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High resolution (λ/�λ ∼ 10 000) 1D imaging x-ray spectroscopy using a spherically bent crystal and
a 2D hybrid pixel array detector is used world wide for Doppler measurements of ion-temperature
and plasma flow-velocity profiles in magnetic confinement fusion plasmas. Meter sized plasmas are
diagnosed with cm spatial resolution and 10 ms time resolution. This concept can also be used as
a diagnostic of small sources, such as inertial confinement fusion plasmas and targets on x-ray light
source beam lines, with spatial resolution of micrometers, as demonstrated by laboratory experiments
using a 250-μm 55Fe source, and by ray-tracing calculations. Throughput calculations agree with
measurements, and predict detector counts in the range 10−8–10−6 times source x-rays, depending
on crystal reflectivity and spectrometer geometry. Results of the lab demonstrations, application of
the technique to the National Ignition Facility (NIF), and predictions of performance on NIF will be
presented. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4738651]

I. INTRODUCTION

High resolution one-dimensionally (1D) x-ray imaging
spectrometers (XICS) are used routinely to measure spatial
profiles of ion temperature (Ti), plasma flow velocity (v), and
electron temperature (Te), specifically toroidal plasma rota-
tion, in tokamaks in four countries,1–5 and this instrument is
a primary diagnostic for measurement of profiles of Ti and
v for the international tokamak, ITER.6, 7 High spectral re-
solving power (λ/�λ ∼ 10 000) enables precise measurement
of these parameters via Doppler broadening, Doppler wave-
length shifts, and ratios of dielectronic satellite intensity to
resonance line intensity, respectively, usually of 1s–2p x-ray
lines in He-like and H-like ions, such as Ar. The XICS has
enabled a revitalization of and significant advances in such
important physics phenomena as intrinsic or self-generated
flows,8 flows generated by RF current drive,9–11 thermal and
particle transport,12 and impurity transport.13 The continu-
ous spatial resolution enables detailed comparisons of mea-
sured phenomena with theoretical predictions, such as tur-
bulent fluctuation induced thermal and impurity transport. In
tokamaks, the entire minor cross section, which is of order
1 m high, can be imaged with spatial resolution of order
1 cm, limited by the large size of the plasma and the crystal
height.

The XICS concept can also be applied with significant
advantages to diagnose small x-ray sources, such as high en-
ergy density plasmas (HEDP), and synchrotron x-ray exper-
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Conference on High-Temperature Plasma Diagnostics, Monterey, Califor-
nia, May 2012.
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iments, such as x-ray fluorescence micro-tomography, with
equally high spectral resolution. Other groups have previously
demonstrated spatially resolved spectroscopy of HED plas-
mas using spherically bent crystals, e.g., Ref. 14 but have not,
to our knowledge, used the precise geometry that we employ.
We use large radii (>60 cm) precision spherically bent perfect
crystals at Bragg angles 53◦–60◦ with the source at the sagittal
focus and detector on the Rowland circle. With this geometry,
good spectral resolution is realized regardless of source size
or location.

This work investigates the limiting spatial resolution of a
high spectral resolution XICS for small sources, and accurate
prediction of the throughput to enable designing a useful in-
strument for HEDP diagnosis. Much previously reported high
resolution spectroscopy of emission and absorption lines in
HED plasmas has been limited to resolving powers of order
1000 or less,15, 16 and the improved resolving power of our
XICS concept is likely to enable more precise measurement
of x-ray line shapes and, hopefully, result in a better under-
standing of the physical processes such as Doppler and Stark
broadening which affect the line shape. A major advantage
for NIF is that the crystal and detector of the XICS could be
located well outside the target chamber to enable extensive
shielding of the detector from high yield neutrons, as well as
hard x rays.

II. EXPERIMENT

A. Apparatus

The spatially resolving spectrometer consists of a spher-
ically bent x-ray diffracting crystal and a two-dimensional
(2D) photon-counting detector. The spherical crystal provides

0034-6748/2012/83(10)/10E125/3/$30.00 © 2012 American Institute of Physics83, 10E125-1

Downloaded 11 Aug 2012 to 198.35.1.85. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4738651
http://dx.doi.org/10.1063/1.4738651
http://dx.doi.org/10.1063/1.4738651
mailto: khill@pppl.gov


10E125-2 Hill et al. Rev. Sci. Instrum. 83, 10E125 (2012)

spectral dispersion and focusing of the x rays from the source
onto the detector in the dispersion plane, a horizontal plane
in our case, and images the x rays in the orthogonal (vertical)
plane. To obtain good spatial resolution for small scale plas-
mas the x-ray source is placed on the sagittal focal line of the
spherical crystal at a distance

fs = −R sin θ

cos 2θ
(1)

from the crystal, where R is the radius of curvature of the
crystal, and θ is the Bragg angle, or angle between the x-ray
path and the plane of the crystal at its center. The 2D detector
is placed on the Rowland circle at a distance

fm = R sin θ (2)

from the crystal. For our experiments a quartz crystal, spheri-
cally bent to a radius of 75.8 cm, and having a height of 8 cm
and a width of 4 cm was used.

For the initial experiments reported here, Mn Kα lines
from an 55Fe radioactive source were analyzed in second or-
der from the 110 planes at a Bragg angle of 59◦. To simu-
late a small scale HED plasma the 5-mm diameter source was
covered by a plate having a slit of width 250 μm, with the
length of the slit oriented horizontally. The source, located
at the sagittal focal distance of ∼136 cm from the crystal,
was placed on a vertical micrometer translation stage and was
translated vertically in 10-μm steps, which was the small-
est division on the micrometer scale. The low x-ray inten-
sity from the 55Fe source did not permit measurements with
smaller slits. In future experiments we will use a 5–7 μm spot
size micro-focus x-ray tube to do finer scale spatial imaging
experiments.

The detector, a Pilatus 100 k 2D hybrid pixel array detec-
tor, having a pixel size of 172 μm, was located on the Row-
land circle at a distance of fm ∼ 65 cm from the crystal. The
spatial demagnification factor, fs/fm, of the imaging spectrom-
eter was about 2.1, so that the 250-mm high apertured source
was de-magnified to an image of ∼120-μm height which was
spectrally dispersed in the horizontal plane. As the source was
translated vertically in 10-μm steps, the image was also trans-
lated vertically, in the opposite sense, in 5-μm steps.

B. Spectral-spatial image

A contour plot of the spectrally-spatially resolved im-
age of the 55Fe source is shown in Fig. 1 for the case when

FIG. 1. Spectral-spatial image of Mn Kα1 (right) and Kα2 (left) x-ray lines
emitted from apertured 55Fe source.

FIG. 2. Mn Kα x-ray spectrum measured using the spatially spectrally re-
solving x-ray spectrometer. The left peak is Kα2 and the right peak is Kα1.

the spectral image was focused primarily on spatial pixel row
number 3 of the Pilatus 100 k detector. Eighty-five percent of
the intensity is in row 3, and the remaining intensity is equally
distributed in rows 2 and 4.

When the spectral image of Fig. 1 is summed vertically
the spectrum illustrated in Fig. 2 is obtained. The black curve
is the measured data and the red curve is a Lorentzian func-
tion. The inferred line widths of the Kα1 (taller peak) and Kα2

peaks are 2.28 eV and 2.96 eV, respectively, which agree with
available measurements of the natural line widths17 within
0.02 eV and 0.04 eV, respectively, suggesting that the instru-
mental contribution to the line width is small. The feature in
the vicinity of spectral pixels 20–25 in the measured curve can
be attributed to chemical shifts of the Mn energy levels in the
Fe-Mn matrix; similar effects have been seen in Mn Kα and
Kβ x rays, and the amplitude of the raised feature varies with
valence state for Mn in different compounds such as Mn(II)O,
Mn(IV)O2, and KMn(VII)O4.18

C. Spatial resolution

As a preliminary test of the spatial resolution of our 1D
imaging spectrometer for small scale sources, we translated
the 120-μm wide x-ray image in ∼5-μm steps across the
boundary between two rows of pixels on the Pilatus detector.
The position of the image from the boundary is given by x
= L*N1/(N1+N2), where L is the 120-μm width of the im-
age, and N1 and N2 are the total counts recorded in pixel rows
1 and 2, respectively.

The results of this spatial scan are shown in Fig. 3. The
average deviation from the straight line is only a few mi-
crometers, and could result partially from errors in setting
the micrometer to its smallest division, which is 10 μm, and

FIG. 3. Inferred position of ∼120-mm high x-ray image on Pilatus detector
as a function of the 250-mm high x-ray source, as the source is translated
vertically in 10-μm steps.
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statistical errors of a few percent, resulting from the total
counts of ∼1100 per experiment. While these measurements
do not prove that the spectrometer can provide small scale
spatial resolution down to the 1-μm level, they are suggestive
of this possibility. Future experiments will be done with a 5-
μm micro-focus x-ray tube using detectors with 15-μm pixel
size.

D. X-ray throughput of spectrometer

The measured x-ray counts, N′, agree within 20% with
the counts predicted by the theoretical expression

N ′ = N

4π
Iref

H

R

cos(2θ0)

cos(θ0) tan(2θ0)
, (3)

where N is the number of counts emitted by the source, H is
the height of the crystal, Iref is the integrated reflectivity of the
crystal, R is the radius of curvature, and θ0 is the Bragg angle.
For the quartz (110) crystal in second order, the integrated
reflectivity is about 15 microradians at 5.9 keV.

For our parameters, the ratio N′/N is predicted to be
about 1.03 × 10−7, and the predicted count rate is about
1.1 counts/s. The 20% deficit in the measured count rate is
attributable to aging of the radioactive source and attenuation
in windows, the long helium path, and short air paths. Note
that if we used a Ge [331] crystal we would have a factor of
three times higher throughput at a Bragg angle of 54◦.

III. SUMMARY

The spatially imaging x-ray crystal spectrometer, con-
sisting of a spherically bent crystal and a 2D imaging x-ray
detector, is simple in design, and can potentially be adapted
to sources of different sizes, from micrometers to millime-
ters to meters. It provides excellent spectral resolution and
can also provide spatial resolution down to the scale of mi-
crometers. This type of diagnostic could potentially add new
understanding to HED physics and has the potential to signifi-
cantly speed up experiments on high brightness x-ray sources
by allowing simultaneous spatial and spectral measurements.
The angular alignment (pointing) of the spectrometer relative
to the small source is simple if the detector dimensions are
centimeters, because of the imaging properties in one dimen-
sion, and because the point image needs only to be located
on the few cm long sagittal focal line in the perpendicular
dimension. The 20% deficit in the measured count rate is at-
tributable to aging of the radioactive source and attenuation
in windows, the long helium path, and short air paths. The
throughput ranges from 10−8 to 10−6 detector photons per
source photon for typical crystal reflectivities and geometries.

As a practical example we consider a NIF exploding
pusher with 500-μm diameter, Te = 5 keV, electron density
= 5.34 × 1022 cm−3, and with a Kr dopant of 0.01% of
ne. The FLYCHK code predicts 4 × 1012 photons/sr in the

He-like Kr resonance line “w” at 13.1 keV in one ps, or about
5 × 1013 total photons in one ps. Thus, from Eq. (3), we
predict about 6000 photons/ps on the detector from a 10-cm
high Ge [844] crystal, which has an integrated reflectivity of
about 2.5 × 10−6 radians at 13.1 keV. This 6000 phonons/ps
allows us to measure line shapes with a 2% error in one ps,
assuming a suitable detector with ps time resolution becomes
available.19

In future experiments, more definitive spatial-resolution
measurements will be made by replacing the 250-μm source
by a Hamamatsu x-ray tube with 5-μm x-ray spot size, and
replacing the Pilatus detector, having 172 μm pixels, by both
a Medipix2 detector with 55-μm pixel size and a Princeton
instruments x-ray CCD having 15-μm pixels.
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