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ABSTRACT

Tabletop extreme ultraviolet (EUV) sources based on high harmonic generation (HHG) have been used as
a powerful tool for probing magnetism. Obtaining magnetic information via magneto-optical contrast often
requires the energy of the light to be tuned to magnetic resonance energies of the magnetic element present
in the material; therefore, it is essential to calibrate the HHG spectrum to well defined absorption energies of
materials. We have designed and assembled a HHG based EUV source for studying transition metal magnetic
materials at their resonant M-absorption edges (35-75 eV of photon energy). One material of interest is iron, for
which the iron M2,3 edge is 52.7 eV (23.5 nm wavelength) according to CXRO. We prepared and characterized
a thin sample of iron for absorption spectroscopy and calibration of the absorption edge with beamline 6.3.2 at
the Advance Light Source (ALS) in Lawrence Berkeley National Laboratory. This well characterized sample was
capped with gold to prevent oxidation. From these measurements we extracted the absorption part of the index
of refraction β spectrally and confirmed that the absorption edge of iron is 52.7 eV. With this information, we can
better calibrate the HHG spectrum of our tabletop EUV source. Calibration of the HHG spectrum was achieved
using model fitting the HHG spectrum using the grating equation and law of cosines while taking account into
the results of the ALS data. We have determined that driving wavelength of the HHG process to be 773 nm.
We also conclude that the chirp of the driving laser pulse can cause an energy shift to a HHG spectrum.

Keywords: Iron, High Harmonic Generation, HHG, Calibration, Magnetism, Magnetic materials, Binding
energies, Spectroscopy

1. INTRODUCTION

High harmonic generation (HHG) is a powerful tabletop light source that generates highly coherent extreme ultra-
violet (EUV) and soft x-ray radiation. HHG is described using the three step model developed by Corkham1(see
also2–5). The process involves focusing an intense ultrafast infrared laser beam onto a target gas. The in-
tense electric fields cause extreme nonlinear up-conversion of the infrared radiation in the form of EUV and
soft x-ray radiation. These sources are highly coherent and much more compact than their counterparts such
as synchrotrons and free electron lasers. HHG sources are widely used for nanoscale imaging, spectroscopy,
and studying ultrafast dynamics.6–9 HHG sources are a powerful tool in studying the magnetism in magnetic
material.8–11

Research in magnetic nanomaterials has led to technological advances in areas such as power generation, data
storage, and medicine.12 Ferromagnetic nanomaterials are often made up of tiny domains where a domains is a
region of the material where all the atomic spins point in the same direction. One way to measure the amount of
magnetization in the material is by using circular dichroism with polarized light and comparing absorption signal
at opposite helicities fo the light polarization.12–15 For example, X-ray magnetic circular dichroism (XMCD),
when carried at the resonant edge, allows to extract information about the respective spin and orbital moment
in the material. In addition, magnetic dichroism can be applied to scattering techniques, such as X-ray Resonant
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Figure 1. (A) Experimental setup of the HHG source at Brigham Young University. The high harmonics are generated in a
finite argon gas cell. The driving beam is removed using aluminum filters and the harmonics are selected either by normal
incidence mirrors or a grazing incidence spectrometer. Schematic taken from Buckway.2 (B) Plot of the generated HHG
spectrum: linear (red and green curves) and circular (purple curve) polarized spectra. Energy increases with harmonic
order. The red and green linear spectra are the measured intensities with a 100 nm iron and 200 nm zirconium filters
inserted, respectively. The zirconium is used instead of the iron filter to show additional harmonics beyond the 31st

harmonic. The iron spectrum is used to identify the suppressed odd harmonics of the circular spectrum. The iron filter
identifies which harmonic is near 52.7 eV.

Magnetic Scattering (XRMS) and imaging techniques, allowing to visualize the magnetic domains or magnetic
correlations in the materials occuring at a scale larger than the X-ray wavelength. In all these techniques, the
magneto-optical constrast is drastically enhanced when the x-ray energy is tuned to magnetic resonant edges.
When transferring these x-ray techniques to the EUV range, it is therefore essential that the EUV source is
calibrated correctly in order to tune photon energy to the proper magnetic resonances of the material. However,
calibrating a high harmonic sprectrum accurately is challenging due to the dense nature of the harmonic spectrum,
relatively broad spectrum, and in-vacuum requirement due the short wavelength.

We have built a HHG system at Brigham Young University for the purpose of imaging nanoscale magnetic
domains at the resonant M-edges of transition metal materials (35-75 eV of photon energy).2 Our HHG source
is driven by a Spectra-Physics/MKS Solstice Ace Ti:Sapphire laser which generates 7mJ pulses that are 35
femtoseconds in duration with a central wavelength of 800 nm. The system is capable of generating both
linearly and circularly polarized EUV light. The circularly polarized light is generated using the MAZEL-TOV
apparatus.16 A schematic of the HHG system is depicted in Fig. 1A. A flat silver mirror and a spherical grating
were used as a spectrometer. The spherical grating has 1200 grooves per millimeter and its radius of curvature
is two meters.

Fig. 1B shows the combined linear and circularly polarized spectra of the HHG source with the harmonics
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identified. For circularly polarized harmonics, which require a combination of fundamental (800 nm) and second
harmonic (400 nm) photons for generation, every third harmonic must be suppressed according to conservation
of energy and angular momentum.2,16–19 For linearly polarized spectra, only odd harmonics are allowed.19–22

The odd harmonics of the linearly polarized spectrum are plotted with the circularly polarized spectrum to
identify the suppressed odd harmonics of the circular spectrum. We used a 100 nm freestanding iron filter
(Lebow Company) for calibrating the HHG spectrum. Fuggle et. al. reported iron M2,3 edge resonance is
52.7 eV.23–25 The suppressed odd harmonic constraint along with a thin metal filter can be used to identify
the harmonic orders accurately in order to know which harmonic corresponds to a desired resonant absorption
edge for magnetic transitions. In Fig. 1B, we identify the 21st suppressed odd harmonic. The linear spectrum
is calibrated and the results are the red curve in Fig. 1B. The last harmonic of the iron spectrum is the 31st

harmonic which would correspond to 48.4 eV for a driving wavelength of 800 nm. The 33rd harmonic, 51.2
eV, does not appear as it should when the iron filter is inserted. Our measured M2,3 edge of iron from the
HHG spectrum and those reported previously (CXRO Website tables) seem to contradict. The discrepancy we
observed must be addressed before properly calibrating the HHG spectrum. Thus, we needed to either confirm
the iron M2,3 edge is at 52.7 eV or determine that the binding energy is actually lower as suggested in Fig. 1B.

2. EXPERIMENT

The measurement of the M2,3 edge of iron was completed via absorption spectroscopy with beamline 6.3.2 at the
ALS. This was then compared to the iron M2,3 edge values on CXRO tables. Oxidation will cause the M-edge to
blue shift (higher absorption energy) and so the sample must be protected.9 We prepared two thin iron samples
capped with gold using thermal evaporation. The iron and gold layers were deposited onto a silicon photodiode
and a bare silicon wafer at the same time and without breaking vacuum between deposition. The iron sample
on the photodiode was used for recording the transmission of photon energies from 35-75 eV. The iron on the
silicon wafer was used for reflection at various angles using 159 eV (7.8 nm wavelength) for characterization of
the sample. The samples and their characterization are shown in Fig. 2A-B, 3A. The thickness of the iron is 21
nm and it is capped by 10 nm of gold.

Figure 2. (A)Iron sample for reflection measurements. The sample is capped with gold and deposited on a silicon wafer
for EUV reflection measurements to characterize the sample. (B) Reflectomety measurements from the multilayer stack,
along with modeled reflectance for 10.3 nm of gold and 21.3 nm of iron. Measurements, with 159eV photon energy, were
taken at beamline 6.3.2 at ALS, and Parrat Multilayer Recursion was used to fit thicknesses to the reflection data.26,27

The absorption part of the index of refraction will be extracted using equation 1:

T =
I

I0
= e

−4πβ
λ r (1)

where T is the transmission, I is the intensity of the EUV beam through the iron sample, I0 is the intensity
of the EUV beam without iron, β is the absorption part of the index of refraction, λ is the wavelength of the
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light, and r is the thickness of the material.28 The measured data contains transmission through both iron and
gold deposited on the photodiode. Thus the gold transmission is removed by dividing the measured intensity
through the gold using the optical constants found on CXRO. We then compared the calculated β curve of the
iron from the data taken at beamline 6.3.2 with the β values found at CXRO and the results are shown in Fig.
3B. The ALS data confirms that the binding energy of iron agrees with those reported on the CXRO website.
The ALS data was used to more carefully calibrate the HHG spectrum. Additionally, we fitted the HHG data
to the grating equation.

Figure 3. Synchrotron calibration at the iron M2,3 edge in transmission geometry: (A) Schematic of iron deposited on
silicon diode capped with a thin layer of gold for protection against oxidation. (B) Plots of β, the absorption part of the
index of refraction as a function of energy extracted from the transmission measurements using a photodiode and the
thicknesses from 2B. The orange curve is β which was calculated using equation 1 and the data taken from beamline 6.3.2
at ALS. The blue curve is the β values taken from CXRO. The purple dashed line indicates the location of the 52.7 eV
resonance energy of iron.

To reconcile the ALS data with the HHG spectrum, we needed to consider more carefully how the harmonics
were generated. The spectrum of our driving laser as been measured and is shown in Fig. 4A. Many of the
wavelengths in this bandwidth could be used to drive the HHG process. We also have considered the effect of
how the HHG spectrum will be affected by adjusting the chirp of the ultrafast pulse. Changing the chirp of the
fundamental driving laser pulse can cause a red or blue shift (down or up in energy) to the HHG spectrum.29,30

We optimized the HHG circular spectrum to obtain the brightest signal by adjusting the chirp using the the
Ti:Sapphire compressor. We then measured both the linear and circular spectrum. Afterwards, we introduced
additional chirp to the HHG linear spectrum. We recorded another linear HHG spectrum to observe the effects
of chirp on the HHG process. The results are in Fig. 4B. The spectrum was blue shifted and its bandwidth
broadened. This indicated that we may have introduced a negative chirp to the fundamental pulse which caused
it to lengthen.29,30 Fig. 4B depicts a blue shift by nearly a harmonic order in the HHG spectrum. This evidence
suggests that we must be generating harmonics at a wavelength shorter than 800 nm.

We begin calibration of our HHG data by using a model to fit our separated harmonics. This fit was conducted
using equation 2:

(yi − y0)
2 = d2i + d20 − 2d0di cos (βi − β0)

βi,0 = arcsin (mλi,0σ − sinα)
(2)

Here, yi,0 is the pixel location of each harmonic(ith) and a known wavelength(0) on the detector (Andor ikon-
L), di,0 is the distances wavelengths propagate from grating to detector, βi,0 is the diffracted angles for each
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Figure 4. (A) Measured spectrum of the Ti:Sapphire laser with a Gaussian fit. The laser wavelength is centered at 794 nm
with a bandwidth of 32 nm. (B) Plots of the HHG spectrum with the iron filter inserted. The solid red curve is obtained
with the optimal chirp in the driving laser pulse. The dashed black curve is introducing more chirp into the driving laser
pulse.

wavelength, λi,0 are the wavelengths, σ is the groove density of the grating (1200 grooves/mm), m is the
diffraction order, and α is the angle of incidence on the diffraction grating. Equation 2 was derived using the
reflective grating equation and the law of cosines.28 Fig. 5A depicts the model of equation 2. The goodness of
the fit was determined using the reduced chi-squared. The results for the fits of both the circularly and linearly
polarized spectra are shown in Fig. 5B and 5C, respectively. The optimal wavelengths are 772 nm for circularly
and 773 nm for linearly polarized spectra.

Figure 5. (A) Diagram of the EUV grating and setup used to calibrate the spectrum described in equation 2. (B) Model
fitted peak locations for the circularly polarized spectrum. The blue dashed lines represent the the fitted locations of the
harmonics. The reduced chi-squared is 1.02 with the optimized fundamental wavelength parameter at 772 nm. (C) Model
fitted peak locations for the linearly polarized spectrum. The reduced chi-squared is 1.05 with optimized fundamental
wavelength parameter at 773 nm.
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Using the wavelengths from the fits and the β data taken from ALS, we created a transmission curve for a 100
nm iron filter and compared it with the transmission curve obtained from the HHG data. The HHG transmission
curve was generated by taking two spectra of the HHG, one with 100 nm iron filter inserted and the other with
a 100 nm aluminum filter inserted, and dividing the spectra by each other. The results are shown in Fig. 6A.
The horizontal axis of the red curves (HHG) were fitted using known wavelengths and their pixel locations on
the Andor ikon-L control software. The harmonics in this figure suggest the driving wavelength is 773 ± 3 nm.
This would explain the discrepancy we saw in Fig. 1. The 33rd harmonic would have a photon energy of 52.9
eV which will be greatly absorbed by the iron filters. We have now successfully calibrated the HHG spectrum
using the results obtained from ALS and it is shown in Fig. 6B.

Figure 6. (A) Plots of the calculated ALS and HHG transmission. (B) Calibrated HHG spectra using the results from
the ALS data. Energies of several harmonics are indicate on x-axis. The 33rd harmonic would have an energy of 52.9
eV which will have very low transmission. Vertical dashed purple line indicates location of 52.7 eV M-absorption edge of
iron.

3. CONCLUSION

HHG is a promising source for probing magnetism. To obtain magnetic contrast, these sources require careful
calibration techniques as described in this paper. Metal filters are effective at identifying harmonics in the HHG
spectrum. We have confirmed that M2,3 edge of iron is at 52.7 eV at ALS and used the results to calibrate the
HHG spectrum of our EUV source at Brigham Young University. The calibration revealed that we were driving
the harmonics with 773 ± 3 nm wavelengths. When calibrating HHG systems, it is important to consider that
the driving wavelength is not necessarily the central wavelength of the driving laser beam. Several wavelengths
can drive the HHG process since the driving laser beam has a broad bandwidth and due to the extreme nonlinear
nature of HHG. It is important to note that adjusting the chirp of the fundamental pulse could cause the HHG
spectrum to shift in energy. This can be used to tune the HHG spectrum to the resonant energies of magnetic
materials. These accurate calibrations for HHG sources are required to effectively probe magnetism in materials.
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