lower
order harmonics more clearly.

To do this, we chose the field given by:

n | by

6 3.69
8 |-12.79
10 4.56
12 |- 1.24

The calculated response of the RT coils to this field
is subtracted from the actual measurement and same typical
results are given in Figure 3.2.5. Camparison with figures
3.2.1 shows that the subtractions is at least a qualitative
success.

In order to investigate the success of this
procedure, we have analyzed all of the magnets measured at
both room temperature and at the MIF. The RT measurements

are treated in the following fashion. First the two sums are

formed.
EX) =1/2 F(X) + F(-X)) 6 points
oX) =1/2 (FX) - F(=X)) 5 points

A least squares fit is the mode using:
Ep(X) = By + BX?
Op (X)

Bl' Bz, B3 and B4 are directly related to bl' b2, b3, b4.

3
B2X + B4X
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If the RT measurements are correct, we should be able to campare

with the same coefficients as measured at MIF. Figures 3.2.6
through 3.2.9 show the camparison on magnets #101 to #149 of the
first four b .

First, lets consider by. There is clearly a correlation
of the two numbers, but there is also a spread outside of the
measurement errors. Remember that the normalization only requires
that the average b; of magnets #110 to #128 agree for the two
measurements. Correlations between the two sets of numbers
' are significant and not the result of normalization. However,
also we must take into account that the RT b; is measured
without iron and that the MTF by is with iron. If we assume
that the measurement errors are small, then we have discovered
2 measurement that is sensitive to the accuracy with which the
magnet coil is centered in the yoke. The two displaced 45°
lines contain most of the magnets. These lines correspond
to a displecement of * 5 mils of the coil axis from the yoke
axis and give roughly a one ¢ effect.

Next, we examine b2, b3,
is quite nice, and will serve well to control the sextapole

and b4. The agreement of b,

moment. The correlation plot for b, is same what worse and b3
looks pretty rough. I have not yet examined the least squares
program to see why there is so much difficulty. However, it

is worth noting that the RT coils is merely placed in the bore
of the magnet. Figure 3.2.10 shows the results of a calculation
by R. Peters of the effect of the coil being misplaced by + .1"
and + .05". This error would upset the measurement of b4. Sim-

ilarly x displacements would undermine the determination of b,

although averaging the values for positive and negative x
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reduces the impact of such diéplacements. More work is needed
here. One additional source of noise is an unexplained fluctuation
of the differences of coils #7, #8, and #9. The smcothness

of the curve is always better for the -x coils. A new measuring
coil is being constructed to try and eliminate this effect.

In the next subsection we will propose limits for an acceptable
magnet when it has a RT measurement made.

DC Harmonic Analysis

After the magnet is campleted and assembled in its cryostat, it
is moved to the Magnet Test Facility (MIF) where it is connected to a
1,500 watt refrigerator and cooled for its final verification. We will
discuss here the DC harmonic analysis that is carried out. This measure-
ment is made by means of an 8 foot long coil. The coil consists of two
planar loops located at different radii. The magnet current is held at
a constant value and the coil is rotated. The two loops which have
nearly the same area are balanced against each other to cancel out
the dipole component. A Fourier analysis is made of the difference
of the induced voltage between the two coils. Since the coils are
located at different radii, the difference in induced voltage is a
measure of the higher harmonic content of the magnet. Since the coils
measure out to about 1", the field every place within the useful
aperture is determined.

It should be noted that it is dangerous to extrapolate to
radii much larger than 1". This is because these higher harmonics
are multiplied by large powers of x, and hence, for instance, the
30th pole which is rather poorly determined can rapidly became
very much more important in its influence than any of the remaining

14

terms, which are accurately measured. For instance at 1.2", x°° = 12.8!

However, remember:ing‘the theorems on multipoles that were mentioned
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in Section 1 and that the 30th pole is only a fraction of a gauss at
1" while the central field is 45 kilogauss, it is clear that we have
a very well determined field within the aperture that the beam will
occupy. If it is necessary to use fields outside of the 1" radius
in order to follow beam trajectories during extraction or injection
it would undoubtedly be wise to use the calculated values for the
multipoles above the 22-pole rather than the measured values. There
is o reason to believe that these harmonics have other than their
calculated values.

Since the coil that measures the field is only 94" long and
the magnet has an effective length of 254", it is necessary to make
three measurements in order to measure the field through the whole
magnet.

In Section 4.1 we will discuss in detail how these three measure-
ments are joined together in order to get this integrated structure for
the whole mgnet.

4.1 When the magnet is measured a warm bore is inserted into

the beam tube, and the measuring coil rides within this tube.
Its position is difficult to survey in an absolute sense. We
therefore, had to develop a means of locating this coil without
trying to survey it by same optical technique. We can explain
this technique by means of the following s:implé example:  Sup-
pose there is only an 18-pole term present and suppose that the
origin is displaced by an amount Ax. We can then expand the

new multipole structure as is indicated in the following

equation:

by () = byl + 08 3 x° + sabex” + b 8

8
We see that a displacement in the x direction has generated a
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camplete set of multipoles from 18-pole down to dipole. However,
to first order in Ax, we have only generated a l6-pole term.
We now invert this procedure and instead of calculating the 16—
pole fram the displacement, calculate Ax by assuming that
the entire 16-pole measured is generated by a displacement coupled
with the strong 18-pole naturally present in the magnet. This |

would then give the following first approximation for displacement.
by

A similar equation exists for Ay, i.e., the 16-pole skew

Ax =

term a- can be generated by a displacement in y fram the
normal term.

We have pursued this line of reasoning and have inves-
tigated determining the center fram measurements by using the
18-poie and as a first approximation seeting the 16-pole ;kew
and normal terms equal to 0 in order to generate a Ax and a Ay.

We have also examined using as a driving term the 22-pole and
setting to zero the 20-pole terms.

Ax and Ay are generated in the linear approxjmi:ion, however,
the transformation for the set of multipoles by Ax and Ay is done
in an exact manner except for the fact that one has to neglect
all of those multipoles above 30 which have not been measured.
Since the calculated values for these multipoles are negligible
within the region that we are working, we feel that this is a
valid approx:.matlon

In order to correct for the probe centering then the follow-
ing program is carried out:

1. The Ax and Ay are calculated using the 18-pole normal
camponent as a driving term and setting the 16-pole normal

and skew terms equal to zero. The values for these terms
at 4,000 amps are the ones that determine Ax and Ay.
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2. Keeping Ax and Ay fixed at the above value the whole set of
harmonics at all of the measured currents are translated
to the new coordinate center making an exact transforma-

tion neglecting only those multipoles above 30. (See a

note by S. Ohnuma for a description of the program used.)

Note that this gives a set of measurements that is
basically centered on the sharp corners of the coil as determined
by the collars and not necessarily the point in the magnet where
the slope of the field is zero. This is determined by the quad-
rupole and octupole camponents and may or may not coincide with
the center as we have just determined it.

The same x and y value is used for all of the currents at
one z location since the coil has not moved between these meas-
urements. However, the coil is moved when different z positions
are measured and hence Ax and Ay may be different for these
other positions. There are three sets of data to be corrected
as described above; two for the ends, plus a center measurement.
When the corrections have been made, a proper weighted integral
through the magnet is generated for each harmonic and each
current. As the coil positions slightly overlap, a canmplete
integral for the magnet is accurately generated. Since we
have measurements of the two ends and the center separately
we can abstract the behavior of the end fields as differentiated
from the body field of the magnet. These measurements will be
discussed in a section on ends below. The amount that the
measuring coil is inserted in the magnet is recorded auto-
matically in terms of the voltage induced in it by the dipole
canponent field as it is rotated, and these murbers are used
to make the weighted integral.

We can now examine the effects of shifting the coordinates.

Figures 4.1.1 and 4.1.2 display the consistency of Ax and Ay



~48=

as generated by the 18-pole term and the horizontal axis displays
Ax and Ay as calculated using the 22-pole. It is seen that
within about * 15 mils these measurements are consistent with
each other. It should be noted that the underlying assumption
made is that there is no natural 16-pole or 20-pole component
in the magnet when we calculated Ax and Ay. Hence, the fact
that these two methods of calculation do not agree is a reflec-
tion of the fact that there is same natural 16— and 20-pole
caomponent present in the coil structure due to small asymmetries
in the construction process. The spread in x and y from these
two measu:rements is oonsistent w1th the 16— and 20-pole terms
being an order of .1 to .2 in value.

Let us now examine what effects these shifts have on the
multipoles. Figure 4.1.3 shows the a asa function of N as
measured in the raw data. A wvery strong 16-pole term at N = 7
is seen as well as terms at N =5 and N = 9. The data in this
curve and the following curves are for the central field at
" 2,000 amps. The shift in this particular case was calculated
from the 3,000 amp data, although the nommal procedure is to use
the 4,000 amp numbers. Also the coefficients displayed have been
averaged over a set of magnets from number 110 to number 128.
There are 16 magnets in this set with number 112 and 125 mis-
sing. During this period of construction the assembly of the
magnet was kept fixed, no intentional changes were made. Hence,
this data set can be used to estimate what the random errors are
in the construction process. The same set will be used as a
control in the rest of this study. The error bars in Figure 4.1.3
indicate the xms spread generated by ;veragj.ng over the set

of 16 magnets. Figure 4.1.4 shows the corresponding set of bn
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as measured also at 2,000 amps. Here the very strong 18-pole
at N = 8 is evident as are also the decapole l4~pole and 22-
pole terms at N = 4, 6, and 10. We next loock at Figure 4.1.5
which shows the values of ap after they have been shifted using
either the 18-pole term as a driver or using the 22-pole terms
as a driver. This data is shown in Figure 4.1.5. One can
see that there has been a dramatic reduction in the set of
errors driven by the larger multipoles in the normal expansion.
Except for the skew quadrupole and octapole all of the terms are
small and, in general, above the decapole have a value consistent
with zero for an average and a spread of + .5. This curve then
represents one of our first important results, namely, it gives
the noise spectrum of the skew symmetric harmonics of the
magnet. - Since the error bars are all large campared to the avérage
value of the terms, we assume that there is no systematic skew
error being made in the manufacturing process. 7his statement
does not apply to the skew quadrupole and sextapole terms, and
we will discuss these separately.

Figure 4.1.6 gives the average over the 16 magnets for

the shifted b,. The terms b,, b,, b., etc., should be missing.

1’ 73" 75

By symmetry the errors of these terms are comparable to that
for the a, for n < 5. The black squares are the values that
are calculated by S. Snowdon. Except for the sextapole, the
values agree well. As will be explained later, the geametry
of the key angles was incorrect, and hence, the sextapole is
wrong. It is seen that the major fluctuations occur in n=1

to 3 as was the case for the a,. Our major concern will be with

these low harmonics.
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4.2

Since the centering process is applied to all of the
measurements it is important to understand whether we disgquise
or eliminate certain errors in the fields through this pro—
cess. It should be noted that the transformation equations are
exact and the only approximation made is that we neglect multipoles
above the 30-pole term. Since calculations show that these have
magnitudes of less than 1/3 of a gauss inside of a 1" circle,
we can rest assured that if the displacements are small, the
transformation will accurately preserve the field shape.
However, the question remains, are we finding the same center
for the middle of the magnet as we are for the ends, and are
we disguising or covering up errors in the magnet structure that
we need to discover? To address this problem I have considered
the centering process as applied to a model magnet with errors
induced it by the distortions discussed in Section 1.5.

It is recalled that the model repiaces the conductors with
current filaments located at the center of each conductor.

These are then displaced in a known manner and the exact field
is generated. We consider here several of the distortions as
generated in this model, and we use the prescription in the last
Section to relocate the center of the field.

Consider, for instance, the distortion discussed in Table
1.5.8 where the coils on the right hand side of the magnet are
pinched together and, hence, there is a normal series of
quadrupole, octapole, etc., terms generated. Since no asym—
metry about the horizontal plane is generated by this distortion,
there will only be an x displacement generated by our centering
procedure. Table 4.2.1 shows the results of calculating DX by

means of the following simple equation:

Dx=bn—l
nbn
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The first line shows how far the X displacement would have to be

in order to eliminate the quadrupole moment due to this distortion
by cancelling it against the normal sextapole moment of the magnet.
The answers are in inches and the distortion assumed is 100 mils
instead of 10 mils as it was in Table 1.5.8. Nommal centering
procedures would use K = 7 which corresponds to the 16-pole

term being reduced to 0 and the 18 pole term being a driving
source. It is seen that the procedure would yield a DX of .029".
Other multipoles considered as drivers and other terms considered
as pairs are shown in the colum under DX. A point to note here

is that for the lower order terms, i.e., quadrupole, octapole,
etc., the shift calculated fram the 16-pole is only 1% of the shift
that would be necessary to reduce the lower order terms to 0.
Hence, real magnet with a skew asymmetry of .100" (enormous!)
subjected to our centering operation would have a shift of .029",
and this would leave the real errors in the lower bn' essentially
unchanged.

Table 4.2.2 shows the corresponding calculations for this
distortion considered in Table 1.5.13, i.e., an upward displace-
ment of the right hand median plane by 10 mils. This table
yields because of the asymmetry of the distortion both of DX
and DY. Table 4.2.3 shows the results for the distortion
considered in Table 1.5.11 which is an upward shift of the
parting plane on both sides of the magnet by 10 mils. This
effects only the skew symmetric terms and hence only yields a
DY. Table 4.2.4 shows the results expected for a displacement
of the upper right hand key by 10 mils while keeping the median
plane fixed. This distortion has not been considered in the

previous tables. Again it breaks all of the symmetry so it

yields a DX and a DY.
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In all of these tables it is dbserved that the shift
necessary to restore the center as measured by the l6-pole is
very small campared to the shifts that would be necessary to
eliminate the lower order multipoles. In fact, we can say
rouchly in this linear approximation that the effect of the shift
on the lower order terms is in the ratio of the DX calculated
for the two different values of K. The results of this study
then give us same confidence that for a real magnet when the
origin of the measurements are shifted by the prescription des—
cribed in Section 4.1 that we are not eliminating lower order
errors. Small effects in the higher order temms, of course, are
not independent of the shifting procedure, and in same sense
we can anly arrive at a feeling for the magnitude of these
terms by seeing what fluctuations exist over a large series
of magnets where we make a shift at one current and study the
field at other currents.

This study can be turned around and another conclusion
drawn. When one makes a distortion of a field it is never
clear whether the shape of the field has been changed in a
fundamental way or whether one would find an equally good
field by moving the coordinate system slightly. For the
distortions considered here this study shows that no trivial
translation of the coordinate center can restore the field.

The terms that are induced by these changes are fundamental and
deleterious to the field desired. We will now procede with a

detailed discussion of the multipoles as they have been measured.
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Multipoles as a Function of Magnet Member

The primary goal of the magnet development program is
to set up the machinery to construct magnet coils with acceptably
small errors. In the last section, we have been examining the
size of these errors for a group of magnets that have been made
for the past year. We will now consider the variations of the
multipole structure with magnet member. To anticipate the con-
clusion, this section will show that the low order multipoles
i.e., up through the decapole, are subject to fluctuations in the
magnet structure itself. The higher order multipoles are not
influenced by small changes in this structure.

We will consider magnet members starting with magnet #100

and proceeding up through magnet #150. During this time varidus
structural changes were made in the magnet, and as we shall see,
these changes resulted in a change of the multipole structure.
In addition, as we shall see, unintended things were haépening
inside of the magnet structure that resulted in undesired mech-
anical changes. We show here how these mechanical fluctuations
can be detected by means of the magnetic measurements and make
sare attempt to identify their source.

First, consider the harmonics as measured in the central
region of the magnet and the end fields will be examined later.
The central fields are a function of the two dimensional cross
section of the magnet and studying the fluctuations in these
fields should give us same indication of the dimensional accuracy
of this cross section.

Figures 4.3.1 through Figures 4.3.28 gives a camplete
set of multipoles as measured at MIF for the magnet series
between 101 and 149. The horizontal scale is such that the

4

smallest unit put out by the teletype is 0.2 x 10"~ and the
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divisions labeled 1, 2, 3, are in units of 1 x 1074,

First, lets examine the bn's show in Figure 4.3.1 to 4.3.14.
One notices immediately that there is a large apparently randam
fluctuation in the normal quadrupole mament. This quadrupole
term is driven by errors in centering the coil in the ycke and
by right-left asymmetries in the vcoil structure. Next, we
observe in Figure 4.3.2 that the sextapole mament is also fluctu-
ating badly, but that there are also systematic changes occuring
in it. There is a drop from positive values to negative values
that takes place at magnet #110. The values then fluctuate
in the negative region up through magnet #129 at which point
they go positive and then there is a second jump in the pos-
itive direction at magnets in the 140 series. These changes are
a result of physical changes in the coil. For future reference,
a short history is given here:

Magnet #103: Type V collars and an outer

coil size that has been increased by .007".

Magnet #109: At this point we discovered that

the collars had not been campletely closing around

the coils. Fram this point on, all collars are

Type V and are tightly closed.

Magnet #126: Outer coils was to have been

decreased in size by .007".

Magnet #130: Reduced imner coil size .005",

outer coil size .008".

The effect of the collar closing on the magnet can be
seen in the big change of sextapole maments fram positive
values to negative values at magnet #109. These changes before
magnet #109 are camplicated in that the collar type was changed,
the shims on the outer coil were béing changed, and an undiscovered

gap existed in the collar structure. Fram magnet #110 to
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to magnet #128 no intentional changes were made in the magnet
structure. The change in the shims at magnet #130 came about
because the magnets were discovered to have a sextapole moment
fram the ends that was much more negative than calculated. Hence,
the change in magnet #130 was intended to correct for this end
sextapole mament.

Lets now examine the rest of the multipoles. Figures
4.3.3 and 4.3.5, etc., shows the octapole, 12-pole etc., and
these terms it is noted, do not react to any of the changes in
the structure that are exhibited by the sextapole. However,
an examination of Figure 4.3.4 shows that the decapole has
changes at magnet 108 and at magnet 130, and 148 and these
changes are systematic rather than random. Again we will show
that these are correlated with changes in the magnet structure.

The examination of Figures 4.3.8, 4.3.10, 4.3.12 shows
that the series of mutlipoles 14, 18, 22, and 26 are esséntially
stable and exhibit none of the fluctuations that the sextapole
and decapole do. Thus we conclude that the magnet structure
itself is mainly active in influencing the multipoles up through
the decapole in the normal series of multipoles.

Lets now examine the skew termms. Figure 4.3.15 shows
large and uncontrolled fluctuations in the quadrupole mament.
This term is driven by asymmetries in the manget structure
about the parting plane, i.e., the top is different than the
bottom. The skew terms can further be divided into temmms
that are symmetric about the vertical axis and asymmetrical
about the vertical axis. The quadrupole is an example of one
type and the sextapole an example of the other. Fig. 4.3.16 shows

the skew sextapole. A comparison of the following figures show
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that the sextapole and decapole have smaller fluctuations

than the quadrupole and octopole do. Again there is no obvious
association between these terms and the big changes that were
taking place in the sextapole. This shows that to av fairly
good accuracy the collaring operation is not introducing ver-
tical asymmetries into the coil structure. We will examine
this in more detail shortly.

Model for Construction Errors

In principle, a careful measurement of the magnetic
structure of the field will enable us to recanstruct the current
distribution exactly. However, the limited accuracy of the
measurements prohibits this in practice. Hence, we must find
a way of analyzing the field in temms of the most likely errors
that could occur in the magnet manufacturing. It must be
emphasized at this point that the analysis model presented
here is not unique and, in fact, scme of th: assumed errors
may not be present in actual fact. Their appearance in the
following analysis may only be mirroring same other error that
we have not identified. However, our main effort will be to
catagorize these various distortions in terms of symmetry
and hence they should be rather general in their ability to
point at least in the direction of the trouble.

We use now the tables given in Section 1.5 in order to
make an analysis of the various natural symmetries of the
magnet structure. First of all, we note that theoretically
the coil is symmetrical right and left and up and down.

Errors have symmetries that couple naturally into the even and
odd A,'s and into the even and odd b,'s. We identify five

of these possible types of distortions. Each distortion
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is divided into a symmetrical and asymmetrical camponent.
The even terms are designated in the label with a 2 and the
odd terms are designated with a 1. Thus, we will consider
distortions designated by A, B, C, and D of type symmetries
1 and 2 making a total of 8 distortions in all. However,
in addition to this division, there are two coils in the
magnets, an inside one and an outside one. Hence, if we
apply these distortions differently to the inside and outside
coil, we are considering a total of 16 possible errors.

The diagram below shows a coil and its four corners
labeled Y1, Y2, Y3, and Y4. If we consider that the coils

Ay

—
Y4
l

SN
R * a

is constrained to lie on a circle then the four coordinates

Figure 4.4.1

4.4«-:5"]

&

o e~

will campletely describe the coil. We could consider the
harmonics generated by an arbitrary displacement of any cam—
bination of these corners fram their correct position. How-
ever, it is best to use our knowledge of symmetry of the har-
monics in order to pick sets of displacements that correspond

to the natural symmetries of the magnetic fields. Since there
are four corners, we can replace these four coordinates with
four sets of new corrdinates that remind us of normal coordinates
in a mechanical oscillator problem. These four coordinates are

shows in a small diagram in the figure below. In all of these
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cases we consider the coil as an elastic member whose length
is only dei:ermined by where the corners are located. The
matrices that give the field for these displacements can be
generated from the Tables given in Section 1.5. Of the four
distortion types showa, only three result in a real

field distortion. Bl is simply a rotation of the magnet

as a unit. Table 4.4.1, 4.4.2, 4.4.3, and 4.4.4 gives

the matrices, which are normalized to an azimuthal displacement
of the corners equal to .01". A2 and Al came about when the
coils in a collared condition are bigger or smaller than their
design value. B2 results from a displacement of each side of
the coil as a rigid unit.

The above four distortions do not redistribute the current
density within the coil, however, since the coil is molded in a
top half and a bottom half separately, it is possible that the
size of the top coil is different than the size of the bottam

coil. Since, the wire carries the same current through the



whole magnet the expected current density in half of the coil

can be different than it is in the other half of the coil.

It,

therefore, is necessary to have a distortion that describes

such an error in the manufacturing process.

This distortion

is shown below. Here it is assumed that the corners of the
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coil are in contact with the corners of the collar and that the

collars are correctly dimensioned, but that either the size

of the coil or its elastic constant is different above and

below the median plane. This results in a vertical shift

in the parting line of the two sections of the coil. Clearly

we can break this displacement up into a symmetrical and

anti-symmetrical term shown below as C2 and Cl.
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Again we may use Section 1.5 to manufacture the error matrices
and these are given for C2 in Table 4.4.5 and for Cl in Table
4.4.6. The displacements are normalized to .01".

We have now described a shift of the centroid of the
current block and in a crude sense the distribution of current
density within the coil. This set of distortions wili generate
all of the harmonics that are seen. Never the less, we will
add one more error term that could naturally arise. Because
of the extra insulation placed around the return buss and the
necessity of insulating the top and bottam half of the coils
from each other due to the fairly large voltage difference
at this point, it is possible that a gap variation can take

place at a median plane. This is shown below. Again we

6 | 48 1S S <
‘5\\\"”eednr it i

c2 C1

Figure 4.4.5

can break this type of error up into a symmetrical and anti-
symmetrical gap fluctuation. Table 1.5.9 can be used to
generate the error matrices for this case.

There are two more errors that have a strong influence

on the harmonics. The first is a change in radius of the magnet.



-74=

Table 1.5.2 gives the matrix for this error. It is seen that
for a change of 10 mils this error has a big influence on the
transfer constant and rather negligible influence on the rest
of the field hammonics. It should be noted that this would not
be the case if the change of radius were different for the
inside and outside coils. This is because the two individual
coils have very large sextapole moments of opposite sign that
cancel against each other. Hence, the sextapole maments will
fluctuate more if the radii of the two coils are independently
changed than if the whole coil suffers a radial distortion.

One last error that we must consider is caused by the
coil being placed off-axis within the yoke. This has been
analyzed in Section 3.2.

We now have campleted the descfiption of a model of
the construction erxrors. Altogether there are 16 coordinates
that care in from the distortions A, B, C, D when applied to the
two separate coils. If we consider that the radius of the
whole coil package may change and that it may be placed off-
center in the iron yoke then there are a total 19 independent
coordinates that describe the errors that we have considered
here. In MIF a total of 14 normmal and 14 skew harmonics are
measured as well as the transfer constant, giving us 29
independent measurement. Thus, it would seem at first glance
that we have a set of overdetermined equations for the coordinates
that we are considering. The falacy of this remark can be
seen by considering the size of the errors displayed in Figure
4.1.4 and 4.1.5 for the a, and the b,. It is seen that typical

errors in the higher harmonics are + .5, and an examination
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of the Tables 4.4.1 through 4.4.8 show that the distortions
would have to be enormous to generate higher harmonics of
this magnitude. Hence, it must be concluded that these
higher harmonics either came in through errors in the meas-
uring process and are not real, or they come from randam
fluctuations in the positions of the individual conductors;
and hence, are not described by the distortions that we have
considered here. This remark can be further verified by
examining Figures 4.3.2 and 4.3.4 that show the sextapole and
decapole as a function of magnet number. Clearly, structural
effects are important in determining the magnitude of the
b2 and b 4 However, as we have noted previously, harmonics
above the decapole are not influenced by the type of structural
errors that we are considering here. This is also shown theo-
retically in Tables 4.4.1 through 4.4.8. Therefore, we are re-
duced to using a set of mumbers up through the decapole to try
to discover the errors. That means we have only a quadrupole,
octopole, sextapole, and decapole terms to work with. Using
these for the normal and skew camponents gives us 8 measure-
ments. In addition to this, the transfer constant is measured
which gives us 9. We thus see that our set of unknowns is
enormously undetermined.

There is one additional fact that tends to make the
analysis very difficult and that is that the error matrices
for the various errors are not sufficiently different, and, in
same cases, are almost degenerate with one another. In Table
4.4.9 below we list the distortions and the harmonics that

each one ocouples into. (k is the transfer constant, gauss/

amp. )
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Table 4.4.1 Table 4.4.2
A2 Al

Inner Outer Inner Outer

— B KB, B
17.229 4.578 1 20.692 6.826
7.102 5.845 3 - 3.846 3.648
- 4.116 1.701 5 - 212 521
1.415 .005 7 .604 - .127
- .293 - .105 9 - .327 - .054
- .012 - .018 11 .115 - 001
.046 .004 13 - .026 .003

- .026 .002
Table 4.4.3 Table 4.4.4
B2 Bl

Inner Cuter Imer Outer

k . 3y k a.k ak
1 10.901 13.765 0 35.858 20.413
3 - 6.543 1.712 2 - 7.408 6.314
5 2.429 - .635 4 .290 - .226
7 -. .662 - 226 6 .714 - .469
9 .046 - .001 8 - 514 - 068
11 .046 .012 10 .195 .015
13 - .040 .001 12 - 059 .005
14 .006 - .001
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Table 4.4.5
Cc2
Inner Outer
k ak 8y
1 -14.007 ~7.854
3 - .751 ~-2.301
5 - 219 - .328
7 - .130 - .003
9 .010 .007
11 - 011 0.
13 .001 0.
Table 4.4.7
D2
Inner Outer
k bk bk
0 -4.811 -1.212
2 -6.876 -1.854
4 -2.094 - .907
6 - ,731 - .269
8 - .301 - .059
10 - 094 - 012
12 - .038 - .003
14 - .013 - .001

Table 4.4.6
Cl

Inner Outer

T i
0 -20.77 -10.364
2 - 5.230 -~ 4,632
4 .06 - .964
6 - .287 - .079
8 - ,010 .01
10 - .006 .003

12 ~ .004 0.0

14 .001 0.0

Table 4.4.8
Dl

Inner Outer

- By
l -7.885 -1.925
3 -4.174 -1.405
5 ~-1.117 - 518
7 - .497 - .129
9 ~ 166 - 026
11 - .059 - .006
13 - .023 - .002
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Table 4.4.9
A2 + D2° Bl + C1 i Al + D1 B2 + C2
-k - (ag ="0) by ay
b8 a8 bg a9

4.5

We will find in the following Section that, for instance, error
of the type D2 are covered up by errors of the type A2. Asim-
iliarily Al and D1 get confused as do B2 and C2. Hence, we must
loock for rather subtle effects in trying to separate these
various kinds of errors. 5o lets get on with the struggle.

Consideration of A2 and D2

We cansider first the distortions A2 and D2. A2 errors

pop up naturally because of the insulation, the shimming, and

the irrigation channel that is inserted at the key, and error

D2 arises quite naturally through the additional insulation
that is placed on the parting plane. As an examination of
Table 4.4.9 will show these two distortions couple into the
sequence of harmonics given by b2’ b,, bg, b8’ blO’ etc.,
i.e., these are the permitted harmonics in a normal magnet.
The effect of errors then is to shift these harmonics away

fram their calculated and desired values. An examination
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of Figure 4.2.3 shows that the sextapole and decapole
are fluctuating rather badly. If we consider the two errors
together, there are altogether 4 unknowns, hence, one might
4’ and b6 in order to uniquely
determine the amplitude of the inner and outer key errors and

think that we could use k, by, b

the inner and outer parting plane errors. However, as has
been mentioned previously, k is too sensitiwve to the radius
to be used in this manner. In other words, the fluctuation
in k as will be shown later is determined by almost entirely
radial fluctuations and very little by the shim or the part-
ing plane fluctuations. This reduces the available variables

to0 b,, b,, b., and b,. But now we are in the situation where

2" T4’ "6’ 8

b6 and b8 are fluctuating due to the fine structure errors

in the coil and not responding to the gross structural errors
that are described by these two distortions. For instance,

an examination of Table 4.4.1 shows that an inner coil key
angle fluctuation of 10 mils only changes bg by .29. This
fluctuation from a 10 mil distortion is smaller than the mms
error on this coefficient as can be seen by locking at

Figure 4.1.6. It should be emphasized that 10 mils is consid-
ered an enormous fluctuation. Thus, we are forced into a situ-
ation where we have basically two measurements, namely b2 and b 4
and we would like to determine four unknowns which, of course,
we can not do. Thus we will separately consider distortions
A2 and D2 and see what we can learn by considering the errors
in the multipoles due to either one or the other of these two

errors.
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To show the strategy of this technique, we will first con-
sider a situation where D2 is supposed to be responsible for all
of the errors in the multipole series that we are considering
here, and that there is no A2. Figure 4.5.1 shows the calculated
amplitude of the error in the outside and inside coil. The circles
are the immer coil and the crosses represent the outer coil.
The horizontal axis is the magnet number and f;he vertical scale
has been converted to an amplitude in thousanths of an inch.
What is shown is the distortion necessary to convert the meas-
ured magnet to a magnet whose b2 is equal to -2 and whose b, is
equal to 3.1. These values of b:2 and b4 are typical of the
magnets in the range between #110 and #120. It is seen
that in order to fit the data, a large positive excursion in
the inner coil compensates a large negative excursion in the
outer coil, i.e., the inner and outer coils are fighting each
other in order to get the proper conbination of b, and b, to
distort the real magnet into the assumed magnet. This cor-
related fluctuation of the inner and ocuter coil distortion
is an uwmatural state of affiars. There is no reason to
expect that it would exist in the normal process of coil
manufacturing. Hence, it is assumed that although D2 may
exist, it does not by itself represent a very good deécrip-
tion for the errors as actually found in the magnet.

We now proceed to the case of A2 and show a situation
where the analysis is considerably more successful than it
was in the last case. Here again we assume a standard magnet
with b2 =-2and b, = 3.1 and calculate the errors at keys
such that the standard magnet is converted into the physical

magnet as measured. Results are shown in Figure 4.5.2; again
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the horizontal scale represents magnets between #100 and #150.
'I“he boxes on the curve go with the left hand scale that goes
from 0 - 20 mils and represent the shifts for the outer coil.
The circles goes with a scale on the right that represents

the displacements associated with the inner key. First we
notice that there is a rather coherent structure to lth.ese
curves. At magnet #109 there is a big change in the size

of the outer coil. This was caused by the collars closing.
Since rather complicated things were happening between magnet
#100 and #109 we will ignore this region in the analysis.

It is seen that the errors between magnet #100 and magnet #120
are rather modest; the imner coil fluctuating by only + 1 mil
and the outer coil by only + 2 mils. It appears that sameplace
between magnét #120 and #130 a change occurred such that'

the imner coil became bigger and the outer coil started to
bécome smaller. At magnet #130 there was an intentional
change in the size of both the inner and outer coils. The
outer coils was made smaller by 15 mils and the inner coil was
made smaller by 5 mils. The jump in the outer coil is clearly
shown and it has the correct magnitude. After the jurp
this coil again maintains its size to * 2 mils. However, the

inner coil did not respond to this change but instead even

grows slightly in size. Measurements of magnets in cryostats
are not camplete at this point, however, we do have measurements
for magnets #145, 146, 148 and 149. Between magnet #145 and
#146, we see that finally the inrer coil responded to the size
change and jumped in size by 5 mils. It is evident from the
room temperature measurement that the magnets between #140

and #150 except #142 and #144, are of the type that are
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shown as having an inner coii that is too big. This presents
graphic documentation of the crushed irrigation channel episode.
It would appear fram these curves that magnets between #126 and
#145 are all suffering fram this syndrome. However, it is also
apparent that someplace around magnet #120 samething happened
to decrease the size of the outer coil by about 5 mils. This
effect was not known before this analysis and at present
we are trying to ascertain what caused this defect.

This analysis is gratifying in that it shows that the
fluctuations on the coils when they are properly constructed
is actually rather small, and that the rather large fluctuations
in sextapole and decapole dbserved in the magnets between #120
and #130 is probably not a normal error in our manufacturing
process but rather came from a defect in the materials.

We can now carry the analysis a bit further. Since we
have determined this amplitude S1 and S2 of the inner and outer
coil fluctuations, we can calculate the corxected_ harmonics
from harmonic number 6 on up and we can also éalculate correct-
ions to k, the transfer constant. If the distortion as cal-
culated fram .b2 and b, caused enormous fluctuations in
the rest of the harmonics, we would assume that the distortion
is not really present in the coil but is only mirroring some

other error. Table 4.5.1 shows the rms errors in the har-

monics before and after the correction is applied.
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Table 4.5.1

Work in Progress

Figure 4.5.3 shows the transfer constant as measured for the
same series of magnets. The circles show the values as measured
at MIF and averaged owver the centfal 8 feet of magnet. The cross
show what the transfer constant would be if we corrected for the
b, and b, errors by using the distortion A2. It is seen that
the changes caused by correcting the multipole structure are very
small compared to the other fluctuations that are taking place
in the transfer constant. One can see the changes in radius

of 1 or 2 mils is necessary in order the explain the rather large
changes that are seen. Again it is interesting to note there

is an indication of a change in the radius, and hence the trans-
fer constant at a little bit after #120. This would seem to sug-
gest that something in the collaring operation was heppening

between magnet #120 and #120 that we do not yet understand.
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Conclusion: -A-rr-= 1%, S1 = # 1 mil, S2 = £ 2 mils.
D2 undetermined.

In addition to these random errors, we assume that there
has been a systematic failure at both the inner and outer keys
during part of this series of magnets.

Error Cl

Exror Cl influences ayr 8yr etc. As mentionéd a
is eliminated by choice of.the coordinate system at the time
the measurements are made. Thus, Cl becares the only source
for the skew sextapole. There are two variables S1 and S2
the immer and outer coil displacement. We give two different
approaches. The first involves using a, and a 4 to determine
separately the displacements of the outer and inner coil.

The second approach had to be invented because of failure of
the first method.

Thus, we attempt first to set a, and a, equal to zeroc by
means of distortions in the outer and inner coil. The nec-
essary displacements are shown in Figure 4.6.1. The circle
represents the inner coil and the crosses the outer. Again
it is seen that we have a non-physicsal situation on our hands.
When we choose to set these two harmonics equal td zero, the
displacements are fighting each other in a non-physical way.
However, it is clear that the coil package could be constructed
in such a way that this distortion could be present. Further-
more, since this is the only distortion that drives a,, and
a, is clearly present, we need to invent a new way to describe
the situation. We do this by giving up the idea of separate

motion of the inner and outer coils and assume that the error

that is generating a, is coherently produced by these two coils
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being the wrong size as described by distortion Cl, but acting

together instead of separately. This assumption may be near
the truth in that the inner coil and outer coil are bonded
together in the coil forming process, and hence, may both co-
herently be too small or too large. In any case, this average
distortion says that the current is not dividing equally above
and below the parting plane. Since a, exists, we know that
this physical effect must exist in the magnet. Hence, the
magnitude of Cl that we calculated will indicate how big an
error in the parting plane would cause the a, that we observed.
Figure 4.6.2 shows the amplitude of the distortion Cl as
calculated by the new method. We assume that we have only
one coordinate, S, to describe C1 for both the inner and
outer coil. We ask that S be chosen by a least squares
method so it minimizes ay and a,. Thus, we drive neither

of these last coefficients equal to zero, but only deter-
mine the distortion so that they are minimized. Figure 4.6.2
shows the results of this calculation. Table 4.6.1 gives the
resulting mms errors on the coefficients before and after this
correction. It is seen that the major effect of this per-

turbation has been to reduce the A2 terms without much effecting

anything else.

Table 4.6.1

'k ak’BefOre"‘ ' ak.After
2 .52 + .87 -.007 = .07
4 .06 £+ .78 .03 + .73
6 -.17 £ .45 .18 + .45
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There is a suspicious region between magnet #118 and #130
where it looks like there is a systematic size error in the
coils. This is the same region of magnet numbers where we had
indications that samething was happening to the outer key angle
as described in Section 4.5. In any case, we see that a size
difference of the order of 1.5 mils divided by 2 in the coils
is sufficient to account for the randam skew sextapole that
seems to be present. Or, if one wanted to adapt an optimistic
attitude, one could say that this calculation shows that the
asymmetry in our coils is less than 1.5 mils divided by 2.

Conclusion: Cl amplitude is about #* 1 mil.

Distortions Al and D1

These distortions give rise to the harmonics series
b, , b3, b5, b7. An examination of Figures 4.3.1 and 4.3.2
show that bl and b3 are both fluctuating by rather large amounts.
Again we get into a difficult situation analyzing both of these
distortions together. We would need to use the first four
harmonics to independently determine the amplitude of these
two distortions for the inner and outer coil together. We

again have the difficulty in that the errors for b., the nor-

1
mal quadrupole, are also influenced by centering errors. in
the magnetic yoke. However, we have a method to esﬁmaﬁe how
big the centering errors are compared to how big the errors
are due to asymmetries in the coil structure. We have inves-
tigated this point in Section 3.2.

Now that we have seen that the fluctuations due to center-
ing the coil in the iron are small compared to the fluctuvation

of the quadrupole moment due to asymmetries in the coil, we

will proceed to neglect this effect and treat by as though
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it were coming entirely from fluctuations in the coil structure.
Figure 4.7.1 shows the results of the distortion Al working
on the coefficients bl and b3 to set them to zero. The crosses
show the amplitude for the outer coil and the circles show the
amplitude for the imner coil. It is evident that the amplitude
for the inner coil is rather small, less than + 1 mil. However,
it is again evident that for magnets in the range around #120 to
#130 that the outer coil may be suffering same additional deforma-
tion. Again both the distortions Cl and A2 give indications that
the outer coil is being disturbed during this period. This is
not a very strong canclusion but at least it is suggestiwve in
indicating that one should lock at the outer coil as a source
of uncontrolled errors.

We now investigate whether D1 can also fit this series
of data. An attempt was made to use D1 to driwve bl andb3
to zero. The resulting curve is not plotted but it has all of
the aspects of the previous cases where employing two distor-
tions to drive two coefficients to zero results in rather large
and coherent anti-fluctuation of the two displacements. Dis-
placements of the gap in the outer coil of up to 20 or 30 mils
were found. Hence, the attempt to determine Al as a fit was
not successful.

The least squares technique was used on D1 with rather
interesting results. In this method as we indicated with Cl
we use a single D1 working on bl and b3 to minimize the sum of
their squares. Thus, the amplitude considered here measures
sane kind of asymmetrical average parting plane gap for the
right and left half of the total coil package. Curve 4.7.2

shows the result of this analysis. The scale on the right
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is the asymmetrical gap size. Both the inner and ocuter coils
are assumed to have the same gap. It is seen that a gap

variation of a few mils will minimize the coefficients bl and

bj. To see how well this minimization works we display the

coefficients bl' b., b5 . b, in Figures It

3 7

is seen that the minimization does a good job of driving bl to

a rather small value. Table 4.7.3 lists the average value mus

Table 4.7.3

k by Before by After

1 0.75 * 1.51 .09 + .34
3 0.55 + .72 .18 £+ .60
5 0.31 = .41 .099 + .33
7 0.23 £ .43 0.19 % .41

deviation of these four coefficients before and after the cor-
rection was applied. It is seen that the rms deviation and
average value of both bl and b 3 are reduced, however, surpris-—
ingly enough, the average amplitude of b5 and its fluctuation
was also reduced as was b7. This result indicates that at least
same of the errors of these higher multipoles are coherent with
this D2 type of error in the lower multipoles. As a result, |
although we obtain a good fit with Al, there seems to be no

way to rule out that the whole effect could also be coming
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from D1. In either case, this analysis gives us an estimate
for how big an error we could tolerate at the keys and at the
parting plane. We use these errors as limits in the conclu-
sion given below.

Conclusion: Al inner is less than % 1 mil.

Al outer is less than + 5 and - 2, and
displays perhaps systematic effects.

Dl for inner and outer summed has an
amplitude of + 2mil with some systematic
effects showing around magnet # 120 to
#130.

It is useful to note that the distortion D1 as summed
toegether for the inner and outer coils very closely duplicates
the matrix for Al for the ocuter coil. Since the main results
of using Al was mirrored in the coordinates of the outer coil
it is not surprising that D1 summed is equally able to fit
the data, however, Al as a source of error is probably to be
preferred. This is because Al is the anti-symmetrical combina-
tion of distortions as campared to A2. We have already shown
that there were large, uncontrolled errors in A2 and we would
expect errors of the same order of magnitude in the opposite
symmetry cambination to show up. However, it is not incon-
ceivable that an error in the parting plane of 2 or 3 mils
could exist, and that the symmetrical combination of this error
is the thing that is making itself felt in the analysis of A2
for the outer coil around magnet #120. This indicates the
difficulty of uniquely unscrambling the structural errors in the

magnet from a set of multipole measurements that have errors.



— s ,
« -9 6_ b
: 4
. .-. "y .
B E3 - A 5 . .
: : N * . Figure
— * .;= yog > T 4.7.6
R Y 3 a L] . - - L3 & ® . » '.t- » (- 3 . 3 . » 3 a L] - [} . I L] . . L] a 3 [ T '
* * * r > - R -~
» & )
. >
! L E
: 1
R ] ¢ ) .
- - . . . Figure
. PN + L T4.7.5
. & * * > * o
. + % ¥ + * + +* ¥ T 4 -
o = s L] s ] n . » . - [] a 3 n (3 3 » L] *- . a - . - 3 [] . A.- » . L] L) 2’ . L] -
. & k-2 2
2 * 4+ M 4 % N
- 4 &
T b
. !
e
., . r
» & 1 }
-— :: « <> 3 ES
N » 4 £ ¢
= -':— &
[y £ P-4 ) a
s, P + FRFS 4 A Figur
T2 oaa 2 2 ] [} 11 LI 2 s [ -"- 3 = " 3 Ll n = [ z & . . L] I s (3 - » - 1 3 L] . s . 1 4 .7
. . . . -3 4 +
. + + *
. ¥ +
. * & <« +* %
4 sa . ¥
b b
. 3
L]
' : borl:
:
» ¥
i zs -~k
- o ;
. & % & + + o
. ¥ 4 & # 3 > & + 4 !
L » L] .« » - > [ ] -} 13 '# '] - L] » L] L - . - . . ] 13 » Iy . . » [] 3 L] » " - 13 5
s = & & 4 £ & &
. + %+ + * % &
. -$-
rt 23 EX
I i
*
. Figur
13 = . 4.7
o . '
K » 1 .
. '!‘,' --.
14 .
3 .
3 .
s SEEE T
~ f .
RN »
= L
L] T
[N { [P AR S5+ S T [ Ry RRE 3
P ot et e ed Vil 0 8 0 0T O 0T 00 0
Lo Rl o B A B Rl e B B Rt B T N S B ]
4 AR LT T T LT L T
o OV fn 1 T L E_ 2
. + Seooo DO




4.8

-97-
B2 and C2 Distortions

Finally we core to the errors B2 and C2 that drive the
multipoles series ays ag, ag, ag, etc. The examination
of Figures 4.3.15 through 4.3.18 that there are rather
large fluctuations in this chain of coefficients. However,
the analysis is very difficult. If we use B2 and C2 together
we have four unknowns and if we take as our measurements a,, A
a5, and a7
yields a set of distortions for C2 that are unrealistic --

, we can determine all four displacements. This

saretimes being as big as 20 or 30 mils, and furthermore, the
inside and outside distortions are fighting each other. The
reason for this is again evident if we examine the transfer
matrices given in Tables 4.4.2 and 4.4.5 for B2 and C2.
We see that for K = 7, the coefficients for B2 are rather
small, and for C2 are very small. Thus, the relatively large
fluctuations occurring in a5 drive enormous fluctuations
in the displacements.
Using either B2 or C2 alone is the next thing to
try. Figure 4.8.1 shows the results of letting B2 work on a;
and a3, forcing them to zero. This is not an unreasonable fit.
It is clear that the inner and outer displacements tend to fight
each other a little bit, but there is certainly some truth in
the amplitudes of the terms cbserved. On the other hand, an
attempt to use C2 alone results in a terrible fit — the in-
side and outside terms being very large and of opposite sign.
Conclusion: The amplitude of B2 inner is of the order
of 2 mils; the amplitude of B2 outer is of the order of 2 mils.

Again there may be some systematic structure between magnet #120

and #130 driving the outer coil.
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| It is worth noting that if one key is of the wrong size
by an amount A that it will driQe the four distortions, Al, A2,
Bl and B2, to an amplitude %. . Therefore, if the coil is
manufactured with an error at cne of the keys, this error
should show up in the distortions Al, A2, Bl and B2. In no
case will a failure of the mechanical support stxucttlr;e at
just one point result in a nice symmetrical or anti-symmetrical
error. In other words, if we find a fluctuation in the symngtrical
amplitude, we expect it to also appear in the anti-symmetrical

amplitudes.



L
m. ~ o sd) —
4 Se)
\o

|
—

~td

|
— —_— a——— . it — . T LT R T, n
_ ite e 3o I e,




