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Several new Radiabeam magnets will be installed in the Argonne Wakefield Accelerator
(AWA) facility as part of the Emittance Exchange Experiment. The fields created by these magnets
needed to be accurately mapped in three dimensions in order to correctly predict the trajectory of
beam particles. To accomplish this, extensive measurements were made using dual Hall probes
mounted on a positioning device. Procedures were developed and implemented to align both
magnets to high precision using their fields. Field maps were created for one dipole and one
quadrupole. Multiple transverse and longitudinal measurements were conducted on each magnet
to fully characterize their fields. The mapped fields were then used in a numerical simulation to
predict the path taken by a single relativistic electron with a well defined initial position and
momentum. Field mapping facilitated computation of pertinent properties of the magnets, such as
effective lengths, and allowed vendor data to be verified.
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Mapping the Fields of Dipole and Quadrupole Magnets: Procedures and Results

Several new magnets are to be installed in the Argonne Wakefield Accelerator (AWA)
facility as part of the Emittance Exchange Experiment. The fields of two of these magnets were
extensively mapped to confirm vendor simulations and to calculate their effective lengths. Both
magnets were manufactured by Radiabeam Technologies. A dipole (EMD-01-201-787) and a
quadrupole (EMQR-03) were studied. While both magnets were designated for use in the Emittance
Exchange Experiment, the quadrupoles may be employed as part of the new AWA beamline.
Measurements were made with two hall probes manufactured by Group 3 Technologies. The probe
tips (MPT-231) had an active area of 1.0 mm x 0.5 mm and were accurate to five hundredths of a
Gauss. The probes were coupled with digital teslameters (DTM-141), one per probe, from which
readings were taken. Both probes were mounted so that they measured the same field component
and were located on at the end of the meter long arm attached to the positioning device. The device
was a Compumotor 4000 Motion Controller, capable of motion in three mutually orthogonal
directions. The probe arm could also rotate 360° about its axis. Field variation was measured as a
function of both transverse and longitudinal motion, as well as a function of current per coil
supplied to the magnet.

Several different power supplies were used to make these measurements. The supply used
was chosen based on its stability and range. All measurements were made using current controlled
supplies held at a constant current. During saturation measurements, the current was changed
quickly and then held constant while the measurements were made. It was often necessary to wait
for extended periods before recording data to ensure that transient effects had damped out.

A numerical simulation was run through MatLAB using measured data to predict the
trajectory of beam particles. A space-stepping procedure was implemented in order to achieve this.
Trajectories were mapped for particles passing through the measured dipole field, and from this
the effective length of the dipole (for a bend angle of & = 2*) was calculated. Other pertinent
properties of the magnets were calculated using MatLAB as well, such as the effective length of the
quadrupole.

Field Mapping

The positioning device was leveled with the magnets using adjustable feet, and was capable
of motion in three mutually orthogonal directions. It could be directed either with a local controller
or remotely by computer. Data was taken both by hand and using an automated program. The
apparatus was constructed for use in the Advanced Photon Source (APS) facility, and was on loan to
AWA.

Rotatable

Probe Tips

Figure 1: Hall Probe Positioning Device
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To compensate for any ambient field, several measurements were normalized using a hand
held gauss-meter. The dual probes were zeroed far away from the magnet, and then the ambient
field at that point was measured with the handheld gauss-meter. This was necessary because the
zero-gauss chamber was not large enough to hold the dual probes. There was some ambiguity in
that rotation of the handheld meter by 180° resulted in a polarity change of the field, and it was not
immediately clear which polarity was correct. It was decided that the polarity should match that of
the dual probes when they are measuring an induced field.

The two hall probes were mounted in such a way that they should measure the same
component of the field. However, the two probes were not exactly parallel. This gave rise to
complications in determining exactly which component of the field was measured.

Dipole

A Radiabeam dipole was thoroughly mapped using the hall probe device. Longitudinal and
transverse scans were conducted with the two coils of the dipole wired in series. Vendor
specifications state that the dipole should be run at 11.8 A/ 23.6 V. Due to power supply limitations,
the maximum current achievable at the time of measurement was 10.0 Amp. All scans were run at
10.0 Amp, provided by a current regulated power supply, with the exception of the saturation
measurement.
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Figure 2: Physical Parameters of Dipole

Leveling and Centering Procedure

The magnet was set on an adjustable table, and then leveled to the hall probe device (i.e.: to
gravity). The center of the magnet was found by using the positioning device to measure the
distance between the walls of the magnet. Since the field was not supposed to vary within the
magnet, these simple measurements were deemed sufficiently accurate. All motion was made
relative to the center position once it was defined.

A more accurate way to locate the center of the magnet would be to find positions that read
the same magnitude for the field, one on either side of the center. The center point of the line
connecting these points should be the center of the magnet. For this procedure, it would be
important to choose points that are far enough from the center that they are not on the plateau
portion of the field. By choosing appropriate points along each of the three spatial axes, the center
of the magnet could be found to high accuracy.

Once the magnet itself was level, the longitudinal axis alignment was checked by placing the
probe tip near one wall and jogging in the longitudinal direction and verifying that the distance
between the probe and the wall remained constant. The longitudinal alignment is important for the
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dipole, but not as important as for the quadrupole. Therefore, this alignment by eye sufficed for the
measurements made.

As the Field was expected to only have a vertical component, the fact that the probes did not
measure exactly the same component was taken into account by rotating the probe arm until their
magnitudes were equal. By symmetry, their average should then lie directly on the vertical
component. The actual components measured will be nearly parallel to the vertical and so the small
rotation will be negligible.

Saturation Measurements
A saturation measurement was also made for the dipole magnet. Current was increased
monotonically to 10 Amps, decreased to -10 Amps and then returned to 0 Amps. The extent of this
measurement was limited by the power supply available at the time.
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Figure 9: Saturation Curve for Dipole (Measured and Simulated)

While there is some evidence of hysteresis, the differences between the two curves are
small. Likewise, there is no saturation of the iron yoke up to 10 Amps.

Longitudinal Measurements
Longitudinal scans were conducted on-axis, and compared with the simulations run by the
vendor. The measured fields matched those predicted by the vendor to high accuracy.
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Figure 3: Longitudinal Variation of Field (Measured and Simulated)
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Both probe values are plotted as well as their average. Noise is negligible as all three plots
fall on top of one another. The characteristic plateau profile is observed, with the field relatively
tightly confined to within the magnet’s coils.

Transverse Measurements

In addition, transverse scans were made of the magnetic field. A horizontal scan was made
from the center of the magnet, and several vertical scans were conducted at different horizontal
positions, all centered longitudinally.
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Figure 4: Horizontal Transverse Scan (Measured and Simulated)

The field is tightly constrained to within the magnet’s pole and shows the plateau profile as
well. The steep drop off is caused by the raised edges of the pole. Also note that near the sides of the
measurement, the physical separation of the two hall probes is enough to cause their readings to
differ significantly. By averaging the values, this is taken into account. The average value is
symmetric.
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Figure 5: Vertical Transverse Scan (Measured and Simulated)

These scans show that the field strength does not vary significantly within the yoke of the
magnet. The values taken at x=0.00 cm and x=5.00 cm fall nearly on top of one another. Likewise,
the parabolic shape predicted by the vendor is seen clearly in the measurement at x=9.00 cm. This
trend is also visible at x=0.00 and x=5.00, but the variation is insignificant compared to the peak
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field. The trend is visible in the vendor simulation because the scale is much finer. Also, the
curvature of the field over vertical motion is reversed once outside of the pole, as shown by the
measurement at x=12.50 cm. This is due to the fact that when the probes are within the pole’s
extent, the field is concentrated near the pole surface. However, outside the pole the probes
measure a component of the field parallel to conductor’s surface. Therefore, near the top and
bottom of the vertical range the probes are parallel to a conductor and the field decreases.

Planar Scans at Fixed Elevations

Several maps of one octant of the dipole were conducted. Three horizontal planes were
mapped. This data was built into a three dimensional lattice assuming symmetry throughout the
dipole. The lattice was then used by the simulation to calculate the trajectory of a beam particle.
The sample rate of these measurements was low compared to other measurements made. For
example, only three elevations were mapped. This was deemed sufficient since the field is highly
symmetric and varies extremely slowly over vertical displacement.
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Figure 6: Octant Scan at y=0.000 cm

This figure plots the magnetic field as a function of x and z positions. It is clear that the
dipole displays the characteristic plateau. An interesting feature is the small increase in field
strength near (x, z) = (14, -15). This is caused by the probe tip leaving the interior of the magnet.
Near the yoke of the magnet, the field is driven to zero. However, when the probe leaves the inside
of the magnet, the field is no longer suppressed in this way.
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Figure 7: Octant Scan at y=-0.875 cm
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This scan is nearly identical to the previous scan, showing that the field maintains the same
properties over a range of elevation. There is a small fringe field near x=9.000 cm, which
corresponds to raised edge of the magnet pole. The probe is closer to the pole along this line, which
drives the field higher. However, the change is not significant and is outside the region that will
contain beam.
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Figure 8: Octant Scan at y=-1.750 cm

While this scan shows the same overall features as the others, the edge effects are much
more pronounced as the probe is closer to the pole. Since the pole ends abruptly, there is field
concentration around the sudden change. This can be seen by the ridges at the edges of the plateau.
The ridge running longitudinally is higher because it is also caused by the raised edge of the pole.

Dipole Effective Length
The effective length (L.) of the dipole is calculated by an integral along the path taken by
the beam’s center of mass as it passes through the dipole field.

1 (=
Ly wm—— | [Bds
- Boand-m

The fact that the beam bends complicates the integral, as the trajectory no longer lies along
the z axis. To calculate the effective length, it was necessary to first solve numerically for the
trajectory taken by one particle through the dipole field. This was accomplished using a space-
stepping procedure, with magnetic field values interpolated from the data taken above. The
position at each step was stored along with the magnitude of the magnetic field. Using these
computed values, an approximation to the integral (,rj'lm Bds) was performed and then normalized

using the peak field value (Ey,gy). This yielded the reported value of the effective length, which is
just beyond the physical extent of the magnet.

Ly m 31584 em

The effective length varied with the bend angle, and this value is for a 20 bend. The step size used
was 2.5 mm, which is half the distance between field measurements. Using a smaller step size than
this did not increase accuracy with the precision reported.

To achieve this bend angle, either the momentum of the particle or the strength of the field
could be varied. Each approach was implemented, and for the same bend angle they produced the
same effective length. This should have been expected as the trajectory wass the same for each case
and the strength of the field was normalized by the peak field.
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Quadrupole

A new Radiabeam quadrupole was also studied. The four coils were wired in series, and run
using a current controlled power supply. All measurements were made at 9.0 Amp, with the
exception of the saturation measurement. Vendor specifications indicate that the quadrupole
should be run at of 9.0 A/16.9 V. The inner bore of the quadrupole was two inches in diameter,
which is the size of the beampipe used in the AWA.
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Figure 10: Physical Parameters of Quadrupole

Centering Procedure and Longitudinal Axis Alignment

First, the magnet yoke was leveled to the machine (i.e.: to gravity). Then, the rotation of the
magnet about the longitudinal axis was leveled with some reproducible marking. These
quadrupoles could be split into hemispheres, and the joint between the halves was used. At this
point the magnet should have been leveled with the machine in all planes except for yaw and an
attempt was made to match the yaw as closely as possible by eye. However, accuracy was improved
by making use of the quadrupole field. Error was detected by the two probes in the following way. If
the longitudinal axis of the device was indeed aligned with that of the magnet, then when the probe
was on center the two readings should be of the same magnitude, but of opposite sign. The probes
were positioned so that they were in the center of the magnet. They were then moved to some
positive longitudinal position, and the magnet was twisted in yaw to correct for any error. It was
found that two C-clamps, one on either side of the magnet, could be used to incrementally move
only one side of the magnet, thereby twisting it in yaw.

P «Brobe Tip <

Figure 11: Quadrupole Positioning Hardware
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Figure 12: Quadrupole Alignment Directions

Once the magnet was been twisted, the probes were moved to the other side of the magnet
(if they were at a positive longitude, they were moved to a negative longitude). By recognizing
which value is larger absolutely, the magnets twist could be inferred. (The probe with the larger
value was closer to a pole.)The twist was corrected manually and then the probe was re-centered.
To re-center the probe, the device was jogged transversely until the measured magnitudes were
equal. After each adjustment was made to the magnet, it was crucial that the probe be re-centered.
The probes were then moved to the other side of the magnet and the process repeated. It was
prudent to move the magnet minimally to avoid over-compensation.

After some number of repetitions, the yaw was aligned to within the desired precision.
Since high gradient is desirable in a quadrupole, proper alignment can be achieved to high accuracy.
However, the high gradient also implies that small errors affect measured data significantly and
accuracy will most likely be limited by the ability to position the magnet. The positioning device
was accurate to within 10 microns, which corresponds to an error of 0.9399 Gauss using the
measured gradient. For this measurement, the alignment was adjusted until the magnitudes
differed by around 0.3 Gauss after translation through nearly 20 centimeters. At this point, the
measurement of By(x=1, y=0) was conducted over a large range of z values. The probe was re-
centered for the measurement of B4(x=0, y=1), but the magnet was assumed to be aligned properly
as it was previously leveled in this plane.

Resolution of the Skew Angle and Centering Errors

Even though the steel yoke of the magnet (M frame) is level with the measurement
instrument, there may be errors causing the field to be skewed through some angle. Therefore,
motion along one axis in the M frame does not correspond to motion along a single axis in the field’s
true frame (B frame). Therefore, the known field equations that apply in the true frame must be
converted into the mechanical frame in which measurements are made. This assumes that the
longitudinal axes in both frames are parallel.
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Likewise, the field components transform as

s = b5

Now, for a quadrupole magnet, the field in the B frame is known to be

EXB]
Eim

kg

] where k = Magnetic Field Gradient
Knowing this, it can be shown that

Bim -11 [F¥a
b 2] -
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Simplification yields
Exm = ﬁ."..[ﬂil'l 2@ {xM— _-r?}-}- cozig {.]F‘.'rf - }:9}] and ﬂ}-m = ﬁ.'.[CDﬂE';ﬂ {x,'rf_ J‘Fp}_ Bl 2¢p {.]F‘.'rf - }:9}]

Now, taking the partial derivative with respect to x,, of both components, produces

£
Expr

¢
By, = Reginde and o B ™ fecosdep

A unique solution can be determined from these equations. Solving for kand ¢ yeilds

(k12 = (%F_{ mf -+ {‘%{F)mf and @ gtﬂn'l(%)

Note that this is independent of the locations of the coordinate origins. To solve for x, and v,
1
measurements of both B, and B, must be made at [‘,L’::] = [:ﬂ This could be done as part of the

scan to find the values of kand ¢. Solving for kand ¢ and substituting into the equations for F,_ and

E,,. will yield solutions for x, and y, as shown.

Xe= —';[E}-mcaﬂgﬂ + E‘xmsmmﬂ] and Y, m g[ﬂymﬁmﬂw—ﬁ,;mwﬂwl

Therefore, the orientation and position of the true frame with respect to the mechanical frame can
be uniquely determined if scans are made of B, and H, at ¥y =0 and through an appropriate

range of x,, that includes xy— @. Finding these last error terms also allows for a computation of the
dipole error induced by the quadrupole at its measured location.
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Saturation Measurements

An attempt to measure the radial component of the field at the pole tip was made during
this saturation measurement. However, the dual probes did not lie exactly on the axis of rotation of
the arm. Therefore, when trying to make one hall probe parallel to the pole, simple rotation of the
probe arm would not suffice. As the arm rotated, the probes moved closer to/further from the
magnet tip, and did not simply rotate about their own axes. Furthermore, the two probes were not
exactly parallel. The probe was positioned by eye to be parallel to the magnet tip at its center, and
then rotation was used to equate the values read out by the hall probes. While the probes measured
different components of the field, their average should lie directly on the radial line. This must be
true by the symmetry of the field, that is, if the center of the arm is directly on the radial line of the
magnet. Likewise, it was difficult to position the probe exactly at the pole tip, and measurements
were made about one centimeter from the pole.

Motion in the proximity of the quadrupole while the measurement was made increased
uncertainty as the values fluctuated depending on their surroundings. It was necessary to wait for
approximately one minute after adjusting the current to allow the values to settle down. At 15 A
and above, the power supply was near its maximum output and values began to fluctuate more.

For this measurement, current was decreased monotonically from 0.0 A to -16.5 A (limited
by power supply), then increased monotonically to 16.5 A and finally decreased back to 0.0 A.
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Figure 13: Field Saturation Curve for Quadrupole

Note that there is some hysteresis present, as well as residual magnetization when the
current vanishes. The yoke does not begin to saturate until above 10.0 A, which is beyond the
planned operating environment for this magnet.
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Figure 14: Gradient Saturation Curve (Measured and Simulated)
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This plot was created using the saturation curve of the radial field normalized to the
magnitude of the field at 9.0 Amp of current. Multiplying this normalized curve by the measured
gradient at 9.0 Amp yielded the above curve. This follows because the geometry of the field is set
by the shape of the poles, while the magnitude of the field depends on the current. We therefore

expect the field to look like:
o R
5] = Fk[]

where f{I’} is some function of the current and k is the field gradient. To find the saturation of the
gradient, we take the partials of B, and B,

4B, 8B, _

Therefore, the functional form of f{F} that is measured in BiF) would be observed in
88
—a:—{’} = %{f}. By normalizing the plot of B{{] and then multiplying by the known gradient at 9.0

A, the variation of the gradient with current can be accurately plotted. Again, this confirms the
vendor simulation nicely

Longitudinal Measurements

There was some uncertainty in the value of the transverse coordinates in these
measurements. Since the probe did not sit exactly on the axis of the arm, when it was rotated to
measure the other component, the actual location of the probe in both transverse directions was
not what it was before rotation. However, this was not a reason for concern. As long as the fixed
coordinates remained fixed, they simply acted as a coefficient that modulated the peak values
measured.
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Figure 15: Longitudinal Variation of By at (x, y) = (1, 0)
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This data shows that the quad is leveled correctly, as the plateau is indeed a plateau.
Note that the two probes reach different peak values. This is because all Hall 2 was closer to the
center of the magnet than Hall 1 during the measurement.
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Figure 16: Longitudinal Variation of Bx at (x, y) = (0, 1)

This data seems to show that the quad was not exactly leveled. However, the error appears
to be small, and perhaps negligible considering the difficulty inherent in aligning the quadrupole.
Note that By and By show very similar behavior, as expected. They also match the vendor
simulation, which is shown below.
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Figure 17: Vendor Simulation of Longitudinal Variation

Quadrupole Effective Length
To calculate the quadrupole’s effective length (L), an integration was performed as shown

b '.L i
J H:?EE-R f Edz

- PR ¥

Ly =

=

where dz is the path element of the trajectory of the beam’s center of mass. Since the beam is
focused and not bent, this corresponds to the longitudinal axis. Performing this integration for all
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four sets of data taken (two hall probes each measuring over Bx and By) yielded the following
effective lengths

(Lo ), = 109837 em

(Lo, = 110004 em

{Ley)y — 10L9480 em

{L?g}}- = 10.9565 em

These values agree to within 53 pm, which is on the order of the error in positioning the hall
probes. The average effect length is then

(Lelavereage = 109726 cm
= 431594 in.

Measurement of Gradient

Ideally, the gradient could be computed immediately from the dual hall probes, if the
separation between the active regions was known and they measured exactly the same component
of the field. However, the two probes used were not exactly parallel and would therefore measure
different components. This prohibits the computation of the gradient as laid out above. Instead, the
gradient was measured by stepping the probe a known distance transversely. Then, a gradient was
calculated from each of the hall probes independently. If the angle between the probes was small,
then the two gradients calculated from each probe should be nearly identical.

A measurement was made of each component as it varied over the appropriate transverse
direction. Gradients were then computed from best fit lines and averaged to produce the reported
value.
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Figure 21: Gradient Measures from Transverse Scans: Bx through y and By through x
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The reported value is extremely close to the value computed along with the skew angle,
with only a 1.014% difference between the two. It is expected that this measurement is more
accurate because the signal to noise ratio is much better. The difference may also be accounted for
by differences in the supplied currents, although this contribution should be small.
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Resolution of Skew Angle in Quadrupole

If the field was rotated relative to the mechanical frame to which the positioning device was
leveled, then motion along one axis in the mechanical frame would correspond to motion along
some combination of both axes in the field’s frame. This variation should then be detectable. In
order to measure the error between the magnet yoke’s alignment and the field alignment, the skew
angle resolution procedure was carried out when the yoke was leveled to the positioning device.
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Figure 18: Transverse Variation of Bx over x

It is evident that the two hall probes were not exactly parallel. Hall 1 was leveled with the
positioning device. However, Hall 2 was not. This accounts for the difference in the gradients, as
Hall 2 measured part of a component that changed with respect to x, whereas the desired
component should not (for a small skew angle). Because of this, the following analysis uses only the
data taken from Hall 1.

There is significant noise in the Hall 1 data. This could be attributed to mechanical
vibrations caused by the power supply or the positioning device. The probe tip is at the end of a
meter long arm, and small vibrations at the base could be amplified at the end of that arm. It could
also be the wriggle in the DC current supplied to the quadrupole.
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