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Abstract

Given the unique nature of the LCLS-II hard x-ray undulators with their thin strong-
backs and many force compensating springs, it is very important to study their long
term behavior. A �rst attempt at this study was recently completed by performing a
lifetime test on HXU-016. For the test, the gap was repeatedly cycled and was set
64,500 times in total. Many measurements were made during the test. This note
summarizes the results of the measurements.

1 Introduction1

A lifetime test was performed on HXU-016. The gap was repeatedly cycled and set, and
many measurements were made to look for changes over time. The hard x-ray undulators
(HXU) have thin strongbacks and force compensating springs. Given the potential problems
with weak structures and a large number of springs, it is important to verify that the design
is stable over time. This was the original motivation for the test.

During HXU calibrations, a serious problem prompted us to suddenly start the lifetime
test. While preparing to calibrate HXU-017, it was found that the �eld integrals were far
out of tolerance. HXU-017 was tuned at LBNL and their results were well within tolerance.
Something had changed. Upon investigating, we discovered that the cause of the large �eld
integrals was a shifted magnet keeper. Further investigation found a signi�cant number of
loose bolts in the magnet keepers and also loose bolts attaching the magnet keepers to the
strongbacks. We had checked and tightened loose bolts on SXR undulators which came to
SLAC from the factory, but since the HXR undulators were tuned at LBNL and ANL, we
did not check the bolts since we did not know of a problem and the undulators were already
tuned. After tightening the bolts on HXU-017, the �eld integrals were within tolerance
and the undulator was calibrated.

The next undulator requiring tuning and calibration was HXU-015. This was the only
HXR undulator that was not tuned at either LBNL or ANL, so it represented an undulator
as it came from the factory. The �rst thing we did was check the bolts. Again, many bolts
were loose. There was a procedure for tightening the bolts at the factory, but perhaps
it wasn�t followed or shipping loosened the bolts. We tightened the bolts and calibrated

1Work supported in part by the DOE Contract DE-AC02-76SF00515. This work was performed in
support of the LCLS project at SLAC.
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the undulator. We wondered, however, whether there were loose bolts on all the previous
undulators that were not checked before HXU-017.

After HXU-015, we decided to do the lifetime test to see if loose bolts made the un-
dulators change over time. We used HXU-016 for the lifetime test. HXU-016 had been
previously calibrated, but its bolts had never been checked. It was representative of the
undulators already installed in the tunnel. We initially performed 500 cycles of the gap
performing many measurements during the cycling. After the 500 cycles, we checked the
bolts and indeed found many loose bolts. We tightened the bolts and repeated 250 cycles
of the lifetime test, again with many measurements. The results from the measurements
are documented in this note.

2 Lifetime Test

For the lifetime test, the undulator was cycled in a manner which simulates the way the
undulator is used in practice. The gap sequence used in the test is shown in �gure 1. Each
cycle consists of sub-cycles in which the gap is set 86 times. The cycle starts with three
sub-cycles of the gap between 7.2 mm and 12 mm with 6 gap settings in each sub-cycle.
The gap is set every 2 mm except for the 7.2 mm setting. After that, there are two sub-
cycles between 7.2 mm and 18 mm with 12 gap settings in each sub-cycle. Then there is
one sub-cycle between 7.2 mm and 24 mm with 18 gap settings, followed by one sub-cycle
between 7.2 mm and 30 mm with 24 gap settings. Finally, the gap goes from 7.2 mm to
100 mm and back with 2 gap settings. The idea is that most of the gap settings in the
tunnel will be at small gaps in the 7.2 mm to 20 mm operating range of the undulator,
while occasionally extending the operating range to 24 mm. The springs disengage at
approximately 27 mm, so we wanted a cycle to 30 mm to disengage the springs. Finally,
we wanted to fully open the gap to 100 mm as will be done for testing or to turn o¤ an
undulator.

Since each of the 750 total cycles has 86 gap settings, the gap was set 64,500 times.
This corresponds in the tunnel to setting the gap 18 times a day for 10 years. We believe
this is a signi�cant fraction of the life of an HXR undulator.

For the �rst part of the test, the gap was cycled 500 times. The bolts were not tightened
ahead of time, so the undulator is representative of the other undulators in the tunnel.
Magnetic measurements and capacitive sensor measurements were carried out periodically
during the cycling. The load cells were read out each time the gap was set.

After 500 cycles, the bolts were checked and 42 loose bolts were found. The loose bolts
are documented in the Appendix. The loose bolts were then tightened to the speci�ed
torque. This severely detuned the undulator. The gap cycling with load cell readout
and magnetic measurements continued for another 250 cycles. Afterward the bolts were
checked again and 13 loose bolts were found. These bolts were tightened and the undulator
was tuned and calibrated ending the test so that we could proceed with other calibrations.
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Figure 1: Two cycles of the sequence used to set the gap in the lifetime test.

3 Load Cell Analysis

The load cells were read out each time the gap was set during the test. The load cell readings
were combined to give the motor drive forces, strongback forces, and other quantities of
interest. The motor drive forces at 8 mm gap are shown in �gure 2. The labels "U" and
"D" stand for the upstream and downstream ends of the undulator, "A" and "W" stand
for the aisle and wall sides of the undulator, and "Open" and "Close" refer to whether the
gap is opening or closing in the sub-cycle. The dashed vertical lines in the �gure show the
times when magnetic measurements were made.

There is signi�cant hysteresis in the forces between opening and closing the gap. This is
likely due to friction in the guide rails which makes a force in the direction of the magnetic
force when the gap is opening, and makes a force in the direction of the spring force when
the gap is closing. The forces are always negative indicating that the springs are always
stronger than the magnetic force.

The drive forces kept decreasing during the test. The decreasing negative force possibly
means that the springs are fatiguing over time. The opening and closing forces remain
parallel indicating that the friction is not changing with time.

After 500 cycles, the bolts were tightened and there was a change in the drive forces.
This is likely because the gap changed signi�cantly when the bolts were tightened, as we
will see below.

The total force on each strongback at 8 mm gap during the test is shown in �gure 3.
The changing force with cycle number is clearly seen, as well as the large hysteresis in the
forces. The undulator performed well over its "lifetime", so the changing force does not
appear to be a problem.

We performed some checks that the forces are actually changing over time and that
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Figure 2: Motor drive forces during the lifetime test.

the load cell o¤set or transfer function isn�t responsible for the observed change. Figure
4 shows the load cell readings when the gap is 100 mm. This is where the load cells were
initially zeroed. There is essentially no o¤set drift during the test. The load cells were
re-zeroed after the bolts were tightened accounting for a small force change at 500 cycles.
The transfer function of the load cells might be decreasing with time. In this case the
higher strongback force readings as the gap is closing would change more over time than
the lower force readings as the gap is opening. It is hard to tell if this is happening in
�gure 3. We were not able to directly check the calibration of the load cells, so a change
in the transfer function over time cannot be ruled out.

The primary concern with the forces is whether there is an aisle-wall imbalance or an
upstream-downstream imbalance. These imbalances have a large e¤ect on whether the
spring force compensates the magnetic force. Figure 5 shows the di¤erence in the aisle
side and wall side strongback forces at 8 mm gap during the test. The force di¤erence
remains small throughout the test. Figure 6 shows the di¤erence between the upstream
and downstream drive forces on each strongback at 8 mm gap during the test. The force
di¤erence remains small. Tightening the bolts seemed to make the aisle and wall force
di¤erences more equal. The small stable force imbalances show no indication of problems
from loose bolts or problems with HXU longevity.
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Figure 3: Force on each strongback during the test.
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Figure 4: Load cell o¤sets during the test.
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Figure 5: Di¤erence between the aisle and wall strongback forces.
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Figure 6: Di¤erence between the upstream and downstream drive forces on each strongback.
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4 Capacitive Sensor Analysis

During the �rst 500 cycles and right after the bolts were tightened, capacitive sensor mea-
surements of the gap were made at the time when the magnetic measurements were per-
formed. Figure 7 shows the results. The blue points represent the capacitive sensor
measurements taken during the initial calibration of HXU-016. These initial measure-
ments are subtracted from all measurements, so the initial measurements are at zero in the
�gure. The lowest red curve shows a measurement taken after the undulator was in the lab
for a little more than a day. The undulator was not yet in thermal equilibrium and the plot
shows that the shape of the gap distorts if thermal equilibrium has not been reached. The
group of points between the blue line and the lower red curve is a set of 7 measurements
taken during the 500 gap cycles. There is no signi�cant change during the cycling. The
gap, however, is about 2 or 3 microns smaller relative to the initial calibration. Part of
this change is due to the gap creeping over time after it is set, causing an approximate one
micron gap error in each dataset. An additional error is likely due to storing the undulator
without temperature control and the distortions aren�t completely removed when the un-
dulator comes back to 20 deg C. The gap change is re�ected in the magnetic measurements
as we will see. The top yellow curve shows the gap after the bolts were tightened. At
one point, the gap is over 26 microns larger. This is a very large e¤ect and it detunes the
undulator.
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Figure 7: Capacitive sensor measurements of the gap.
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5 Magnetic Measurements

During the initial 500 gap cycles, 8 sets of magnetic measurements were made at the com-
missioning gap and compared to the original measurements made during the calibration.
Figure 8 shows the peak �elds. The measurements made during the calibration in Dataset
1 are the reference and they are subtracted from all the other measurements. The upper
red curve is the �rst dataset taken after the undulator was brought back to the bench and
thermal equilibrium had not been reached. The remaining 7 datasets were taken during
the 500 gap cycles. There is no signi�cant change due to the cycling. Most of the di¤er-
ences are due to temperature di¤erences in the lab and the gap di¤erences discussed in the
previous section. There do not appear to be large changes due to the bolts loosening over
time. Measurements of the K value will con�rm this.
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Figure 8: Peak �elds during the �rst 500 cycles compared to the reference.

The primary quantity of interest for the performance of the undulator is the K value.
During each undulator�s calibration, a commissioning gap is found such that the K value
is 2.34. During the magnetic measurements of the lifetime test, the gap was set to the
commissioning gap, and the K value was measured. Figure 9 shows the relative change
in K compared to the commissioning value of 2.34. The K values were corrected to 20.0
deg C using the known temperature calibration. The �rst measurement taken during the
calibration is close to zero. The second measurement was taken when the undulator was
not in thermal equilibrium. The remaining measurements were taken at di¤erent points in
the 500 gap cycles. These values are all higher than the value taken during calibration due
to the smaller gap that the capacitive sensors measured. They are all within the tolerance,
however. There is no progressive change as one would expect if the bolts were loosening
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and causing the gap to become smaller over time.
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Figure 9: K values when the gap was set to the commissioning gap.

The K value as a function of gap is plotted in �gure 10. The K values taken during
the calibration are the reference, and they are subtracted from all the measurements and
used to normalize the di¤erences. All measurements were corrected to 20.0 deg C. Spline
�ts were used to compare datasets at the same gap values. During the 500 cycles, all
measurements stayed with the tolerance. Even with loose bolts, the undulators are stable
over time. After the bolts were tightened, there was a large change as seen in the lower blue
points. This con�rms that the bolts cannot be tightened in the tunnel. The undulator
must be recalibrated after tightening any bolts.

The phase errors are sensitive to localized changes in the gap. The phase errors during
the initial 500 cycles and after the bolts were tightened are shown in �gure 11. The phase
errors are very stable during the initial 500 gap cycles. There is a large change after
the bolts are tightened. This shows again that the undulators are stable over time, even
with loose bolts. The bolts cannot be tightened without retuning and recalibrating the
undulators.

After the bolts were tightened, another 250 cycles of the gap were performed. One
might wonder if the bolts work themselves loose after tightening and then stabilize after
they are loose. This is not the case, at least as it a¤ects the K value, as shown in �gure
12. The K value remains at the reference value which is the value immediately after the
bolts were tightened.

After tightening the bolts, the phase errors also remain stable for 250 gap cycles as
shown in �gure 13. The changes are only a fraction of a degree.
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Figure 10: K value as a function of gap.
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Figure 11: Phase errors as a function of gap.
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Figure 12: K vs gap during the 250 gap cycles after the bolts were tightened.
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Figure 13: Phase errors vs gap after the bolts were tightened.
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6 Summary

Three undulators were found to have loose bolts: HXU-017, HXU-015, and HXU-016. A
lifetime test was performed on HXU-016. The conclusion of the test is that the undulators
are stable with use, even with loose bolts. The gap was �rst cycled 500 times and the
undulators remained within tolerance compared to their calibration. After the 500 cycles,
the bolts were tightened. The gap was cycled another 250 times. The undulators were
again stable. We expect that all the other undulators in the tunnel have loose bolts. From
this test, however, it does not appear to be an imminent problem.
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7 Appendix

The following pages document all the loose bolts that were found in HXU-016.
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HXU-016 screw’s torque check. 

There are 2 sets of screws checked; M6 screws on the side of the strongback and M8 screws on 

the top and bottom of magnet assemblies, see pictures below. 

 

 

For M6 screws the torque was set to 50 in-lbs (5.6 N-m), for M8 screws the torque was set to  
9 ft-lbs (12.2 N-m) in accordance with specifications (see assembly instructions). 
The results of the check is in the table below. If a screw was not torqued properly the amount 
of the torque wrench rotation in terms of a full turn was an input into the table. There were 38 
lose M6 screws on the aisle side and only 3 screws lose on the wall side of the undulator, out of 
192 total. There was a single M8 screw lose but it looks like it has never been torqued at all. The 
check was always started close to the pole #44 (center of the magnet section) and went in both 
directions to the ends of the section. For M6 screw’s check the gap was set to 30mm, for M8 
screw’s check the gap was set to 110mm. 
 



 

Torque setting for M6 screws (5.6 N-m) 

 

Torque setting for M8 screws (12.2 N-m) 

 

 

 

 

 

 



Module 
# 

Pole # Side screw Bottom screw 
aisle Aisle wall 

Top Bottom Top Bottom 

1 3  1/8    
1 8  1/8    

1 47 1/8     

1 52 1/8     

1 57 1/8     
1 64 1/8 1/4    

1 80    1/4  

1 86  1/8    

2 3 1/8     

2 8 1/8 1/16  1/16  

2 13 1/8 1/4    

2 15     1 full turn 

2 20 1/16 1/8    
2 25  1/8    

2 35  1/8    

2 48 1/16 1/4    

2 54  1/16  1/16  
2 59 1/16     

2 65  1/4    

2 71  1/16    

2 76  1/16    
2 81 1/8 1/16    

2 86  1/4    

3 3 1/16 1/16    

3 7  1/4    
3 13 1/8     

3 19 1/4     

3 24  1/8    

3 30  1/16    
3 40  1/16    

3 63  1/16    

3  74 1/16     
3 84 1/8     

total 16 22 0 3 1 

After 240 full cycles 

1 20  1/16    
1 68 1/16 1/16    

1 74 1/8 1/16    

2 25  1/4    



2 42  1/8    
2 66 1/16     

3 7    1/16  

3 18 1/16     
3 24 1/8     

3 53    1/16  

3 74   1/8   

 

 

 


