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SCU horizontal measurement system capabilities 
 Warm bore system based on Budker Institute's wiggler measurement system. [1,2] 
 
 Scanning Hall Probe 

– On-the-fly Hall probe measurements (2 cm/s, ∆z 0.2 mm, typical z range ±35 cm) to determine local field 
errors and phase errors. 

– Three sensor Hall probe (attached to carbon fiber tubing and driven by linear stage) to measure By and Bx 
simultaneously and determine the mid-plane field regardless of sensor vertical offset from magnetic mid-
plane. [3] 

– Hall probes can be rotated to any fixed angle with 0.01 degree absolute accuracy. The probes can also be 
rotated through 360 degrees at a fixed z location.  

 Stretched Wire Coil 
– Stretched wire rectangular, delta and figure 8 coils to determine static and dynamic 1st and 2nd field 

integrals. Wire diameter is 100 µm, coil width is 4 mm, and coil length is 3.5 m. [4] 
– Rotary stages on down-stream end of cryostat as well as on the z-axis linear stage to provide 

synchronized rotary motion for stretch coils. 
– Integral coil measurements performed by continuously rotating and using a software-based lock-in 

amplifier to determine the integrated By and Bx field components. [5] 
– Coils can be translated along  x-axis approximately ±1 cm to measure integrated multipole components. 
 

 Miscellaneous 
– Ability to measure dynamic 1st and 2nd field integrals, magnet coil voltages and current during  a quench. 
– Control main and corrector power supplies with accurate current read-back. 
– Ability to measure the LHe level, and temperature sensors 
– Perform excitation measurements with fixed Hall probe position 
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SCU Horizontal Magnetic Measurement System Specifications 
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 Three Arepoc Hall sensors mounted in 4 mm OD carbon fiber tubing 
 Hall sensors guided by Ti tubing inside the  Al beam chamber 
 Integral coil consists of 1-turn 100 µm CuBe wire 4 mm width and 3.5 m length 
 Coil can be configured as rectangular, delta or figure 8  
 Labview based data acquisition and analysis software written by Matt Kasa 
 Hall probe field resolution 0.01 Gauss 
 Hall probe field accuracy  ~0.4 Gauss 
 Rotary stage resolution  0.2 mRad 
 Integral Coil resolution  ~0.1 G-cm 
 Integral Coil accuracy  ~±5% of measured value 
 Longitudinal stage linear travel 3.5 m 
 Transverse stages linear travel 1.0 cm 
 Linear encoder resolution  1 um 
 Linear encoder accuracy   ± 10 um/m 
 Straightness and flatness of stage 100 um over 3.5 m travel 
 Max Roll angle error  ± 1 mRad 
 HP Power Supply  5 Volt 890 A 
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SCU Horizontal Magnetic Measurement System 
dimensional overview 
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• One 3.5 m travel linear stage 
• Three ±1 cm travel transverse linear stages 
• Three manual vertical stages 
• Two rotary stages 
• Ti tubing installed inside Al beam chamber 

as guide for carbon fiber  Hall probe 
assembly 
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SCU Horizontal Magnetic Measurement System 
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3.5 m linear stage 
US end of SCU0 

US end of SCU0 
With integral coil 
in guide tube 

Rotatable 
connector 

DS end of SCU0; rotating 
and x stages and coil and Ti 
tube tensioners 

US end showing bellows 
and x stage 
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Custom 3-sensor Hall probe assembly   

Three Arepoc Hall sensors and 
one temperature sensor  
mounted to a ceramic holder 
which is then installed in a 
carbon fiber tube 
 
Two sensors measure By above 
and below the mid-plane 
separated by ~1mm (suggested 
by I. Vasserman) [3] 
These sensors were calibrated 
by M. Abliz [11] 
 
Third sensor measures Bx 
 
Nominal K1 scale factor 14 T/V 
 

By1 By2 

Bx 
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3.8 mm OD 
29 mm length 
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Al beam chamber with Ti guide tube and CF Hall probe 
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Al beam 
chamber 
centered in gap 

Ti guide near center of Al 
beam chamber clearance 
~0.3 mm  

By2  probe near “B” 
core ~ 0.5 mm above 
mid-plane 

By1  near “A” core ~ 
0.5 mm below mid-
plane 

“B” core 

Carbon fiber Hall Probe 
tubing 

“A” core 
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SCU Integral coil system 
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Upstream end rotating stage 
with ceramic pin to define coil 
width and position 

Down-stream end rotating stage 
with ceramic pin and brass 
tensioning fixture 

One turn integral coil is 
supported at each end by 
ceramic pins with 4 mm V cut 
mounted to rotating stages 
Coil can be configured at 
rectangular, delta or figure 8 
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Review of SCU0 basic design 
 SCU0 consists of two 42 pole SC magnet cores with a 9.5 mm gap between cores. 
 Each core wound with a continuous SC for the 41 main coils 
 11 turn correction coils are wound on last two main coils of each end of the cores  
 One main power supply energizes the main coils in series 
 One, or two corrector supplies may be used to energize all corrector coils, or up-

stream and down-stream independently 
 The ideal correction current is a function of the main current, and for lowest 

phase errors should be equal on both ends of the device 
 Adjustment of the correction coil current affects the average photon beam angle 

(average value of the 1st field integral), but has very little effect on the e-beam exit 
angle (final 1st field integral) [6,7,8,9] 
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ID Field error limits from APS Upgrade PDR 8/22/2012 
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Range of correction with main current at 500 A [10]  
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The plot to the right shows typical 1st 
field integrals with maximum, minimum 
and ideal correction current with 500 A 
main current 
5000 G-cm ~ 200 µRad angle @ 7GeV 
 
The average photon beam angle can be 
adjusted ±200 µRad relative to the 
incoming e-beam 

The plot to the right shows the range 
of  the 2nd field Integrals, e-beam 
offset  range at exit ~ ±70 µm 
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Typical Hall Probe measurement results at 500 A 
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Typical By field with Main 
coil current of 500A and 
correction current of 51.7A 

1st field integral of above data 
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SCU0 Trajectory and phase errors 
Main current 500A corrector current 51.6A 
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SCU0 Spectral plots calculated by R. Dejus 
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Measurement files: 
Fmap-SCU-000-0017-0005 
Fmap-SCU-000-0017-0015 
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Effects of differential correction coil currents 

 By design, under normal circumstances, the four SCU0 correction coils should be 
energized with equal currents. If unequal currents are used on the upstream and 
down-stream ends, flux will be generated in the body of the steel cores. 

 The plots on the next slide show the effects of energizing the up-stream and 
down-stream correction coils with unequal currents. For plots labeled +5 A diff, 
the US end correction coil was energized to 56.6 A and the DS end to 46.7 A. For 
plots labeled -5 A diff, the currents were swapped. 

 When the correction coils are energized unequally, flux is generated in the steel 
cores and produces a vertical field which varies along the length of the magnet 
structure with the largest field near the ends. The polarity of the vertical field 
changes on either end of the magnet center. 

 This vertical field causes the trajectory of the e-beam to curve horizontally with a 
constantly changing angle while inside the body of the SCU.  

 This curved trajectory destroys the symmetry of the device and for a 10 A 
difference in correction current (with the main at 500 A) the phase errors become 
close to 10 degrees rms. 

 Ideally symmetrical correction current should be used unless there is some need 
to increase the phase errors or widen the photon angular distribution 
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Flux paths due to un-equal correction coil currents 
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Z axis  

SCU0 
steel 
cores 

Flux due to un-equal 
correction coil current 
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2nd Integral with equal correction coil currents 
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1st and 2nd Integrals with average corrector current 
of 51.6 A, with difference of ±5 A between ends 
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Trajectory and Phase errors for 5 A differential 
corrector current 
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3rd and 5th harmonics for 5 A differential corrector 
current 

22 



The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory 

Hall probe excitation data 

 The following current-dependent plots show the results of Hall probe 
measurements done after conditioning the magnet 4 times from 0 to 600 A then 
performing measurements at 50 A increments up to 600 A and back to 0A. 

 The change in probe temperature was typically 1 Kelvin over the span of 70 cm 
during the measurement. This introduces a slight change in gain and offset to the 
Hall voltage so the calculation of the 1st and 2nd integrals and phase errors show 
some small non-repeatable behavior. 

 For these measurements an averaged lookup table for the correction current was 
used. The lookup table values were experimentally derived from Hall probe 
measurements. 

 It can be noted that the largest change due to the current loop was in the 2nd field 
integral near 200 A. The average photon beam angle would be within a range of ±3 
µRad without any feedback or manual correction if the average lookup table is 
used. 

 The average trajectory angle sensitivity to correction current is ~4 µRad/A 
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Some Current dependent parameters based on Hall 
probe measurements 
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Fmap-SCU-000-0017-0002 to 0024 
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1st and 2nd field integral as function of current 
based on Hall probe measurements 
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Current 
directions 
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1st Integrals of By and Bx as a function of x position 
main I = 500 A and correction I = 51.5A 
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Calculated Integrated 
skew quadrupole 
component  ~90 G 
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Vertical position of Hall probe center relative to 
the ideal magnetic mid-plane 
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This plot shows the calculated Hall probe average vertical positions (at the field 
peaks) relative to an ideal magnetic mid-plane assuming a hyperbolic cosine 
function for the vertical field. Details can be found in [1] 
 
This shows the Hall probe path was very close to the magnetic center of the device, 
and the upstream end was about 60 um higher than the center of the magnet. 
This was mostly due to an offset in the vacuum chamber end transition piece. 
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Rotating coil data 

 Measurements were done to measure the 1st and 2nd field integrals as a function 
of current and horizontal position using a continuously rotating coil and a software 
based lock-in amplifier technique. [5] 

 The SCU was first conditioned 4 times from 0 to 600 A then measurements were 
done from 0 to 600 A and back to 0 A at 50 A increments. 

 The measured field integrals include the Earth’s field which is the dominant 
component and is approximately 175 G-cm i.e. 0.5 G integrated over the 3.5 m coil 
length. 
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1st and 2nd By field integrals as a function of current 
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1st and 2nd Bx field integrals as a function of current 
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1st Integrals of By and Bx as function of x position 
main I = 500 A and correction I = 51.5A 
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Integrated multipoles as function of main current 
from rotating coil data 
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Integrated By field during quench best case 
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Table 4.5-8 from APS Upgrade PDR 
 
Heater induced quench 
Corrector current slaved to main current 
23 G-cm  = 1 µRad  
2300 G-cm2 = 1 µm offset 

During a quench of the main coil, the 
corrector PS current will follow the main 
according to a lookup table.  This will 
minimize disruption of the e-beam 
 
Change of exit angle ~1.5 µRad in 50 ms 
Change of exit offset ~4 µm 
 
Details of quench properties presented 
in [12,13] 
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1st and 2nd Integral response to corrector PS 
shutdown (worst case for e-beam perturbation)  
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Loss of corrector power supply with 
the main continuing to operating 
would be worse case for beam bump 
 
Change of exit angle ~7 µRad in 0.25 s 
Change of exit offset ~70 µm 
Change of average photon trajectory 
angle ~200 µRad 
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Some observations 

 The main coils were energized to the design current of 500 A the first time without 
a quench. 

 The maximum sustained current without quenching was 700 A (at 3.8 K) for two 
hours with the last hour having 10 W of heat applied to Al beam chamber 

 The maximum achieved current was 708 A, this was after a total of about 33 
intentional  quenches over one month of testing, 

 During the course of several weeks of testing, there were no inadvertent 
quenches while the magnet was energized to between 500 and 600 A. 

 Post quench the magnet cores will cool back down in less than 10 minutes, but it 
takes approximately 30 min for the LHe tank pressure to recover. The tank 
pressure increases by about 60 Torr during a quench (2 kJ stored energy). Typically 
we operated the tank pressure near atmosphere at 760 Torr and wanted to keep 
the pressure below 850 Torr. The maximum LHe tank pressure will have an impact 
on when the magnet can be re-energized after a quench. 

 The magnet didn’t quench after applying approximately 45 W of heat to the Al 
beam chamber over several hours. 
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Conclusion 

 The SCU horizontal magnetic measurement system performed very well for both 
the Hall probe and coil measurements. Overall design worked very well. We have 
plans to do some small modifications to ease guide tube alignment. 

 The SCU0 magnet performs better for all design parameters except the integrated 
skew quadrupole component. The design specification is 50 G and the measured 
value was 120 G at 500 A. Methods to correct for this in longer devices are being 
explored.  

 Phase errors are typically 1 degree rms or less from 100 to 600 A. 
 The normal 1st field integrals typically change less than 30 G-cm from 100 to 600 A 

for both fixed currents and dynamic changes in current. 
 The skew 1st field integral changes by less than 40 G-cm from 100 to 600 A  
 The normal and skew 2nd field integrals change by less than 8000 G-cm2 from 100 

to 600 A dependent on the corrector current lookup table. 
 Worst case for an e-beam bump would be if the corrector power supply failed and 

the main supply continued to operate. In this case the average trajectory angle 
would change by 200 µRad, the exit angle by 7 µRad, and the exit offset by 70 µm. 

 The cryogenic and magnetic performance of the SCU0 has been remarkable so far. 
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