
LLNL-JRNL-686932

Extreme ultraviolet spectrometer based
on a transmission electron microscopy
grid

E. F. Link, M. Guhr

March 24, 2016

Journal of Optics



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



LLNL-JRNL-686932

Note: Extreme ultraviolet spectrometer based on a transmission electron 
microscopy grid

E. Sistrunk,1,2 and M. Gühr1,a)

1 PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA
2 NIF and Photon Sciences, Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550, USA

(Received XXXXX; accepted XXXXX; published online XXXXX)
(Dates appearing here are provided by the Editorial Office)

We performed extreme ultraviolet spectroscopy using an 80 lines/mm TEM mesh as dispersive element. We 
present the usefulness of this instrument for dispersing a high harmonic spectrum from the 13th to the 29th

harmonic of a Ti:Sapph laser, corresponding to a wavelength range from 60 to 27 nm. The resolution of the 
instrument is limited by the image size of the high harmonic generation region on the detector. The resolution 
in first order diffraction is under 2 nm over the entire spectral range.

Extreme ultraviolet (EUV) light based on high 
harmonic generation1–3 is finding an increasing array of 
applications from attosecond spectroscopy4,5, lensless 
imaging6–9  to ultrafast element sensitive spectroscopy at 
the M-edges of 3d transition metals10–12. The radiation 
created by strong field high harmonic generation (HHG) 
provides a broadband extreme ultraviolet spectrum in the 
form of odd harmonics of the fundamental laser frequency. 
The optimization of the HHG process often requires a 
quick estimate of the spectral content. However measuring 
the spectrum is much more complex than in the optical 
domain. In the EUV, reflection gratings only work under 
grazing incidence geometry, often reducing the collected 
light and making alignment difficult.

The work of Kornilov et al.13 addresses this issues by 
showing a compact and efficient EUV spectrometer design 
based on a special transmissive amplitude grating instead 
of a reflective grating. This lithographically produced 
element14,15 exhibits line densities in the 10,000/mm range 
allowing for high dispersion and a very compact 
spectrometer design.

Here we propose the use of a commercial transmission 
electron microscope (TEM) grid as a grating for EUV 
light. The TEM grid is inserted in the focusing beamline 
optics (instead of in a separate setup13) and provides 
sufficient resolution to distinguish different harmonics in 
the EUV spectrum down to a wavelength of 27 nm (photon 
energy of 45 eV). We use a TEM grid of 80 lines/mm for 
this purpose. These devices are mass produced and feature 
densities up to 660 per mm are commercially available.
Since all EUV beamlines utilize some sort of focusing 

elements, the TEM grid spectrometer can be often 
implemented with minimal modifications.

Figure 1a shows our beamline layout. The EUV light 
is produced by HHG from a 30 fs, several mJ Ti:Sapph 
laser, which is centered around a wavelength 800 nm and 
operating at a repetition rate of 1 kHz.  For symmetry 
reasons, we only generate odd harmonics of the 
fundamental laser frequency, the wavelength such is 800 
nm/k, with k being an odd number. The details of our EUV 
beamline can be found in Ref.16. The infrared fundamental 
and EUV radiation are co-propagating and the much 
stronger infrared component is filtered using reflection off 
a silicon wafer17 and a thin aluminum filter passage. The 
100 nm thick aluminum filter is transparent in the photon 
energy range from 20 to 70 eV, passing harmonics 13 to 
45.  As shown recently, a multi-channelplate can be used 
alternatively to filter the infrared light from the EUV18. 
The generation region of the EUV light is imaged without 
magnification on a detector by a grazing incidence toroidal 
mirror in 4f (in our case 4f=2.4m) geometry. A Si folding 
mirror (Si wafer) at the place of the interaction region for 
an EUV transient grating setup19 is hit under grazing angle 
22 deg,. The detector is a back-thinned, EUV sensitive 
CCD camera with (27.6 x 6.9) mm2 active are and a pixel 
size of (26x26) m2. 

The TEM grid (GS2000HS purchased from SPI) is 
inserted at R=790 mm in front of the detector and attached 
to a gate valve with mounting hole for optical windows or 
filters. The mesh structure has a bar width of 5m, a hole 
width of w=7.5m and a pitch of 12.5m. The pitch, 
corresponding to 80 lines/mm was independently checked 
using the diffraction image of a He-Ne laser.

a) Author to whom correspondence should be addressed. Electronic 
mail: mguehr@stanford.edu.
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FIG 1. Sketch of the setup. The EUV light is generated at the HHG 
source point, the Si wafer and Al filter suppress the generating laser but 
transmit the EUV light from 20-70 eV photon energy. The source point is 
imaged on the detector by a toroidal mirror. The TEM mesh with 80 l/mm 
is placed 790 mm in front of the CCD detector. The optical path contains 
a flat Si wafer in an interaction region for ultrafast experiments. b) The 
detected image (shown on a logarithmic grayscale) contains the bright 
zero order spot in the middle and half of the typical mesh diffraction 
pattern taken with polychromatic light of a high harmonic spectrum. The 
CCD detector was rotated with respect to the diffraction lines, which is 
corrected in the image.

Figure 1b shows the CCD detector image, with the 
EUV light hitting the TEM grid, on a logarithmic 
grayscale. At the point (0,0) mm the image shows the 
bright non-diffracted light, which we refer to as zero-order 
light. The diffraction of the EUV light is clearly visible in 
terms of 4 stripes, two of them, respectively, on the x and y 
axes, the other two in an angle of 45 deg to the axes. Due 
to constraints in the vacuum tubes, we only could transport 
half of the diffraction features to the detector. The 
complete eightfold structure, expected from the diffraction 
of a coherent source on a mesh can be reconstructed by 
inversion at the (0,0) point. We first analyze the data of the 
stripes parallel to the X and Y axis. Even in the raw image 
one clearly discerns different spots along these lines. We 
will show that they correspond to different high order 
harmonics of the 800 nm drive laser.

Figure 2a shows an integration along the abscissa 
from point (0,0) to point (6.6,0) with an integration width 
along the ordinate of ¼ mm. We chose a logarithmic 
representation of the signal as in Figure 1b in order to
show the details of higher order diffraction. We analyze 
the peak position in terms of the dispersion relation

FIG 2. Cut along the x-axis in Fig. 1b (black spectrum). We show the 
expected value for the diffraction peaks of the different high harmonics 
(from 13 to 29) in first order using a mesh pitch of 12.5 m as black lines. 
The second and third order diffraction expectations are shown as dashed 
gray and dot-dashed light gray lines, respectively. The wavelength scale 
on top of the graph refers to the first order diffraction. b) Cut along an 
angle of 45 deg. between x and y axis in Fig. 1b (black spectrum). Once 
more we show the expectation of the mesh diffraction for different 
harmonics.

sin=n/d, where the diffraction angle is d is the pitch 
of 12.5 m and n is the diffraction order (not to be 
confused with the harmonic order). The distance of the 
diffracted light from the zero order on the detector 
D =tan R, where R=790 mm is the distance from TEM 
grid to detector. The calculated positions of harmonics 13 
to 29 in the first order are shown as black lines, fitting the 
peaks closest to the zero order very well. The first order 
diffraction defines the wavelength scale on the upper 
figure axis. The second order (n=2) diffraction of 
harmonics 17 to 29 are shown as grey dashed lines. The 
prediction of second order diffraction of harmonics 17 to 
23 clearly fit peaks with much lower intensity compared to 
the first order diffraction. Higher harmonics in second 
order are visible as shoulders on first order peaks. We even 
discern some third order diffraction of the grating. The 
calculated positions for harmonic 23-29 are given as dash-
dotted light gray lines and fit some smaller structures in 
the spectrum well corresponding to third order diffraction 
of harmonics 25 and 27. 

Figure 2b shows the integration from point (0,0) mm 
in 45 deg direction towards point (4,4) mm. The diffraction 
image of a mesh with equal periodicity in both directions 
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has equal periodicity along X and Y axis of the detector20. 
Thus in the direction 45 deg. to the axis, the distance to the 
zero order of a diffraction spot increases by a factor of √2. 
The expected position of first order diffraction is shown as 
black lines and fits the structure very well. Once more, the 
first order diffraction defines the wavelength scale in the 
upper figure axis.

The highest harmonics in first order diffraction are 
certainly better resolved in the diagonal integration shown 
in Figure. 2b compared to the integration along the x-axis 
shown the Figure. 2a. In addition, the second order 
diffraction in Figure. 2a shows better resolution compared 
to first order. The observation hints at the fact that the 
resolution is limited by the EUV spot size on the detector, 
which is 150 m full width half maximum. For higher 
dispersion (as along the diagonal or for second order) the
resolution increases consequently. Harmonic 19 has a full 
width half maximum of 2.5 nm in Figure. 2a; in Figure 2b 
the width is decreased to around 1.7 nm. For an infinitely 
small spot size on the detector, the resolution will be 
determined by the number of illuminated structures on the 
mesh. Our experimental results in the diagonal direction 
are a factor of 3 wider than this limit. 

The overall transmission of the grid is 36% resulting 
from the large bar width. Due to the convolution theorem, 
the diffraction intensity is given by the intensity of the 
Fourier transform of a single square hole multiplied by the 
Fourier transform of the grid periodicity20. The intensity of 
the Fourier transform of the single square opening in two 
dimensions as a function of the detector coordinates (X,Y) 
is given as

I(X, Y) = I� �
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Here, w is the opening width (7.5 m),  is the 
wavelength and R the distance from the grid to the 
detector. For any particular wavelength, the diffraction 
intensity of the first order compared to the zero order is  
predicted to be 25% in the X or Y direction and 6.25 % in 
the diagonal direction. Both the Fourier transform of a 
single square opening as well as the diffraction from the 
pitch scale identically with . Thus, the diffraction is 
independent of the wavelength. We now compare the 
experimentally determined intensities to this relation. 
Since our source has an enormous bandwidth, we need to 
estimate the spectral composition of the zero order 
radiation. The five strongest harmonics, that exceede their 
neighbors by at least a factor of 3 are the five odd 
harmonics from 15 to 23. We thus assume that the zero 
order radiation is composed of 5 equal parts of these 
harmonics. The strength of the spectrally pure zero order, 
which is normalized to 1 in Figure 2 is thus 1/5=0.2.  In the 
x-direction, the individual harmonics 15-23 have a signal 
of 0.05, which is 25% of the spectrally pure zero order, as 
predicted. In the diagonal direction, the signal strength is 
about 0.008 which corresponds to 4%. This is lower than 
the expected 6.25%, but in the light of the coarse estimate 
still reasonable.

To summarize, we show that TEM grids can be used 
to disperse a EUV spectrum produced by high harmonic 
generation of an intense infrared laser. Dispersion and 
diffracted intensity are in agreement with the expected 
diffraction of the TEM grid. The setup uses a toroidal 
mirror to image the high harmonic generation region on a 
detector. Due to its flexibility using already implemented 
beamline optics (and also its negligible investment) we 
anticipate that these grids are a superb tool for quickly 
estimating the spectral shape of the high harmonic 
spectrum. In addition, the diffraction efficiency of the 
transmission grating is independent of the wavelength 
making calibration of the grating response obsolete. 
Obviously, the relatively low line density limits the 
dispersion and therefore the resolution to shorter 
wavelengths. TEM grids with higher feature density 
around 660 lines/mm are commercially available. For our 
setup, they would allow resolution of harmonic orders 
around 65, corresponding to wavelength of 12 nm and 
photon energies of 100 eV.
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