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Abstract
Alcator C-Mod is equipped with several spectrometers for the
SXR/EUV range. These instruments provide a survey of the impu-
rity content of the plasma, particularly K-shell emission from low-Z
elements (B to Ne), L-shell emission from mid-Z elements (Ar to Fe)
and M-shell emission from intrinsic Mo. Diagnosis of these lines is
important for understanding impurity transport and main ion dilution
in C-Mod. The X-ray and Extreme Ultraviolet Spectrometer (1–7 nm,
2400 l/mm grating) has been calibrated using an electron impact x-ray
source with a variety of anodes to give lines from 6.76 nm (B Kα) to
1.19 nm (Na Kα). The Long Wavelength and Extreme Ultraviolet Spec-
trometer (2–40nm, 1200 l/mm grating) is being commissioned for use
on C-Mod, with the intent of replacing an aging 2.2m Rowland circle
spectrometer presently used to survey the longer EUV wavelengths
(9 nm < λ < 100nm) and monitor M-shell Mo emission. The new
instrument is both more compact and should provide signi�cantly
better spectroscopic data.

Monitoring 1–7 nm Plasma Emission
A Flat-Field Grating Spectrometer Covers the
1–7 nm Spectral Region
• Designed at the LLNL EBIT lab, equivalent to the XEUS in-
strument on NSTX [1].

• Concave, variable line spacing (2400 l/mm average) grating
mounted at grazing incidence with �at focal �eld.

• Princeton Instruments PIXIS-XO 100B camera:
– back-illuminated 1340 × 100 CCD, 20µm pixels
– operated with as �ne as 5ms time resolution

• Spectral range: 1–7nm (180–1200 eV).

Monitoring 2–40 nm Plasma Emission
A Rowland Circle Spectrometer Presently Covers
the 9–100 nm Spectral Region
• 600 l/mm grating, 2.2m
• Can only observe a 4–10nm range at once.
• MCP �ber-coupled to 1024 channel Reticon array.
• Time resolution as �ne as 4ms.
• Aging instrument: di�cult to upgrade, bulky.

A Second Flat-Field Grating Spectrometer to
Cover the 2–40 nm Range is Being Installed
• Same LLNL design as the 1–7nm �at-�eld spectrometer,
equivalent to the LoWEUS instrument on NSTX [1].

• Same camera as on 1–7nm �at-�eld spectrometer.
• Variable line spacing grating, 1200 l/mm average.
• Spectral range: 2–40nm (30–620 eV), ∼16nm at once.
• Will perform the main functions of the Rowland circle spec-
trometer in a much smaller package with a better interface.

• Retiring the Rowland circle spectrometer will streamline op-
erations and open up valuable port space.

Motivation and Applications[2]

These SXR/EUV instruments provide time-resolved surveys of
many important impurities.

The 1–7 nm Range Includes Multiple Impurities
of Operational and Scienti�c Interest

Ar is routinely seeded for other diagnostics
Ohmic Plasma, ⟨ne⟩ ∼ 0.6 × 1020 m−3 , Te ∼ 2 keV

Ar XVI Ar XV Ar XIV

Originally published in [2].

Transport is studied with laser blow-o� injection of CaF2

F IX

O VIII
Ca XVII

Originally published in [2].

ICRF-heated L-mode:
〈ne〉 ∼ 1.0× 1020 m−3

Te ∼ 3 keV

The 2–40 nm Range Includes Many Impurities
from Plasma-Facing Components

Mo from wall tiles, W from row of tiles in divertor
Mo lines used for
impurity density analysis

Originally published in [2].

spectrum distorted by
unintentional W injection

This range also includes emission from:
• Fe (various steel components)
• Ni (Inconel 625 ICRF antenna components)
• Cu (antenna strap plating)
• Ti (antenna Faraday screen plating)
Will be important for assessing impurities injected when operating
the new rotated 4-strap ICRF antenna.

Calibration Using an Electron Impact X-Ray Source Has Proven to be Nontrivial
An Electron Impact X-Ray Source Provides Lines up to 1.5 keV

Simpli�ed Schematic of Manson Mini-Focus Model 1 Electron Impact X-Ray Source With Flat-Field Spectrometer
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A Variety of Anodes/Coatings Provides a Wide
Assortment of Lines

Anode/Line Inventory
Na Kα1: 1041 eV
(highest energy in
primary order)

Al Kα1: 1486 eV
(higher order)

O Kα: 525 eVC Kα: 277 eV
(lowest energy in
primary order)

O Kα: 525 eV
(higher order)

carbon

titanium

FeCl3 on Ti

copper

brass (Cu, Zn)

aluminum

NaCl on Al

BN on Al

Mg(OH)2 on Al

CrCl3 on Al

mild steel (Fe, C)

stainless steel (Fe, Ni, Cr)

Inconel 625 (Ni, Cr, Fe)

• Each spectrum normalized to brightest line.
• Each spectrum vertically o�set by 0.25 units.
• Line energies and other spectral data are from [3, 4].
• Anodes can be made from nearly any conductive material.
• Anodes can be coated with a variety of materials; the coating
is typically destroyed a�er each run.

These Simple Spectra Allow for Calibration of
the Wavelength Axis
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XEUS Wavelength Calibration

Order:

Primary
+1
+2

• Well-�t by parabolas, as
would be expected from
the grating equation and
[5]: the dispersion is non-
linear.

• The primary and two
higher orders have been
calibrated.

• Having these unambigu-
ous bench calibrations
will assist in interpret-
ing the more complex
plasma data.

A More Re�ned Light Source is Needed to
Calibrate the Intensity Axis
• Objective is to calibrate spectrometer signal against a detec-
tor with known responsivity.

• Even with visible light removed by the foil, continuum back-
ground is unacceptably large.

• Accounting for the higher di�raction orders is trivial with
discrete lines but unconstrained with a continuum.

• Light source with minimal continuum is required.
• A re�ection-mode �uorescence setup was tested but no sig-
nal was observed.

Visible Light From the X-Ray Source Necessitates
Use of a Foil Filter

Copper Anode at 4 kV

visible background
baseline-subtractedThe visible light background is a very 

large part of the signal with this source. 
Drift in the �lament temperature makes 
baseline subtraction unreliable.

raw signal

no foil
Al+P-N foil
Zr foil

Zr foil, baseline
Al+P-N foil, baseline

C Kα greatly enhanced 
with Al+P-N foil: implies 
x-ray induced �uores-
cence of the substrate!

O Kα roughly equal for 
no foil and Al+P-N foil, 
not present for Zr foil

The visible light is almost 
completely gone.

Al+P-N foil
Zr foil

Visible Light Level and Baseline Subtraction

Foil Filter vs. Baseline Subtraction

Foil Filter Transmission

• Spectra were taken with di�erent exposures t and currents I.
• Signals have been scaled by (900A s)/(tI).
• Transmission data from [6].
• Both 0.1 µm Al on a 0.1 µm Parylene N substrate and 0.2 µm Zr
were tested.

• Both materials are nearly opaque in the visible: a small signal
attributable to visible light is seen on the AXUV diode, but it is
∼5 times smaller than the signal from x-rays.

• A higher-order aluminum �uorescence line was seen from the
Al/Parylene N foil at higher voltage, but was not nearly as strong
as the carbon �uorescence.

Future Work
• First light for the new 2–40nm spectrometer on C-Mod.
• Create so�ware tools to automate processing of spectral data
from the spectrometers.

• Identify a better light source for the intensity calibration.
• Work is underway to add imaging capability to the 1–7nm
�at-�eld spectrometer.

References
[1] J. K. Lepson et al., J. Phys. B: At. Mol. Opt. Phys. 43, 144018 (2010).
[2] M. L. Reinke et al., Rev. Sci. Instrum. 81, 10D736 (2010).
[3] A. Thompson et al., X-Ray Data Booklet, Lawrence Berkeley National

Laboratory, 2009.
[4] G. Zschornack, Handbook of X-Ray Data, Springer, 2007.
[5] T. Kita et al., Appl. Opt. 22, 512 (1983).
[6] B. L. Henke et al., At. Data Nucl. Data Tables 54, 181 (1993).

Acknowledgements
Work on C-Mod supported by US DOE contract DE-FC02-99ER54512. Work
at LLNL performed under US DOE contract DE-AC52-07NA-27344. This
research is supported in part by the Department of Energy O�ce of Science
Graduate Research Fellowship Program (DOE SCGF), made possible in part
by the American Recovery and Reinvestment Act of 2009, administered by
ORISE-ORAU under contract number DE-AC05-06OR23100.


