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ABSTRACT
We report on the design and implementation of a new system used to characterize the energy-dependent x-ray transmission curve, Θ(E),
through filters used in high-energy density physics diagnostics. Using an Amptek X-123-CdTe x-ray spectrometer together with a partially
depleted silicon surface barrier detector, both the energy spectrum and total emission of an x-ray source have been accurately measured. By
coupling these detectors with a custom PROTO-XRD x-ray source with interchangeable cathodes, accurate characterizations of Θ(E) for
filters of varying materials and thicknesses have been obtained. The validity of the technique has been confirmed by accurately reproducing
areal densities for high-purity filters with known x-ray transmission properties. In this paper, the experimental setup is described and the
results of absorption calibrations performed on a variety of different filters are presented.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0043770

I. BACKGROUND AND MOTIVATION
X-ray diagnostics of various kinds are critical to the study

of high-energy density physics (HEDP), where they are employed
at many institutions for a wide array of purposes. For exam-
ple, x-ray diagnostics at the OMEGA Laser Facility include the
Cryo Particle X-ray Temporal Diagnostic (CryoPXTD) used for
the measurement of time-resolved electron temperature,1 the x-
ray penumbral imager for measuring electron temperature pro-
files,2 and the Rowland x-ray spectrometer (XRS),3 and at the
National Ignition Facility, the Titanium Differential Filter Spec-
trometer (TiDFS)4 for measuring the hotspot temperature and the
Streaked Polar Instrumentation for Diagnosing Energetic Radiation
(SPIDER).5

All these diagnostics involve some form of x-ray filtration,
wherein the x rays are incident on a filter with certain transmission
properties before being measured. Thus, the characterization of the
filters used in these diagnostics is critical for the interpretation of
their data. If the filters were constructed with ideal material proper-
ties, then their x-ray attenuation could be accurately inferred from
their physical thicknesses using the tabulated data.6 The tabulated
mass attenuation coefficients are calculated from the theoretical total

cross sections for photon interactions—for information about the
specific theoretical model used, see Ref. 6. However, elemental impu-
rities within the filters can significantly alter their x-ray transmission
rates and are more difficult to quantify than filter thicknesses. There-
fore, it is valuable to be able to measure the x-ray transmission of
such filters directly.

II. MEASURING TRANSMISSION CURVES
The degree to which x rays are attenuated in a material is depen-

dent on the energy of the incident photon E. The object we refer to as
a “transmission curve,” or Θ(E), is the x-ray transmission of a given
filter as a function of the photon energy.

In principle, measuring Θ(E) is quite straightforward. Given
an x-ray source that is constant in time, one can measure the
x-ray energy spectrum from the source in the absence of any filter
Su(E) and the spectrum of the same source with the filter inserted
between the source and spectrometer S f (E). Then, these spectra
must be normalized to the total x-ray emission of the source dur-
ing the exposures. If the total x-ray emission during the unfiltered
measurement is Au and the total emission during the filtered source
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is A f , the transmission curve is given by the expression

Θ(E) =
Au

A f

Sf

Su
. (1)

If the x-ray source is constant in time, we are free to take Au, f = τu, f ,
where τu and τf are the exposure times of the unfiltered and fil-
tered measurements, respectively (this subscript convention will be
used throughout the remainder of this report). However, if the time-
dependence of the source is unknown or poorly characterized, the
exposure time is no longer a sensible proxy for Au, f and these nor-
malization constants must be measured alongside the spectra them-
selves for a proper normalization to be performed. In general, the
fluence from the source is a function of time C(t). By measuring the
fluence, one can calculate the true normalization coefficients,

Au, f = ∫

Tu, f

tu, f

C(t) dt, (2)

where tu, f and Tu, f are the start- and end-times for the respective
exposures. Therefore, by measuring the quantities Su, f and C(t), the
transmission curve Θ(E)may be directly calculated.

III. DIAGNOSTIC DESIGN
In order to realize these measurements, an “x-ray test bench”

for characterizing diagnostic filters was designed.
A schematic and a photograph of the x-ray test bench setup

are shown in Figs. 1 and 2. An AMPTEK X-123-cdte x-ray
spectrometer7 was used to measure spectra S(E) alongside a par-
tially depleted silicon surface barrier detector (SBD)8 connected to
an electrometer to measure C(t). The SBD is a p–n type silicon diode
wafer with a thin depletion layer; for more information about the
SBD itself, see the documentation available in Ref. 7. Using this setup

FIG. 1. A schematic diagram of the x-ray test bench setup with relevant com-
ponents labeled. The x rays are schematically represented by the pale yellow
beam.

FIG. 2. A photograph of the x-ray test bench setup with relevant componenets
labeled.

together with a custom PROTO-XRD x-ray source, accurate mea-
surements of Θ(E) for filters of various materials over a wide range
of energies have been obtained.

X rays from the source stream out through an aperture toward
the spectrometer. Along the way, some fraction of the photons are
scattered incoherently off of a thin aluminum foil (acting as a par-
tial reflector) into the SBD, providing a measurement of C(t). The
stream of photons that passes through the partial reflector is then
attenuated by the filter being measured before being collected in the
spectrometer, providing a measurement of S(E).

A system design that does not include the use of a partial reflec-
tor is possible, and would result in higher count rates observed by
the spectrometer—however, the SBD is sensitive to visible light and
therefore requires shielding. In this setup, the partial reflector serves
a dual purpose, doubling as both a shield from visible light and
blocking the direct line of sight between the filter being character-
ized and the SBD. This is important as it prevents x rays scattered off
the foil being characterized from affecting the C(t) measurement.

IV. DEMONSTRATION OF SYSTEM CAPABILITIES
A. Unfiltered emission from the x-ray source

The Proto-XRD source can be fitted with a number of different
anode tubes, each of which has a different x-ray spectrum. This
allows the user to select a tube that has spectral peaks in an energy
region of interest, providing better statistics in that energy region for
a given exposure time.

Currently, the test bench is equipped with tubes made of
copper, molybdenum, and titanium. The unfiltered spectra for these
three tubes are shown in Fig. 3. For example, it can be seen that the
copper tube is ideal for calculating transmission curves for incident
photons energies below 10 keV, while the molybdenum tube is better
suited to calculating transmission curves in the 10–20 keV region.
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FIG. 3. Unfiltered spectra for the three anode tubes used in the Proto-XRD
source.

B. Characterizing known filters
In order to benchmark the system, measurement of x-ray trans-

mission curves for a set of extremely pure, x-ray quality aluminum
filters was undertaken. For these measurements, the copper x-ray
anode tube was utilized. A representative dataset from this process
taken for a filter with an areal density (related to the filter thickness
by a factor of the density of pure aluminum) of 34.6 mg/cm2 (corre-
sponding to a thickness of 128.15 μm—assuming a perfect solid alu-
minum density in our sample, which was manufactured with x-ray
quality filtration in mind) is shown in Figs. 4 and 5.

After normalizing the spectra, the transmission curve Θ(E)was
calculated and a nonlinear regression (based on tabulated data of
x-ray transmission6) was used to fit a thickness of aluminum to

FIG. 4. Normalized filtered and unfiltered spectra for an aluminum filter with a
known areal density of 34.6 mg/cm2. The unfiltered spectrum is plotted in blue,
while the filtered spectrum is plotted in orange.

FIG. 5. Calculated transmission data (blue) from the spectra shown in Fig. 4 plot-
ted together with a fit obtained via nonlinear regression (orange) over an energy
range of 5–15 keV. The filter areal density calculated from this regression is
34.21 ± 0.6750 mg/cm2.

the observed transmission curve. In the data shown in Figs. 4
and 5, the actual transmission characteristics of the filter are accu-
rately captured by our regression procedure—with a filter areal den-
sity of 34.6 mg/cm2, an areal density of 34.21 ± 0.6750 mg/cm2 was
computed. This good characterization was repeatable for the other
filters in the dataset; a plot of the difference between the calculated
areal densities using the x-ray test bench and the actual areal densi-
ties for aluminum filters with varying areal density is shown in Fig. 6.
Because we are able to reproduce the known values for these filters to
within statistical uncertainty, we conclude that the x-ray test bench

FIG. 6. The percent difference between the calculated value of filter areal density
and the true areal density for each filter plotted against the true areal density. The
error bars here are statistical and represent a 95% confidence interval on the fitted
value.
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is capable of accurately measuring the x-ray transmission curves of
these filters. We also note that using a smaller fit range, centered
around the high-intensity copper peak, does not result in signifi-
cantly different inferred thicknesses (the results are within the error
bars presented in this report).

C. Measuring unknown filters
Having confirmed the consistency of the x-ray test bench, the

setup was used to characterize the transmission curves of filters
whose x-ray transmission properties were not initially known and
to compare them to x-ray transmission that one might expect from
the physical thickness of a nominal density pure filter.

1. Aluminum
The first set of unknown filters that were characterized were

aluminum filters with nominal thicknesses of 100, 200, or 300 μm.
The results of these measurements are shown in Fig. 7.

It can be seen immediately that our calculated values do not
match the nominal physical thickness for any of the three; instead, it
is inferred that these filters have lower transmission (and thus higher
inferred thicknesses) than that would be suggested by the nominal
values. It is possible that this effect is due to some high-Z contam-
inant, which can dramatically affect the shape of the transmission
curve and thus the value fitted by our regression procedure, which
assumes a pure sample (Fig. 8 shows the difference between the
measured and inferred transmission curves). Additionally, because
absorption is fundamentally an exponential function of areal den-
sity, slight variations in the thickness of the filter can have unexpect-
edly large effects on the filter’s absorption properties. Such thickness
variations could also account for the mismatch between nominal and
calculated values.

2. Titanium
The second set of unknown filters characterized was titanium

filters with nominal thicknesses of 100, 200, or 500 μm. These

FIG. 7. The percent difference between the calculated value of filter thickness and
the nominal physical thickness for each filter plotted against the nominal thickness.
The error bars here are statistical and represent a 95% confidence interval on the
fitted value. Long exposure times have resulted in high statistics and relatively
small error bars.

FIG. 8. A sample transmission curve calculated from the 100 μm aluminum filter.
The experimentally obtained data are shown in blue, with the inferred fit shown in
orange.

samples were characterized using the molybdenum anode. The
results of this study are shown in Fig. 9.

Once again, note that for filters that are not specifically
designed to be of x-ray quality, the thicknesses of the filters inferred
from the x-ray transmission curve do not match the nominal
physical thickness. However, for these titanium filters, the devia-
tions from equality are smaller than those in the aluminum fil-
ters discussed in Sec. IV C 1 and the deviations are not con-
sistently directed—both higher and lower inferred thicknesses are
observed.

FIG. 9. The percent difference between the calculated value of filter thickness and
the nominal physical thickness for each filter plotted against the nominal thick-
ness. The orange line represents equality between the two values. The error bars
here are statistical and represent a 95% confidence interval on the fitted value.
Long exposure times have resulted in high statistics and relatively small error
bars.
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V. CONCLUSIONS AND PATH FORWARD
By using a partially depleted surface barrier detector together

with an AMPTEK 123-CdTe x-ray spectrometer and a custom
Proto-XRD source, we have developed an x-ray test bench facil-
ity, which is able to accurately measure both the energy spec-
trum and time-resolved x-ray fluence of the source. By measur-
ing these quantities, energy-dependent x-ray transmission curves
Θ(E) for a variety of different filters have been measured. Measure-
ments made with the test bench were able to reproduce the known
thicknesses of x-ray quality aluminum filters to within uncertainty
bounds across an order of magnitude of areal densities. The qual-
ity of these measurements validates the transmission measurements
made for previously uncharacterized aluminum and titanium fil-
ters. These measurements are more accurate characterizations of
the filters’ x-ray transmission properties than their nominal thick-
nesses and suggest that measurements similar to these should be
performed for filters used in x-ray diagnostics across the HEDP
field.
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