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NOTICE

Thit report was prepared as an accouat of work
sponsored by the United States Govemnmenl. Meither the
United States nor the United States Depatment of
Energy, nor any of thelr employees, nor any of their

ar their h makes
any watranty, express or implied, or astumes nny legal
liability or responsibility for the aceuracy, completeness
or usefulness of avy information, apparatus, product or
process disclosed, or represents that ils use would not
infringe privately owned rights.

MEASUREMENTS AND CORRECTION OF THE PEP INTERACTION REGION QUADRUPOLE MAGNETS
R.M. Main, J.T. Tanabe, and K. Halbach

Lawrence Berkeley Laboratory*

Abstract

Lenses for the intersection regions of P[P
must be pure quadrupole over the entire magnet aper-
ture to within 1:10%. Correction of the magnet
and its end fringe regions to this accuracy requires
measurenent of the field quality (relative field
hannonic component amg]itudes at the pole radius) to
1:10° through the 30 h harmonic. Equipment devel-
oped for these neasurements and the techniques used
for field correction are described.

The PEP insertion quadrupoles! consist of two
identical halves, which are wated using precision
ground dovels that fit into “V" grooves punched into
the core laminations. Although precise by normal
standards, neither the pole yeometry nor the assem-
bly are adequi_]te to produce the ;’equir?d fiel?
homogeneity, AB 4% Dz €1p°F at the stee
radius. /jé o= {10

The pole contour 'in the magnet interior (de-
signed by the computer program MIRT) is adequate to
reduce the "allowed" (four-fold symmetrical) harmon-
ic amplitudes to about 2x10‘4xB(2). Errors in
stacking the laminations modify these Somewhat but,
nore importantly, such errors can result in a mis-
placement of the top half of the magnet with respect
to the bottom.

The dowels, which position the upper half with -

respect to the Tower half of the magnet, rest on the

" *high" laminations and, as a result, the top half
can be rotated, or translated either vertically or
horizontally, with respect to the bottom. The former
results in odd harmonics, predominantly the sextu-
pole, and the latter in even, predominantly the
octupole. To achieve the required field quality the
magnet helves must be located to within 0.01mm.
wheras the stacking and assembly is not better than
0.05mm.

) Inherent to the sharp cut-off of the poles at
the magnet ends are large "allowed" harmonics which,
when averaged over the entire magnet, contribute
field errors on the order of .0U2xB{2) at the pole
v radius. Furthermore, positioning of the coils, coil
leads, hose fittings, etc., at the lead end of the
magnet cannot be maintained to assure reproducible
field distribution to the required accuracy. These
lead-end errors require that each magnet be correct-
ced individudlly.

: Studies of the beaw trajectories in these long
.focal-Tength magnets indicate that the local field
.errors existant in the as-riade magnet are tolerable,
as lony as their integral through the imagnet sums to
zero., Thus, errors due to improper top-bottom posi-
tioning, although not uniforwly distributed through
the magnet, cen be corrected by gross adjustment of
the magnet halves, and "allowed" harwonic compunents
ind the magnet interior can be cancelled at the
ends.

+This work was supported by the Office of High Energy
and Nuclear Physics Division of the U.S. Department
of Energy under Contract No. W-7405-ENG-48,

“Lawrence Berkeley Laboratory, Berkeley, CA 94720.

Magnetic Field Measurements

We used the coil system shown in Figure 1.
In order to be able to measure both fringe field
regions as well as the center part of the quadru-
pole, the system is moved axially to the approupriate
location., (See Fig. 2).
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Figure 1: Measuring Coil
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Figure 2: Search Coil Positioned in Macnet

The signals induced in coils 2 and 3 are elec-
trically subtracted from the signal induced in coil 1
with weighing factors that are adjustable over a
narrow range. The resulting signal is fed into a
voltage to frequency converter that, together with a
following counter, acts as an integrator. The coun-
ter is read at 128 equal increment azumithal steps
as the coil is rvotated through 360°., From the
Fourier analysis of this information, the strengths
of the harmunics are then computed.
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Figure 3: Circuit Diagram

“he major considerations that went 1nto the design of
this system are the following:

A) The coil rotation speed is slow (1.5 RPM) to re-
duce vibration and the inertial forces that occur
at high rotation speeds with even slightly me-
chanically unbdlanced systems.

B) Integretion of the coil output makes the system
independent of variations of rotational speed.

C) Coil 1 is used tu measure the absolute quad
strength. The multicoil array, used for measure-
ments of the higher components, is designed to

have a vaniskingly small sensitivity to both

quadrupole and dipole fields.

(1) The cancellation of the quadrupole signal
is necessary to become independent of small
power supply variations and angle encoder
errors.

(2) The insensitivity to the dipole component
is very important becausc small lateral
displacement of the coil assemnbly during
operation leads to induced signals that
will be interpreted as harmonics that are,
in fact, not present in the field, There
can be many causes for such displacements,
for instance: bearing tolerances, torques
transmitted through the drive shaft, grav-
ity forces acting on a mechanically asym-
metric coil support structure. An ana-
lysis3 shows that without coripensation
for the dipule component, displacements of
the order r1m are Juff1 ient to destroy
the validity ‘of our measurements.

(3) The sinplest coil system that is insen-
sitive to dipole and quadrupole fields con-
sists of two flat coplanar coils whose
centers coincide. The system shown in
Figure 1 evolved from such a system by
splitting the smaller coil in two. This
avoids sone wire crossover problems at the
ends, and gives two paraneters instead of
only one to electrizally fine tune the
nulling of the sensitivity to dipole and
quadrupole fields. The relative size of

the coils and their position relative to.

the axis of rotation have been optimized to
maximize the array sensitivity to the
sextupole, octupole and higher components.

The support of the coils has been made
mechanically symmetrical so that gravita-
tional say is constant during rotation of
the systen.

A1l of the errors associated with this type of
neasurement (power supply drift and ripple, stray
AC fields, coil vibration, azimuthal indexing er-
rors, and assymwetrical sag, etc.) result in mod-
ulation of the coil output, which, when analyzed,
yield harmonic coumponents not present in the
field. Measurerient to 1x10-2xB(2) of the
quadrupole require that the amplitude of such
modulation be less than this value. To put the
effect and importance of insensitivity to dipole
and quadrupole fields into perspective, in such a
system in an ideal quadrupole, the output signal
is always zero, no matter how the system is
rotated or displaced, i.e., one performs a null
measurement.

Although inadequate to produce the required
field homogeneity, the precise fabrlcatIon of the
magnet limits the error fields to the “allowed®
harmonic components that are correctable by adjust-
ment of the pole-tip contour, and to scxtupols and
octupole components due to misplacement of the two
magnet halves with respect to each other. The ef-
fects of these latter gross novements of the struc-
ture have been studied® and descrjbed quantita-
tively. Knowledge of the amplitude { ) B(H)dz
through the waegnet) and phase of these components
is adequate to prescribe the motion of the magnet
halves required for their elimination.

The "allowed" components are corrected by ad-
justing the contour of a 28mm lony pule-tip insert
in the magnet end-plate.® A plane chamfer at the
insert end removes the gross fringe region errors,7
and residual errors (including compensation for those
existing in the magnet interior) are corrected by
adjusting the insert tip contour., To preduce the
required field homogeneity, "allowed" components
through N=26 (6,10,14,18,22,26}) must be corrected,
requiring six adjustable points on the contour. To
provide an extended choice of component “mix", eight
points were provided.

Since perturbation of amy point on the contour
will affect all components, a systematic method is
required to adjust the components simultaneously.
The insert contour consists of 14 chords, symuetric
about the pole apex, with intersections at xj,y;
and -x,,y1(see Fig.4). The x;j were chosen to
provide maximum decoupling of the various components,
and the contour modification is made by adjusting the
various yj.
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The coefficients of the chanye in the component
amplitudes AB(N) =5(J8owas/34i) (integral over the
fringe region) were measured for the “allowed” com-
ponents through M=3U, by successively reducing each
yj starting at the apex. These coefficients, and
mieasurement of the compunents through half of the
maynet, previde eight linear equations of the form:

£ B byi < - [BnLz

(inteural extends from the maynet center through
the fringe region). These equations can be solved
to provide y; required to reduce the integral of
the "allowed" components to zero.

Successive application of these corrections
were used to develop "standard" sets of inserts for
both ends of the first magnet. The standards were
then used as initial cases for subsequent wagnets,
with only minor contour adjusiment required to com-
pensate for differences between magnets.

The computer was programacd to harmonically
analyze the data from each of the four search-coil
pesitions, sum eachi allowed component over half of
the magnet, set up and solve the pole-tip correction
equations for cach end, and print out the coatour
data necessary for a tape-controlled milling wechine
to produce the two sets of corrected pole tips. The
program alsc sursaed the sextupole and octupole com-
ponents over the entire maynet, and calculated
changes 1in the maliny dowel-key Size necessary to
reposition the top and bottom wagnet halves and
reduce these components to acceptable awplitudes.

Conclusion:

Fourtcen of the twenty-four PEP insertion quad-
rupoies have been measured and trimmed. Fig.6 is
a typical result, showing the ampljtudes of the
various harmonic components,&ﬂ(ﬂ)dz/ §B(2)dz, inte-
grated over the centire wmayntt at the pole radius.
Fig.7 shuws iso-error contours B/B{2)=const.,
generated from these components., The homogeneity of
the field is probably at a practical limit for the
equipment and methods of correction used, and for
the stability of the maynet structure.

References

1. Avery, R.T., et.al., PEP Insertion Quadrupole
Design Features, Paper J-6 at this conference.

~ 2. Halbachk, Klaus, Analysis of Some Errors in the
Experimental Deterwination of the Harmonic
Content of Multipole “aynets, I'EP-208, Feb.1578.

3. Halbach, Klaus, Effect of Varicble Measurement
Coil Displacciients on the Determination of the
Harmonic Context of a Multipole, PEP-Z209,
Feb.1976.

4. Halbach, Klaus, First Order Perturbation Effects
in lron-Dominaced Two-Dincnsion Sym.etrical
Multipoles, N.I.M., 74, 147 (1969}.

5. Asner, A., The Lnd Field Conpensation of Iron
Contour Quadrupoles, SI1/Note MAL/71-2 (1971).
6. Tanabe, Jack, The Design Calculations for the

PEP Insertion Quadrupole Faqnet Feasurement Coil,
LBL Engr. Note 19-4915,

7. Main, R. and Tanabe, J., Swasary of End
Lorrections, LBL Engr., Notc #-§95Y.

Bucked Array

6.65 V-Sec,
Va

_SINGLE QUADRUPOLE
5.62 Y-SEC.

Figure 5: Raw Data

1074

Al

INTEGRAL
BN)
B(2)

8.0 cm
RADIUS

105 J] 1

l |

J

4 6 & 10 12 14 b 18 20 271 24 6
HARMONIC NUMBER

Figure 6: Multipole Amplitudes
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Figure 7: Isoerror Curves





