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Abstract
The IEX beamline at the APS is currently in the commis-

sioning phase. The energy resolution of the beamline was 
not meeting original specifications by several orders of
magnitude. The monochromator, an in-focus VLS-PGM, is 
currently configured with a high and a medium-line-den-
sity grating. Experimental results indicated that both grat-
ings were contributing to the poor energy resolution and 
this led to venting the monochromator to investigate. The 
initial suspicion was that a systematic error had occurred 
in the ruling process on the VLS gratings, but that proved 
to not be the case. Instead the problem was isolated to me-
chanical constraints used to mount the gratings into their 
respective side-cooled holders. Modifications were made 
to the holders to eliminate problematic constraints without 
compromising the rest of the design. Metrology performed 
on the gratings in the original and modified holders demon-
strated a 20-fold improvement in the surface profile error
which was consistent with finite element analysis per-
formed in support of the modifications. Two gratings were 
successfully reinstalled and subsequent measurements 
with beam show a dramatic improvement in energy resolu-
tion.

BEAMLINE
The Intermediate-Energy X-ray (IEX) beamline at the 

Advanced Photon Source (APS) at Argonne National La-
boratory was designed with two separate branches, each 
with a dedicated endstation: one dedicated to angle-re-
solved photoemission spectroscopy (ARPES) and the other 
to resonant soft X-ray scattering (RSXS) [1]. The high en-
ergy resolution required by the ARPES endstation is 
achieved using an in-focus variable line spacing plane grat-
ing monochromator (VLS-PGM) [2]. To meet the demands 
of the two experimental techniques the monochromator is 
designed to house up to four water side-cooled gratings.  It 
is currently configured with a high-line-density grating 
(HEG) with a nominal 2400 l/mm and a medium-line-den-
sity grating (MEG) with a nominal 1200 l/mm. The HEG 
is primarily for use with the ARPES branch when conduct-
ing higher resolution experiments. The MEG offers higher
flux with moderate resolution that can be used by both the 
ARPES and RSXS branches. Future plans include a low-
line-density grating (LEG) with a nominal 400 l/mm that 
is optimized for photon hungry RSXS experiments.

The diffracted beam downstream of the exit slit was ob-
served to shift in energy depending on the size and position 

of either the synchrotron beam or the clean-up aperture lo-
cated just downstream of the monochromator. As a result, 
the energy resolution was very poor except for the smallest 
aperture sizes.

GRATINGS 
The cause of the poor energy resolution was eventually 

isolated to the gratings using photoemission measurements 
at the ARPES endstation.  A systematic scanning of a ver-
tical aperture just downstream of the monochromator (be-
fore the beam significantly disperses) revealed that the en-
ergy of the diffracted beam shifted at the exit slit as one 
selected different sections of the dispersing beam.  This 
technique essentially allowed one to scan along the length 
of the grating. Both the HEG and the MEG showed similar 
energy shifts.

Ruling Line-Density
In order to fully investigate the gratings, the mono-

chromator needed to be vented. The initial suspicion was 
that a systematic error had occurred in the ruling process 
on both gratings which had been holographically ruled by 
the same vendor. No metrology had been performed to ver-
ify the variable ruling line density on either grating. 

In anticipation of the ruling density being the problem, a 
new mechanically ruled MEG was acquired. In parallel, 
plans were made to remove the existing MEG and measure 
its ruling density. Unfortunately, the long trace profilome-
ter (LTP) at the APS was undergoing an upgrade; as a re-
sult, arrangements were made with the optics metrology 
group at the SOLEIL Synchrotron to measure the ruling
density of the original MEG on their LTP. The measure-
ments confirmed that the original MEG was properly ruled. 
In the meantime, the real problem with the gratings had 
been isolated to the grating holder itself.

Grating Substrate
The mechanical details of the grating holder were re-

viewed in preparation for mounting the new MEG. The 
grating substrate design adopted for the IEX monochrom-
ator has three horizontal through-holes to facilitate clamp-
ing of side cooling blocks and three vertical holes to facil-
itate bolting the grating to a support from below as illus-
trated in Figure 1. The grating substrates were originally 
specified and fabricated with extremely good surface pro-
files of better than 1nm RMS.  Surface profile measure-
ments were not made after the original MEG and HEG
were ruled or after they were installed into their respective ___________________________________________
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holders.  This is a lesson learned.  Others have demon-
strated the value in performing metrology at each step 
along the way to verify surface profile integrity [3, 4].

Original Grating Holder Design
A drawing of the original grating holder design is shown 

in Figure 2.  The cooling blocks are clamped to the sides of 
the gratings with three custom bolts that pass through the 
gratings and are secured “finger tight” with a nut. These 
three custom bolts have tapped holes through their shanks 
that allow three vertical screws to pull the grating down 
against three steady rests.  Each of the vertical screws are
also torqued “finger tight”.  A review of this design re-
vealed that the gratings were being subjected to bending 
moments as a result of the lever arms between the vertical 
hold-down screws and the steady rests. In addition, the use 
of screws that were torqued “finger tight” without any
compliance were easy to overload. All of this had the po-
tential to cause surface profile errors and led to a decision 
to modify the original grating holder.

Modified Grating Holder Design
A drawing of the modified holder design is shown in Fig-

ure 3. The cooling blocks are still clamped to the sides of 
the grating with the same custom bolts, but a Belleville 
washer now resides beneath each of the nuts. The three 
steady rests have been eliminated and replaced with three 
spherical washers of the same height.  The three spherical 
washers are located coaxial to the three vertical hold-down
screws.  A larger and deeper counterbored hole in the 
holder base plate allowed for the introduction of a stack of 
three Belleville washers at the head of a new low profile 

vertical hold-down screw.  The Belleville washers allow
for the application of a repeatable, small clamping force 
that is thermally compliant.

FEA Modelling of Grating
Finite element analysis (FEA) was conducted on a model 

of the grating to verify that the proposed changes to the 
holder would be beneficial.  Figure 4 compares the me-
chanical distortion of the grating by imposing constraints 
associated with the original and modified holders.   A load-
ing of 10N was assumed at each vertical screw on the orig-
inal holder design.  Contours of the resulting vertical dis-
placement are displayed in mms.  In order to achieve a sim-
ilar distortion scale in the modified holder, it was required 
to apply a 1000N force to each of the corresponding 
screws.  One can clearly see that potential surface profile 
errors are reduced significantly in the modified holder de-
sign.

Metrology
The plan was to perform surface profile measurements 

on the gratings in their original holders and to repeat these 
measurements with each grating unmounted and then re-
mounted in the modified holder.  With the LTP in the midst 
of an upgrade, another means of making such measure-
ments was needed.  An appropriate methodology was even-
tually developed using a Wyko 6000 Interferometer.

Surface profile measurements are much easier to make 
on a mirror than a grating, therefore a series of measure-
ments were made by using a spare grating substrate.  
Measurements were made with the substrate unmounted, 

Figure 4:  FEA Comparison of Grating Distortions.
Figure 2: Original Grating Holder. 

Figure 3: Modified Grating Holder. 
Figure 1: Grating Substrate Mounting Details.
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in the original holder and in the grating holder after it had 
been modified.  The results of these measurements along 
the longitudinal centerline of the grating substrate are
plotted in the upper and lower graphs of Figure 5.  These 
results were consistent with the earlier FEA and confirmed 
that the original holder was inducing a significant surface 
error.

Similar measurements were also made with the Wyko 
on the actual gratings once the methodology had been per-
fected.  Measurements on the MEG in its original holder 
before it was removed and sent to SOLEIL confirmed the 
presence of a large surface profile error which is also 
plotted in the upper graph of Figure 5.  The original HEG 
and the new MEG were measured mounted in the modified 
holders before installing into the monochromator.  The 
results of those measurements are summarized in the lower 
graph of Figure 5.

IMPROVED PERFORMANCE
With the original HEG and a new MEG mounted in mod-

ified holders and installed in the monochromator, commis-
sioning of the monochromator resumed.  The position of 
the horizontally deflecting M1 Mirror upstream of the 
monochromator was adjusted in roll to better center verti-
cally the incoming beam on the monochromator.  This was 
adjusted in response to another suspicious issue that had 
been corroborated during the removal of the gratings.  The 
original MEG had developed a carbon contamination stripe 
that was only visible on the downstream half of the grating.  
This was consistent with the asymmetric plots that had 

been obtained when scanning a vertical aperture down-
stream of the monochromator to evaluate the shifts in en-
ergy before the monochromator was vented.  The “before” 
plots in Figure 6 were made with the original MEG in the 
original holder and the “after” plots were made with the 
new MEG in the modified holder.  They show a dramatic 
improvement in energy shift as one measures the energy of 
the Au 4f photoemission peaks and scans the vertical aper-
ture downstream of the monochromator [5]. Similar results 
were also obtained for the HEG. 

CONCLUSIONS
Modifications to the grating holders in the monochrom-

ator at the IEX beamline significantly reduced surface pro-
file errors in the grating thereby providing a dramatic im-
provement in the energy resolution of the beamline.  Proper 
metrology of beamline optics at all stages of assembly can-
not be over emphasized. 
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