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Abstract
During the course of the LCLS-II phase shifter calibrations, the reference phase shifter
measurements were observed to drift with time. CMM measurements showed that the gap was
increasing with time. After various tests, we found that the encoder scales were not attached
properly and that motion of the scales was responsible for the drifts in the measurements. The
phase shifters are not usable in their current state. They must all be repaired and recalibrated.
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Introduction1

During the LCLS-II phase shifter calibrations, a reference phase shifter was used with the intent
of …nding any drifts in the measurement system. Drifts were indeed observed, and a long series
of studies commenced to …nd which part of the measurement system was responsible. All tests
found the measurement system to be extremely stable. At this point we began to suspect that
the reference phase shifter was changing with time. We found that the gap was increasing with
time for a given encoder reading, which was causing the magnetic …elds to get weaker in time. We
determined that the encoder scale was only held on with tape for all the phase shifters. The scale
manufacturer’s instructions specify that a datum be provided using epoxy or a clamp2 . This was
not done, and the few micron tolerance for setting the gap was not being met. This note documents
the evidence for these claims. We conclude that the SXR phase shifters will all be out of tolerance
by the time they are installed unless corrective actions are taken. We recommend that all scales be
reinstalled with a …xed datum point. All phase shifters must then be recalibrated.

2

Requirements

The requirements for the phase shifters are speci…ed in a Physics Requirements Document3 . The
requirement of interest for this note is that the accuracy for setting the phase shifters is 5:8 x-ray
degrees for the SXR phase shifters, and 2:9 x-ray degrees for the HXR phase shifters:
SXR
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where q is the electron charge, m is the electron mass, vz ' c is the forward speed of the electron,
u is the undulator period, K is the undulator parameter, and P I is the phase integral of the phase
shifter. In terms of the magnetic …elds in the phase shifter
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We can calculate the error on the phase integral for the given speci…ed error on the phase.
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The tolerance on the phase integral should come from the minimum K value. The minimum K value
in the operating range of the SXR undulators is 1:24, and the minimum K value in the operating
range of the HXR undulators is 0:44. The undulator period of the SXR undulators is 39 mm, and
e
the period is 26 mm for the HXR undulators. The constant mc
has a value of
1
e
= 586:7
mc
Tm

(6)

Inserting these values, we …nd the tolerance on the error of the phase integral for the SXR and
HXR undulators is
P ISXR
P IHXR

3:23 T2 mm3
0:67 T2 mm3

=
=

(7)
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The error tolerance on the phase shifter gap is equal to the tolerance on the phase integral divided
by the rate of change of phase integral with gap.
g=

PI
dP I=dg

(9)

For the SXR phase shifters, the maximum rate of change of phase integral with gap is 394 T2 mm3 /mm,
and for the HXR phase shifters, the maximum rate of change of phase integral with gap is 88
T2 mm3 /mm. Using these values, the tolerances on setting the gap are
gSXR
gHXR

= 8 m
= 8 m

(10)
(11)

The tolerances given above use up the entire error budget and don’t leave any part for measurement errors or …ducialization errors. They serve as a guide, however, to evaluate the measurements
which follow.

3

Reference Phase Shifter

One of the …rst phase shifters measured, SXPS-16337, was kept in the lab for the duration of the
measurements and was measured often in order to check for drifts of the measurement system. This
phase shifter did not experience any temperature excursions greater than the 0:5 deg C excursions
of the lab, so no changes in the phase shifter due to temperature are expected. Before production
measurements started, the reference phase shifter was measured on the HXR Kugler bench and
later on the Dover bench. Once production started, it was measured roughly every week for the
duration of the production SXR measurements, and then roughly every week for the duration of
2

the production HXR measurements. Finally, the reference phase shifter was measured on the SXR
Kugler bench. The Dover bench Hall probe was calibrated several times during these measurements,
and the Kugler bench Hall probes each had an independent calibration. A plot of the reference
phase shifter phase integral measurements at 10 mm gap as a function of time is shown in …gure 1.
A line is …t to the measurements, but the actual time dependence might have some other form such

Figure 1: Reference phase shifter at 10 mm gap, phase integral vs time.
as a decaying exponential. The linear …t, however, gives a good representation of the data over this
time interval. From the …t, the phase integral changes by 2:77 T2 mm3 per 100 days. The 3:23
T2 mm3 tolerance on the phase integral is entirely used up in 117 days. The phase shifter will be
out of tolerance by the time it is installed in the tunnel. Clearly there is a large problem.
One might wonder if handling the phase shifter caused it to change. There are gaps in time
in the measurements where there was no handling. The change in phase integral seems to vary
smoothly in time. There are no steps in the plot as would be the case if the phase integral changed
according to the number of times the phase shifter is handled.
In order to check that the Dover bench measurement system was not drifting, a measurement was
made for each phase shifter in a 3:6 kG reference magnet and compared to an NMR measurement
in the same reference magnet. The results are shown in …gure 2. The agreement between the
Hall probe and the NMR probe is at the 10 4 level over the course of production measurements.
There is no evidence of Hall probe drift. Also, the Hall probe was calibrated several times during
the production measurements and there was very little change from before to after each calibration.
The measurement system is stable and the drift we see in the reference phase shifter measurements
is coming from the reference phase shifter.
Given that the reference phase shifter is changing, the changes could either be from demagnetization of the permanent magnets, or the gap increasing with time. Danfysik did an analysis of
demagnetization and concluded the reversing …elds were only 61% of the …eld value required to
demagnetize the blocks5 . An equivalent study was done at SLAC with similar results6 . An expert
5 "Demagnetization
6 Heinz-Dieter

study of the magnet blocks for the SLAC SXR and HXR Phase Shifters", Danfysik ref. 502649.
Nuhn, private communication.
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Figure 2: Dover bench Hall probe measurements compared to NMR measurements in a reference
magnet.

at LBNL was consulted and based on the Danfysik report concluded that the blocks were unlikely
to demagnetize7 . It does not appear that the phase shifter magnet blocks are weakening with time.
At this point, it appeared that what was changing in the reference phase shifter was the gap.
CMM measurements of the gap were made three times during the production measurements. A
plot of the average gap as a function of time is given in …gure 3. The fourth point in the plot was
another handling test where the phase shifter was taken o¤ the CMM, placed on the ‡oor, and then
put back on the CMM. This sequence of handling the phase shifter was repeated 10 times and then
the fourth CMM measurement was made. The handling made essentially no di¤erence to the phase
shifter gap.
The CMM measurements show that the average gap increased 20 m in 300 days. As noted
previously, the change in phase integral with gap is 394 T2 mm3 /mm. A 20 m gap change gives a
change in the phase integral of 7:9 T2 mm3 . This corresponds exactly to the change in phase integral
observed in the magnetic measurements over 300 days. It is clear that the gap of the reference phase
shifter is increasing with time.

7 Ross

Schlueter, private communication.
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Figure 3: CMM measurements of the reference phase shifter average gap as a function of time. The
gap encoder reading was 9.999 mm for each measurement.
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Other Phase Shifters

Three phase shifters were brought back from storage and the magnetic measurements were repeated.
The three were SXPS-16336, SXPS-16340, and SXPS-16342. All three were weaker in the second
measurement than in the …rst. Figure 4 shows the phase integral at 10 mm gap for the two
measurements of SXPS-16336. Figure 5 is a similar plot for SXPS-16340. Figure 6 is a similar plot

Figure 4: Phase integral at 10 mm gap for two measurements of SXPS-16336.

Figure 5: Phase integral at 10 mm gap for two measurements of SXPS-16340.
for SXPS-16342. The rate of decrease of phase integral with time is di¤erent for the three phase
shifters, but since this is a random sample, it appears likely that all SXR phase shifters are getting
weaker with time.
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Figure 6: Phase integral at 10 mm gap for two measurements of SXPS-16342.
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Gap Encoder

In order to understand why the SXR phase shifters are getting weaker in time and their gaps are
getting larger in time for given encoder readings, we started to investigate the gap encoders. The
gap encoders are Renishaw RSLA absolute high accuracy encoders8 . The encoder scales are made
of stainless steel and weigh about 25 g. The scales have an adhesive backing for attaching the
scale to the part being monitored. In reading a technical note about how to mount the scales9 , we
learned that the adhesive backing is purposefully very weak in order to not strain the scale when the
temperature changes and thermal expansion makes the scale possibly change length at a di¤erent
rate that the material it is mounted to. The Renishaw technical note said that the scale should be
…xed at one point to provide a datum, and then the adhesive backing would lightly secure the scale
without over constraining it.
A test was performed in order to see if the scale was mounted properly on SXPS-16340. A 100
g weight was applied to the top of the scale. CMM measurements of the gap were made before the
weight was applied. The weight was then applied for two days. Afterward, CMM measurements
of the gap were repeated. The results are shown in …gure 7. Measurement number 1 in the plot is
before the weight was applied, and measurement number 2 is after. From the plot, the average gap
increased by 250 m.
CMM measurements were also made of the scale and the bar it is attached to. Figure 8 shows
the position of the end of the scale before the weight was applied, two days after the weight was
applied, and the day after the weight was removed. The scale as a whole moved when the weight
was applied, and it sprang back when the weight was removed. The scale is not …xed to the bar it
is mounted to. No visible clamp was used to secure the scale, and it appears that epoxy was not
used to secure the scale.
Danfysik was contacted to con…rm if epoxy was used to provide a datum for the scales, and the
answer was that no epoxy was used on any scale10 . The SXR scales were not mounted according
to the manufacturer’s instructions.
When the scale is not …xed at one point, it can slide down. This is illustrated in …gure 9. The
left side of the …gure shows the scale shortly after it is installed. The phase shifter scale is attached
8 Renishaw

data sheet L-9517-9387-03-C.
e¤ect of encoder scale mounting methods", Renishaw Technical Note L-9517-9325-02-A.
1 0 Daniel Bruch, private communication.
9 "Accuracy
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Figure 7: Change in the average gap after a 100 gm weight was applied to the top of the scale for
two days.

to a bar held by the top jaw. The readhead is mounted on the bottom jaw. The control system
sets the gap such that the scale has a given reading, as shown in red.
Now suppose the scale slips down. It is at a lower position relative to the top jaw, as shown
on the right side of the …gure.. When the control system adjusts the gap to get back to the same
encoder reading, the actual gap of the phase shifter is larger than before the scale moved. This is
consistent with what we observed.
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Figure 8: CMM measurement of the end of the scale relative to its mounting surface both after the
weight was applied and after the weight was removed.

Figure 9: If the scale slips down, when the control system sets the gap to the same scale reading,
the actual gap is larger.
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HXR Phase Shifters

The HXR phase shifters have not been studied in as much detail as the SXR phase shifters. Initial
tests con…rm that the scales move down about 7 microns rapidly when a force from a 100 g weight
is applied to them, and then the motion continues at a slower rate11 . This is similar to the motion
of the SXR scales, but of smaller magnitude. As with the SXR scales, no clamp or epoxy was
used at Danfysik to provide a datum for the HXR phase shifter scales12 . The manufacturer of the
HXR encoders, AMO, does not mention epoxy or any other type of datum being embedded in their
adhesive backing13 . The long term e¤ectiveness of the AMO adhesive backing is unknown and this
adds uncertainty to using these scales without a …xed point.
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Conclusion

The LCLS-II SXR phase shifters are getting weaker with time and the gap is getting larger with
time for a given encoder reading. The encoder scales are not …xed to their support since pushing
down on them lightly causes them to move a large distance. We conclude that gravity is pulling the
scales down, and since the scales are only held on with weak tape, the scales are moving down. This
causes the gap to get larger for a given encoder reading, which makes the phase integral smaller.
This conclusion is consistent with all the observations documented in this note.
The HXR phase shifters have not been studied in as much detail. The encoder scales are only
held on with an adhesive backing and so similar problems as for the SXR phase shifters are likely.
The long term stability is unknown, so leaving these scales without a …xed point will add uncertainty
to the project.
Because of the scale motion, the SXR phase shifters are out of tolerance within roughly 117 days
after they are calibrated. Although the exact rate of change of phase integral with time is di¤erent
from one phase shifter to another, it is likely the SXR phase shifters will all be out of tolerance before
they are installed. LCLS-II SXR undulator line performance will su¤er initially, and eventually the
machine will not work at all after the phase shifter errors are large enough. A similar situation for
the HXR undulator line is possible. In order to correct this situation, the scales must be attached
properly with a datum, and all phase shifters must be recalibrated.
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