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1. Introduction

This report summarizes the results of the magnetic measurements
which have been taken on the AGS experimental beam quadrupoles. Results

on the following types of magnets are included in this report:

Circular Quadrupoles  8Q24, 8Q48, 12Q30, 12Q60

Rectangular Quadrupoles  RQ(6x24x36)

The first section of the report will describe the results obtained for
the circular quadrupoles, while the second section will deal with the

rectangular quadrupoles,
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II. Circular Quadrupoles

In order to measure the harmonic content of the circular quadrupoles
a harmonic coil was constructed: the mechanical design for this coil was
done by B. DeVito; the theory and design of the coil will be described
in a future report dealing with the general meihqu of measurement used.

The chief advantage of this device is that the centering of it in
the magnet is not critical provided it remains rigid during the time of
the measurement, i.e., it has a true axis of rotation. The only term
effected by an error in centering is the dipole term; because of
orthogonality relations, there is no effect on the other terms. A further
advantage is that the effective radius of the coil is not critical, to
first order, provided it is constant during the duration of the measurement.
That is, one is measuring the true ratio of the terms at an effective
radius which may be slightly different (say, .005") from the nominal. This
results in a completely negligible error in the nonlinear coefficients
which are already quite small for good quadrupoles. The device has a point
coil for measuring the internal two-dimensional harmonic cpntent and a long
coil to give the integrated harmonic content in the ideal thick lens
approximation.

The harmonic coil could in principle be calibrated to give absolute
values, like those given in a previous reportl. However, the authors prefer
to use it only to measure quadrupole nonlinearity. Absolute integral field
and gradient values for all types of magnets are measured with one long

coil device as indicated in the previous reportl. Figures 1 through 6 are

taken from the previous report and the reader is referred to that report

for an explanation of the curves.



-3 - GTD/JWJ~2

From a knowledge of the four-pole symmetries involved, one can ex-
pand the quadrupole field in terms of 26, 66, 109, etc. There can also
exist terms like 10, 36, 40, 50, 76, 86, etc. which are due to errors in
the four-pole symmetry. Using the harmonic coil results to perform a
harmonic analysis, one can obtain the coeffj.cients of the various terms
at the radius of the coil., The 19 term (dipole)simply indicates the
effective center of the magnet with the respect to the coil axis. The 36,
40, etc, terms are true error terms in the sense of field asymmetry. As
one would expect the 38, 58, 70, etc. terms are almost zero. The 49 term
should be prominent if mechanical asymmetry exists since it corresponds,
for example, to top to bottom asymmetry.

The harmonic content of one magnet of each type was measured as a
function of current and the results are summarized in Table I. These
measurements were taken with both long coil and point coil at low, medium
and high fields as indicated in the table. The results are the ratios of
the harmonic error field to the true quadrupole field at the nominally

maximum radius (approximately 1/16" from the pole tip).

III. Discussion

Table I shows that the nonlinearity in the AGS beam quadrupoles is
very small. The phase angles of all terms with respect to the 26 phase
is also considered in the harmonic analysis, and the relevant phases are
given in Table II. The small deviations of the measured phase angles from
the angles predicted by the four-pole symmetry indicate the high quality
of the quadrupole field as well as the high accuracy of the measurement.

The ratio 48/28, which represents the magnitude of the most likely

nonlinear contribution due to mechanical asymmetries (octupole) compared to
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the quadrupole field, is included in the table. Any errors in the
measurement will also contribute to the coefficients. The magnitude of
the 48/20 result indicates that both the octupole aberration and measure-
ment errors are negligible.

The high quality of the M.H. Blewett pole profile is indicated by
the small internal, i.e., no end effects, nonlinearity. The variation in
linearity with field strength is very small because of the parallel coil
slots which provide wide based poles and keep any saturation effects on
linearity to a minimum,

The integrated results contain the nonlinearity of both the internal
field, and that of the ends in the thick lens approximation. By comparing
the integrating coil andvthe point coil results for different ratios of
magnet length to magnet diameter, one can see that the ends contribute
significantly to the nonlinearity. In addition, the nonlinearities due
to the truly three dimensional nature of the fields can contribute signifi-
cantly to beam aberrations. This effect will be discussed in a more

detailed report.

IV. Rectangular Quadrupoles

For the circular quadrupoles, the harmonic coil results give the
terms (including the error terms) of a complete field expansion in the thick
lens approximation. This is also true for any other magnet type with the
appropriate symmetry, for example, sextupoles. However, the AGS rectangu-
lar quadrupoles have a 6" x 24" aperture for matching to the electrostatic
beam separétors and thus the field can best be described by measuring and

fitting to an expansion in rectangular coordinates.
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These quadrupoles, while excellent for the special purpose for
which they were designed, have certain disadvantages compared to the
conventional circularly symmetric quadrupoles, apart from the fact
that they are less efficient from a power consumption point of view.

The magnetic design is very simple (Fig. 7). For infinite permeability
it is eésily seen that a pure quadrupole field satisfies the boundary
conditions. However, the actual location of the copper conductors is

much more important in determining field nenlinearity than in the
conventional circular quadrupoles where the poles chiefly determine the
field. Since in practice iron tolerances can easily be held more than
an order of magnitude better than the copper coil tolerances, the loca-
tion of the coil becomes a quite important factor, Furthermore, in the
circular quadrupoles the forces on the coils push them radially outward
against the yoke and poles, which is a stable position. In the rectangular
quadrupole the forces on the coils (Fig. 7) are pushing them toward the
axes xx and yy as well as outwards against the core. This results in
a strong distorting force on the coils., This effect was observed in all
but one of the four rectangular quadrupoles tested, fhat is, the fields
tended to "float" by a few tenths percent as a function of time. This
is an unpleasant situation not only because the gradient or lens strength
changes, but also the amount pf nonlinearity produced changes., Such a
distortion depends on water pressure, tgmperature, and torsion in the coil
holding clamps, as well as the field strength, and is obviously difficult
- to cope with, With careful adjustment of torsion in the coil clamps and
control of water temperature one should be able to improve the gituation,

and in any case the effect should be barely noticeable in a beam system.
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Because of the limitation on precision outlined above, only
measurements of the vertical component of field on the wide or horizontal
(xx) symmetry plane were made., The azimuthal integral of the magnetic
field was measured as a function of current and position on this plane.
The nonlinearity in the gradieant lenéth is shdwn in Fig. 8 as a function
of transverse distance along the horizontal symmetry plane, with current
as a parameter, Gradient length is hefe defined as S[B(s) . ds] x/x,
i.e,, the value of thé field integral at location x on the horizontal
symmetry plane divided by the value of x. Thus, in this terminology
the gradient is not dB/dx except for a linear field. For each curve
(Fig. 8) the values are relative only to the values at the aperture
centerline.

From a knowledge of the symmetries one may expand the field on the

horizontal symmetry plane as:

By = Gx + a'x3 + bx5 + e 0 e (1
Dividing (1) by x one obtains:

lllv 2 4

G'=¢G(l+ax +bx + ¢ ¢4 ) (2)

and (ax2 + bx4) represents the relative nonlinearity as plotted in Fig. 8.
The curves were fitted to an x2 and x4 expansion to an accuracy of 0.5%

using the least squares method; the results are summarized in Table III.

TABLE III
B &8 2 N
-4 -7
2.0 -2.905 x 10 +8.932 x 10
8.5 -2.879 +8.853

15.0 ~3.644 +13.206
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For example, for B,, = 2 kg at x = 10", the first nonlinear term (axz)

T
gives -2,9% deviation from the pure quadrupole field (or gradient) and

the second term (bx4) gives +0.9%. The quality of the fit should be an
indication of the validity of the assumption of only symmetrical aberra-
tions. Strictly speaking, one would only see iarge asymmetrical terms

on the xx axis if the phases happened to be right. However, since the
aperture is large only for fairly small angles about this plane, a term
which is not seen on the xx plane should net be appreciable at any positions
off the axis.

Figure 9 gives the ébsolute integral of the fleld as a function of
magnet current at the x = 6" position. The hysteresis is about 0.27% and
in a beam setup the desired field should be set on the down current cycle
for the best reproducibility.

Figure 10 indicates the variation of LB (magnetic length) as a
function of current. The LB's are obtained by dividing g [B(s) . ds] £= 6"
by the internal, i.e., two dimensional, field at x = 6'" at a given current,
Strictly speaking, one would get a slightly different LB at some other
value of x but x = 6" is.a mean position and LB is a useless concept unless
it 1s defined to hold for all positions. Secondly, LIB changes less than
0.5% as a function of magnet current so it is convenient to define one
mean value of LB from Fig. 10, say, LB = 42,30" and let all the variation
in\f[?(s) . dS](= BLB) be in the field., This is a very good approximation
since, for example, a thick lens 0.25% shorter in length and 0.25% higher

in field will have negligibly different focal properties.
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V. Discussion

Knowing LB (Fig. 10) and the absolute value of the integral (Fig. 9)
one can compute B (x = 6") as a function of current. There now exists
two approaches to cons;ructing the field everywhere.

The most accurate in principle, is to use Table III to equate

B(x=6") ="G" x6"=6Gx6 [1 + a (6)2 + b (6)4]- 3)
Figure 8 shows that the variation as a function of current is slow enough
so that a very good fit could be made over the entire working range. The
a and b terms correspond to the octupole and 12 pole aberrations
respectively; their value off the axis could be established by substitut-
ing into a field expansion. Thus one would have a good description of
the field everywhere based on the assumption that any unsymmetrical
aberrations are small, as is indeed the case since the quality of the fit
of the nonlinearities to (ax2 + bx4) is excellent. This method will be
covered more thoroughly in a more complete report on quadrupoles to
follow; a simpler approach, to be described in the next section, appears
to be quite adequate for the present purposes.

From Fig, 8 one cén see that even at loﬁ fields there is no linear
region, i.e., the statement [By]x = Gx is a very poor approximation except
near the very center of the magnet, This results from the fact that the
symmetry of the magnet around the xx and yy axes is very different and
thus a large octupole term is produced, which in turn falls off slowly
from the pole tip. The effect of the nonlinearity can easily be
visualized as follows. The percentage deviation at any x is the percentage

by which the angle of bend will be in error for a particle passing at
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- Ax

that x position, i.e., -i—f}zf-, or its equivalent ——E—E—————— ,» Where

F is the focal length. For example, for a 27 deviation at x = 10" and

for a parallel beam particle passing there, at the nominal focus F, the
particle will be 0.200" off axis. The curves (Fig. 8) have been fitted
to an octupole and 12 pole expansion as explained above and thus the
expansion gives the same results (by definition) as Fig. 8 on the xx axis.

Consider the yy axis: the nonlinear terms will be the same magnitude
as on the xx axis, but the phase of 46/28 is opposite while the phase of
66/29 is the same with respect to the xx axis, However, the real point
of interest is that the maximum off-axis excursion is 3" as compared to
12" for the xx axis. Thus, the coatribution of the small axis to the
nonlinearity is negligible in comparison to the large axis' contribution.

Consider any position: for the small angles that one can go off the
xx axis and still get to large values of x, the nonlinearity will be
roughly that given in Fig, 8, for the same x value.

Thus, unless one is prepared to perform a very elaborate computation,
considering the beam density distribution in two dimensiong and reconstruct-
ing the fleld accordingly, the field can best be described by using Fig. 8
to give the deviation in By as a function of x not only on the xx axis,
but also for off-axis positions. That is, the nonlinearity in By as
shown in Fig. 8 (for y = 0) is roughly correct for all y values. Thus
the nonlinearity calculation becomes a one dimensional problem and one
needs only the incoming x-axis beam density distribution to calculate
the aberration. If one is using most of the large aperture, the focal

length at x = 6" is rougly a mean, Fig. 9 gives the angle of bend at

x = 6" and thus < F > , Dividing by LB and 6", one gets < G > , a mean
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gradient strength for the lens about the xx axis. If less than the
whole aperture is used one can interpolate from Fig. 8 and compute the

appropriate < G > and < F > values.

VI. Conclusions

This report has presented working curves for both the circular and
rectangular quadrupoles, which enable one to set up the lenses of a beam
transport system, For the circular quadrupoles the coefficients-and
phase angles of terms in & harmonic expansion are listed, to high accuracy.
From this data the nonlinearities can be treated completely in the thick
lens approximation.

Absolute "spectrémeter" curves are given for both the circular and
rectangular quadrupoles.

For the rectangular quadrupoles, enough data is given to permit a
complete expansion of the field in terms of the symmetrically allowed
nonlinearities. In this case (unlike the circular quadrupoles) more
general nonlinearities were not measured but the smoothness of the fit
to the symmetrical nonlinearities shows that this restriction is not
serious. A simple approach has been suggested wherein the aberration
is considered as only one dimensional., For this approach, the error will
be a fairly small part of the true aberration for reasonable beam density

~ distributions,and it makes the analysis of the system much simpler,
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- 12 - TABLE I Coefficients of Nonlinear Terms in Circular Quadrupole Field GTD/ JWJ-2
1 n m ™ v v vII vin x
w._.. Ratio of Scaling Scaled Sealed
Coefficients 8Q24 8Q48 Factor 8Q24 8Q48 12Q30 12Q60
Long 5.4 46/28  0.17x107>  0.66x107 > .3 0.17x107%  0.61x10"
Coil §6/20 10,71 8.33 1.031 11.04x10"> 8.59x107 12.43 8.96
“2asurements 100/20  3.11 3.39 1.063 3.31 3.60 .11 3.31
48/26  1.11 1.02 1.095 122 L1 1.58 1.33
10.9  48/28  0.26x107°  0.54x107° i .3 0.16x10™
60/20 10,51 8.26 1.031 10.84x10"> 8,52x10° 12.16
100/26  2.90 3.29 1,063 3.8 3.50 2.78
146/20  1.06 0.98 1.095 116 107 1.15
16.3  48/28  0.24x107 i
60/20  9.45 1.031 9.74x10
108/20 2,53 1.063 2.69
146/20  0.91 1.095 1.00
Point 5.4 49/20  0.11x1070 113107 » 3 0.04x1077  o0.12x10
Cotl 66/20  5.60 5.66 1.031 5.775107% 5.86x1077 5037 4.65
Measurenents 108/26  4.16 4.15 1.063 442 bl 4.42 4.21
146/26  1.26 1.28 1.095 138 1.40 1.28 1.33
0.9 40/26  0.34x10">  0.98x107 i 3 0.14x107°  0.66x10"
66/20  5.80 5.78 1.031 5.98x107> 5.96x107> 5.50 4.95
100/20 4,09 4.25 1.063 4.35 452 4.31 4.27
4e/26  1.21 1.27 1.095 1.32 1.39 1.17 1.35
6.3 46/20  0.40x10" -3
66/26  7.10 1.031 7.32x10
108/26  3.59 1.063 3.82
146/20  0.49 1.095 0.53

NOTE: At the pole tip, the coefficients for 66 and 146 are in phase with the coefficient for 28, while the
coefficient for 100 is cut of phase with that for 26,

Explanation Bf Column Headings

I.
II.

11I.

v,

vI.

VII.

VIII.

Pole Tip Field (Kg).

Ratio of the coefficients of
the nonlinear terms to the
coefficient of the quadrupole
term at the maximum radius of
the harmonic coil (approx. 1/16
inch from the pole tip).

Ratio of the coefficients for an
8Q24 magnet.

Ratio of the coefficients for
an 8Q48 magnet.

Numerical factors to be used in
scaling the coefficients of an
8" diameter magnet to the same
relative radius in a 12" dia.
magnet.

Ratio of the coefficients for
an 8Q24 magnet scaled to a 12"
diameter magnet.

Ratio of the coefficients for
an 8Q48 magnet scaled to a 12"
diameter magnet.

Ratio of the coefficients for a
12Q30 magnet.

Ratio of the coefficients for a
12Q60 magnet.
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(Point Coil Measurements)

- 13 - TABLE I1 Phase Angles of Harmonic Terms f{n Circular Quadrupole Field GTD/JW3-2
1 I 111 ™ v vi vII VIIT X X XI
Harmonic Theoretical 8Q24 8Q24 8Q48 8Q48 12Q30 12Q30 12Q60 12Q50
wd
Term Difference Difference Difference Difference
5.4 20 +45° 00 +45° 04' +00° 04*  44° 58 -0% 02' 445 00* 0% 00* © +45° 05' +0° 05
49 -21 45 -55 32 -6 14 +6 13
60 -15° oo0* -15 % + 14 =15 32 4+ 32 -14 59 - 01 -15 0 + 04
108 - 9° 0o’ -9 2 + 26 -9 17 <+ 17 -8 4 - 20 -8 52 - 08
140 - 6° 26" -6 28 + 02 -6 4 4 15 -6 06 - 20 -6 01 - 25
10,9  20. +45° 00 +45% 20" +0° 200 +44° 40' -0% 200 +45° o1' +0° o1'
40 -13 21 -49 47 +2 42
69 -15° oo’ -15 07 + 07 -15 26 <+ 26 -14 56 - 04
100 - 9° o0' -8 5 - 04 -9 22 4 22 -8 41 - 19
140 - 6° 26! -6 31 + 05 -6 50 + 24 -5 5 - 31
6.3 20 +45° 00 +44° 58" -0° o02'
46 -16 28
66 -15° oo' -15 12+ 12
106 - ow 00' -8 58 - 02
149 - 6° 26’ -6 20 - 06
5.4 20 +45° oot 244° 570 -0° 03'  +44° 44' -0° 16" 44 511 -0° 09! +44° 460 -0° 14
49 -24 03 -52 42 -64 52 -2 06 o
69 -15 00 -15 44 + 44 =15 04 + O4 -15 06 -+ 06 -16 27 +1° 27
106 -9 00 -9 08 + 08 -9 12 - 12 -8 56 - 04 -8 52 - 08
146 -6 26 -6 25 - 0L -6 2 - 06 -6 00 - 26 -6 20 - 06
10.9 20 +45° oot 44° 57' -0° 03' 4440 52¢ -0° 08'  444° 51' -0° 09’ +44° 45" -0° 15
4 -21 55 -49 29 -26 25 -7 21
60 -15 00 -15 42 + 42 -15 42+ 42 -15 07 + 07 -1 45 - 15
106 -9 00 -9 09 + 09 -10 12 ++1°12* -8 55 - 05 -9 08 + 08
140 -6 26 -6 32 -+ 06 -6 24 - 02 -5 41 - 45 -6 28 + 02
16.3 29 -+45° 00" +44° 510 -0° 09*
40 -22 21
60 -15 00 -15 40 + 40
109 -9 00 -9 20 + 20
148 -6 26 <6 19 - 07

Explanation of Column Headings

I.

II.

Iil.

VI to XI.

Pole tip field (Kg)

Harmonic terms which exist in
circularly symmetric quadru-
pole field (the 49 term is
included since it is the
largest of the asymmetrical
terms).

Theoretical phase angles which
can be expected from the four

pole symmetry.

Measured phase angles for an
8Q24 magnet,

Deviation of 8Q24 measured
phase angles from those pre-
dicted by four pole symmetry.

Measured phase angles and their
deviations for 8Q48, 12Q30 and
12Q60 magnets.
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NONLINEARITY IN GRADIENT R.Q (6x24-36).
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Ly vs T (x-6) R.Q (6 24+ 36)
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