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Filtered x-ray diode (XRD) arrays are often used to measure x-ray spectra vs. time from spectrally continuous
x-ray sources such as hohlraums. A-priori models of the incident x-ray spectrum enable a more accurate
unfolding of the x-ray flux as compared to the standard technique of modifying a thermal Planckian with
spectral peaks or dips at the response energy of each filtered XRD channel. A model x-ray spectrum consisting
of a thermal Planckian, a Gaussian at higher energy, and (in some cases) a high energy background provides
an excellent fit to XRD-array measurements of x-ray emission from laser heated hohlraums. If high-resolution
measurements of part of the x-ray emission spectrum are available, that information can be included in the
a-priori model. In cases where the x-ray emission spectrum is not Planckian, candidate x-ray spectra can be
allowed or excluded by fitting them to measured XRD voltages. Examples are presented from the filtered
XRD arrays, named Dante, at the National Ignition Facility and the Laboratory for Laser Energetics.

I. INTRODUCTION

Filtered x-ray diode (XRD) arrays are used to record
the time dependent x-ray flux in multiple energy bands
from laboratory plasmas.1–5 At the National Ignition Fa-
cility (NIF)6 and the Omega laser at the Laboratory for
Laser Energetics7 these XRD arrays, called Dante8, are
a key diagnostic used to measure the total x-ray flux
from laser-produced plasmas. At NIF, up to 18 Dante
channels (energy bands) are configured with filters and
XRD cathodes of different materials so that the x-ray
energy range from roughly 60 eV to 20 keV is covered3.
Usually, only two of the 18 channels are dedicated for
detection of x rays above 8 keV. Arrangements of typi-
cal Dante channels are shown in Figure 1. Each channel
has an energy-dependent response to incident x rays that
is determined by absorption edges in the filter material
and the cathode of the XRD and, for some lower-energy
channels, the reflectivity of a grazing incidence mirror.
Typical response functions are shown in Figure 2.

Some limited spectral information can be obtained
from the array of 18 XRD voltages. However, even with
this spectral information, the XRD voltages by them-
selves are not sufficient to determine the total x-ray flux;
assumptions about the form of the emission spectrum are
required. To understand this, note that a filtered XRD
channel will respond very differently to an x-ray emis-
sion line depending on the location of the line within
the response band of the channel (see Figure 2). Typ-
ically, total x-ray flux is obtained with the assumption
that the spectrum is near Planckian. In the most com-
mon method of unfolding the x-ray flux, which we refer to
as the standard method, spectral peaks at the response
energy of each XRD channel are added to or subtracted
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from a Planckian spectrum in order to match the mea-
sured XRD voltages9. We examine the use of a-priori
spectral information, obtained from other sources, in the
extraction of x-ray flux from XRD arrays. We argue that
least-squares fitting of a-priori spectrum components to
the measured XRD voltages provides a more accurate x-
ray flux than the standard method. In other cases, where
information about the identity of the x-ray emission is the
goal, candidate x-ray spectra can be allowed or excluded
by the quality of their fit to measured XRD voltages.

II. DANTE RESPONSE

The data from the Dante XRD array consists of a volt-
age waveform for each of the channels. The XRD voltage
for each channel is given by the integral of the x-ray emis-
sion spectrum over the energy dependent response of the
channel:

VXRD = Ω

∫ ∞
0

S(E)R(E)dE , (1)

where Ω is the channel solid angle in sr, S(E) is the source
spectrum in GW/sr/eV, and R(E) is the combined sieve,
filter, mirror, and XRD response function in V/GW. For
an array of 18 XRD channels there are 18 (time depen-
dent) values of VXRD. To obtain the total x-ray flux in
GW/sr, the unknown x-ray spectrum S(E) must be un-
folded from the array of XRD voltages and integrated
over energy. Looking at Figure 2, it can be seen that
the response functions overlap at some energies, leave
gaps with minimal response at other energies, and vary
strongly with energy. Hence the same x-ray flux pro-
duces a very different XRD signal at different energies.
Clearly, if the unknown spectrum is highly structured,
such as a line spectrum, then neither the spectrum nor
the total flux can be obtained accurately. Conversely, if
the structure in the spectrum is small, as expected from
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FIG. 1. Layout of the Dante filtered XRD array at the NIF
showing two representative channels, one with a mirror and
one without. Each channel is collimated to view the entire tar-
get assembly. Tantalum sieves are sometimes used to keep the
x-ray flux below the saturation level for the x-ray diodes. The
XRD anodes are biased at high voltage (HV), and the cath-
ode signals are recorded on fast oscilloscopes together with a
timing fiducial. The viewing angle is 37◦.

hohlraum sources, then the x-ray flux can be unfolded
more accurately.

III. STANDARD METHOD

The standard unfold method is designed for x-ray emis-
sion from hohlraums, which is expected to be dominated
by thermal radiation. The standard unfold algorithm5,10.
starts with a Planckian spectrum which is determined
from the best fit to the measured voltages from the
channels that are sensitive to x-ray energies below the
Au M-band emission. Gaussian peaks are added to or
subtracted from this initial spectrum based on the mea-
sured signal of each channel. This adjustment starts with
the Gaussian at the highest x-ray energy, and proceeds
with the adjustment to the next lowest energy channel,
re-calculating the difference between the measured and
modeled voltages between the adjustments. The centroid

FIG. 2. Normalized response functions labeled by channel
number from a typical laser shot (N120816) for the 18 chan-
nels of the NIF Dante 1 array. The gray curves in the top
frame show the normalized emission spectrum for 200 eV
(dashed) and 250 eV (dotted) blackbodies. The dashed gray
curve in the lower frame is a Gaussian at the approximate lo-
cation of M-band radiation from highly ionized gold. Channel
16 responds primarily to energies above 10 keV.

and width of the Gaussian bumps are determined by the
response function of each channel and remain fixed dur-
ing the unfolding process. Thus, the structure of the ob-
tained spectrum is an artifact of the unfold process with
peaks and valleys located at the calculated Dante chan-
nel response energies. The magnitudes of the peaks are
adjusted by iteration until the observed XRD voltages
are matched. Despite the dependence of the magnitude
of the peaks on the initial selection of their width and po-
sition, the standard unfold often provides a robust value
for the total emission.

To illustrate the unfolding methods, we use a NIF shot
with Dante looking into the Laser Entrance Hole (LEH)
of a ViewFactor hohlraum11. In this experiment, 944 kJ
of laser energy in a shaped 21 ns long pulse heats a 5.75
mm diameter, gas-filled gold hohlraum with a 3.1 mm
diameter LEH. The hohlraum is truncated (at full diam-
eter) 2 mm beyond the center of the hohlraum leaving
it 6.71 mm long. An example of the unfolded spectrum
obtained by the standard method is shown in Figure 3.
We note that the total x-ray flux differs by less than 3%
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if a slightly different selection of channels is used in the
unfold. However, this stability of the total flux value does
not reveal a possible significant systematic error due to
not using the correct spectral shape.

FIG. 3. Two different spectral unfolds of the data from NIF
gold hohlraum shot N120816 at the time of peak emission.
Both methods used the same Dante channels. The standard
unfold (red trace) shows peaks and valleys corresponding to
individual channels. The least-squares fit, shown in blue, uses
a three-component spectrum as described in the text. The
inset plot shows the same least-squares fit (Sum) on a log
scale and its three components, i.e., the Planckian (Thermal),
the Gaussian for the Au M-band emission (M band), and the
exponential background (Background),.

IV. A-PRIORI SPECTRA

Every method of unfolding x-ray flux from Dante XRD
voltages must make assumptions about the form of the
x-ray spectrum. In effect, the standard method uses an
a-priori spectrum consisting of a Planckian modified by
Gaussian peaks or valleys at the location of the chan-
nel energies. Adjusting the amplitude of one peak for
each channel then allows all of the XRD voltages to be
matched. However the spectrum is an unlikely represen-
tation of the actual x-ray emission spectrum because the
location of the peaks and valleys is determined by the
response function of each Dante channel and not by the
properties of the emission source. We select a-priori spec-
tral components based on expectations for the emission
spectrum and/or measurements from other instruments.
For example, the emission spectrum from gold hohlraums
is expected to be close to a Planckian plus an array of gold
M-band transitions above 2 keV. In this case, we choose
a spectrum consisting of a Planckian plus a Gaussian ap-
proximation for the M-band transitions, and determine

the parameters of these components by least-squares fit
to the measured XRD voltages. An example of a fitted
spectrum of this form is compared to the standard un-
fold in Figure 3. In this case, a small background was
included as a third component to satisfy the Dante chan-
nels that respond at high x-ray energy.

Several other approaches to unfolding Dante measure-
ments have been tried previously, including least-squares
fitting of multiple (Gaussian) peaks9, and determination
of the amplitudes of various fixed-shape components by
matrix inversion12–14. In work similar to our a-priori
model for hohlraum emission, Seifter and Kyrala used a
spectrum consisting of a Planckian and a Gaussian and
determined the free parameters by least squares fit to
synthetic and actual XRD voltages15.

A. Hohlraum emission

Measurements of x-ray emission from hohlraums and
our understanding of hohlraum physics imply that the x-
ray emission spectrum from hohlraums is approximately
Planckian at thermal energies. At higher energies, the
spectrum consists of transition arrays at the energy of
the bound-bound transitions in highly-charged ions of the
hohlraum material (e.g., gold M-band transitions) with
an intensity that exceeds that of the tail of the Planckian
component. This emission is from the laser deposition re-
gion, which reaches keV-type electron temperatures. At
even higher energies, the spectrum is a continuum from
free-free emission in the laser deposition region and from
bremsstrahlung radiation from fast electrons depositing
energy in the hohlraum walls16. Our a-priori hohlraum
spectrum S(E) consists of the sum of these three compo-
nents:

SP (E) = AP
15

π4T

(E/T )3

eE/T − 1
, (2)

SM (E) = AM
1

σ
√

2π
e−

(E−E0)2

2σ2 , and (3)

SB(E) = AB
1

EB
e−E/EBF (E) . (4)

With S(E) in units of GW/sr/eV, the constants
AP , AM , and AB are the fluxes of the Planckian, M-
band, and background or bremsstrahlung components
in GW/sr. T is the color temperature of the Planck-
ian component in eV, E0 and σ are the center energy
and width of the M-band Gaussian, and EB is the char-
acteristic energy for the exponential background. These
seven parameters are obtained by least-squares fit to the
XRD voltages. The exponential background component
is multiplied by a function F(E) that attenuates the back-
ground at low energy and prevents it from exceeding the
Planckian radiation flux at low energy. We used
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TABLE I. Source temperature in eV and x-ray radiant intensity in different energy bins for the spectra shown in Figure 3.
The ”Temperature from total flux” is the temperature of a blackbody having the measured total flux, an area equal to that
of the laser entrance hole (3.1 mm diameter) and observed at the same angle (37◦) as the Dante XRD array. The ”Color
Temperature” for the three component fit is given by the shape of the fitted Planckian.

Color Temperature Total Thermal Mband

Unfold Temperature from 0 − 6keV 0 − 2keV 2 − 3keV

Total F lux (TW/sr) (TW/sr) (TW/sr)

Standard 260 9.02 8.02 0.84

3 Comp Fit 237 260 8.84 7.93 0.70

F (E) =

√
E/T

1 + e−2(E−T )/T
E <T

F (E) =
1

1 + e−2(E−T )/T
E ≥T

(5)

and adjusted the normalization of SB(E) so thatAB is
still the background flux in GW/sr.

As can be seen in Figure 2, the Planckian component
has good overlap with multiple Dante channels, so its
amplitude and color temperature are well determined,
even if some channels are omitted or do not fit a Planck-
ian spectrum (see below). Only a few Dante channels
have good overlap with the expected position of the M-
band Gaussian, so its position and width are not well
determined. It is sometimes necessary to put limits on
the position and width to prevent the M-band Gaussian
from deviating too much from its intended purpose in the
fitting process. Typically, we limit E0 to greater than
five times T , and limit σ to less than 0.5E0. The back-
ground component is small and relatively unimportant.
In fact, a good fit can often be obtained without the
background component if the energy range of the fit is
less than roughly 5 keV.

A typical fit to the measured XRD voltages for NIF
shot N12081611 is shown in Figure 3 and Tables I, II
and III. During an initial fit, the XRD voltage for chan-
nel 1 (the lowest energy channel) was found to exceed
the emission from a blackbody the size of the laser en-
trance hole by roughly a factor of three. This is be-
cause most of the measured flux comes from areas out-
side of the hohlraum where there is a large plastic-coated
aluminum shield which is hit by unconverted (1ω) laser
light17 Hence channel 1 was omitted from the fit shown
here. Channel 3 was excluded due to a hardware issue
with the XRD cathode. Channels 15 and 16 were ex-
cluded due to the low signal-to-noise ratio for these two
high-energy channels and Channel 18 was not part of the
analysis because it was saturated by design. All used
channels were assigned equal percentage uncertainties in
the fit. As can been seen in Table II, the least-squares
fit matches most of the channel voltages to within 10%,
which is consistent with the uncertainty in the channel
response. The parameters of the fit are given in Table III.

The x-ray energy range of the fit was 0 to 10 keV. We
define the total flux as the integral of the fitted spectrum
from 0 to 6 keV. The component amplitudes AP , AM ,
and AB correspond to integration over all energies.

Note that the low energy channels 5 to 10 which help
determine the thermal Planckian component have large
responses in the thermal x-ray region and smaller re-
sponses at higher x-ray energies (Figure 2). The higher
energy x-rays are a small contribution to the measured
voltages in channels 5 to 10 as seen by the fact that the
two high energy channels, 15 and 16, have similar re-
sponses as Channels 5,6,7,8 and 10 at high energy but,
as seen in Table II, the measured voltage in Channels 15
and 16 is 0.1 V, about 1% of the voltage measured for
Channels 5,6,7,8 and 10.

B. Use of measured spectra

Although the a-priori spectral components in the pre-
vious example are a likely model of gold hohlraum emis-
sion spectra based on previous measurements and phys-
ical understanding, they can be improved with informa-
tion from measured high-resolution spectra18. The M-
band component benefits most from high-resolution mea-
surements because it is significantly brighter than the
Planckian continuum in the 2000 to 3000 eV x-ray range
and its parameters are not well determined by the fit-
ting process. The single Gaussian used for the M-band
component does not capture the structure in the actual
emission spectrum.

In a recent measurement at the Omega laser, a Bragg
crystal spectrometer with an image plate detector was
used to obtain high-resolution hohlraum emission spectra
simultaneously with Dante measurements19. The target
was a 1.2-mm diameter, 2.250 mm long cylindrical gold
hohlraum with laser entrance holes equal to the full di-
ameter. It was heated with 20 kJ of laser energy in a
1 ns square pulse. The Dante array and Bragg-crystal
spectrometer viewed the target at similar angles, 42o and
37o, respectively, so the incident x-ray spectrum should
be nearly identical for both of them.

The Dante XRD array at the Omega laser consists of
15 channels4. For these shots, only channels 3 to 14 were
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TABLE II. Comparison of measured and fitted XRD voltages
for NIF gold-hohlraum shot N120816 at the time of peak x-
ray emission (see Figure 3). X-ray energy (eV) is the centroid
value of the pseudo-Gaussians used in the standard unfold for
each channel. Channels 1, 3, 15, and 16 are not included in
the unfold as described in the text. If the fitted signal values
are within 10% of the measured values, the ratio is highlighted
in green, if it is within 20% it is highlighted in yellow.

TABLE III. Parameters for the fit to shot N120816 (see
Eqns.2 - 5)

Shape parameters (eV) Amplitudes (TW/sr)

T E0 σ EB AP AM AB

237 2595 135 3555 7.85 0.36 0.73

operational. Their response functions are shown in Fig-
ure 4. Nine of the twelve channels obtained data of suffi-
ciently high quality to use in the unfolds, and these chan-
nels are the solid lines in Figure 4. Voltage traces from
one of the shots (Omega 68586) for Channel 5, which re-
sponds to thermal radiation, and for Channel 11, which
responds to gold M-band radiation are shown in Figure
5.

In the M-band region, the largest feature in the spec-
trum is an array of 4f to 3d transitions near 2600 eV
and the second largest feature is an array of 4p to 3d
transitions near 2100 eV16,20. The shape and position of
the transition arrays are measured very accurately by the
Bragg crystal spectrometer, but the absolute intensity is
not measured accurately due to uncertainties in the over-
all calibration of the spectrometer system. To make use
of the measured spectra in unfolding the Dante flux, we
approximate the 4f to 3d and 4p to 3d transition arrays
with two Gaussians whose position, width, and relative

FIG. 4. Normalized response functions for the gold hohlraum
shots at the Omega laser. The dashed and dotted curves in
the top frame show the normalized emission spectrum for 200
and 250 eV blackbodies. The dashed curve in the lower frame
indicates the approximate location of M-band radiation from
highly ionized gold. Channels 6 and 7 were not used in the fits
because their voltage reached the space-charge limit. Channel
3 was not used because of abnormal scope behavior.

intensity are determined by the high-resolution spectra.
The approximate M-band spectrum is shown in the inset
in Figure 6. The overall intensity of this measured M-
band component at peak flux is determined by fitting to
the Dante channel voltages, as described above but with
replacing Equation 3 with

SM (E) = AM x FixedShape (6)

The green curve in Figure 6 shows the result for Omega
shot 68586 at the time of peak emission. All channels
were assigned equal percentage errors in the fitting pro-
cess, which used the x-ray energy range of 0 to 10 keV.
Also plotted is the standard Dante unfold (in red) and
the three-component spectrum with an M-band Gaussian
bump (Equations 2 to 4) (in blue). Table IV lists the
radiant intensity in total, thermal, and M-band energy
bins. The red and blue graphs in Figure 6 show that
the few Dante channels that respond primarily to gold
M-band radiation are insufficient to distinguish among
different spectra. Combining the superior absolute cal-
ibration of the Dante channel response with the mea-
sured spectral shape from a high-resolution instrument
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FIG. 5. Representative thermal and M-band Dante voltage
traces for Omega shot 68586. The spectral unfold discussed
is taken at peak emission, at 1.2 ns.

FIG. 6. Example of three spectral unfolds of the data from an
Omega hohlraum at the time of peak emission. The standard
unfold is shown in red. The least-squares fit, shown in blue,
uses a three-component spectrum as described in the text with
a free Gaussian to account for the gold M-band emission. The
green curve uses the independently measured shape for the
M-band component that is shown in the inset.

provides an accurate measurement of both the total x-
ray flux and its spectrum. Although the Planckian com-
ponent of the spectrum provides a good fit to multiple
XRD channels in the thermal region (to 10%), the un-
folding could be improved further with high-resolution
measurements of emission in the thermal region.

In comparing the fit with a free-parameter M-band
Gaussian with the fit for the fixed M-band, the poorly
determined width of the Gaussian has become much
larger than the actual width of the gold M-band radi-
ation, and the centroid is shifted to lower energy than
the actual centroid of the M-band radiation, resulting in
a significant overlap with the Planckian component (note

the difference in color temperature, 219 eV for the free-
parameter M-band Gaussian and 250 eV for the fixed M-
band). Although the large width of the free-parameter
M-band Gaussian corresponds to minimum chi squared,
it is a significant deviation from the measured spectral
shape.

The results of unfolding the Dante spectrum and flux
with the standard method are also shown in Figure 6 and
Table IV. Note that the thermal flux obtained from the
standard unfold is 10% greater than that obtained with
the least-squares fit using the measured M-band spec-
trum. The radiation temperature for the standard unfold
is 245 eV (Table IV) and is determined from the total x-
ray flux, not the shape or color of the unfolded spectrum.
For comparison, the color temperature determined from
the fit with the measured M-band spectrum is 250 eV.

Note that, the three spectra shown in Figure 6 are very
different in the 2000 to 3000 eV x-ray region, and the
amount of flux differs by 20%. This results in different
penetration of x rays through ignition capsules and other
materials.

C. Exclusion or allowance of candidate spectra

The discussion and examples above focused on the use
of a-priori knowledge of an x-ray emission spectrum to
obtain the best unfolding of flux from XRD arrays. In
this section we consider situations where a-priori spec-
tral information is uncertain or unknown. For example,
different models of laser heated targets might predict dif-
ferent emission spectra. In this case, the different model
spectra can be fitted to the array of XRD voltages and
possibly allowed or excluded based on the goodness of
the fit. In other cases, the source of the radiation may
be in doubt.

We consider a NIF shot (N101129) in which the Dante
array viewed the back wall of a half-hohlraum which was
heated by laser irradiation from the other side.21 The
back wall material was designed to burn through during
the laser pulse and produce a signal in the Dante. How-
ever, the signal was degraded by background radiation
attributed to unconverted light17 hitting unknown pieces
of the target support structure, which consisted of plas-
tic (carbon), glass (silicon), and steel (iron). Since the
emission spectra from these materials are very different,
it is possible to distinguish them by fits to the Dante
XRD voltages. The expected emission spectra for car-
bon, silicon, and iron at an electron temperature of 70
eV and an electron density of 1.0 x 1021 cm−3 were cal-
culated with FLYCHK22. They are shown in the lower
curves in Figure 7. The top curve shows the response
functions for the relevant Dante channels. The different
materials radiate at different energies and drive differ-
ent Dante channels as indicated in the figure. This en-
ables an identification of the likely source spectrum from
among the three candidates. Although the temperature
of the emitting material is uncertain, the energy of the
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TABLE IV. Source temperature in eV and x-ray radiant intensity in different energy bins for the spectra shown in Figure 6.
The ”Temperature from total flux” is the temperature of a blackbody having the measured total flux, an area equal to that of
the laser entrance hole (1.2 mm) and observed at the same angle (42◦)as the Dante XRD array. The ”Color Temperature” for
the three component fits is given by the shape of the fitted Planckian.

Color Temperature Total Thermal Mband

Unfold Temperature from 0 − 6keV 0 − 2keV 2 − 3keV )

TotalF lux (GW/sr) (GW/sr) (GW/sr)

Standard 245 981 790 165

3 Comp Fit

(free Gaussian) 219 240 901 732 133

3 Comp Fit

(Meas. Mband) 250 240 899 722 140

TABLE V. Fitted amplitudes for the candidate spectra and
Planckian components along with their sum in GW/sr.

Material Candidate Planckian Sum

Carbon 0.9 5.7 6.6

Silicon 5.2 2.5 7.7

Iron -4.2 10.9 6.7

line radiation from the different elements is relatively in-
sensitive to temperature. Hence the emission regions for
the different materials remain distinct even if the actual
material temperature is not 70 eV.

Least-squares fits to the XRD voltages for channels 1-
17 were performed over the x-ray energy range from 0
to 2 keV for the three components of Eqs. 2 to 4 plus
a fourth component consisting of a candidate spectrum
as shown in Figure 7. Results are shown in Figure 8 for
the relevant 0 - 600 eV x-ray range where the Planckian
and candidate spectrum dominate the fit. Only the sil-
icon spectrum is allowed as a significant contributor, as
summarized in Table V. The carbon fit shows a large
blackbody and a very small amplitude carbon spectrum,
and the iron fit shows a negative amplitude that subtracts
from a larger Planckian component. This suggests that
the dominant source of background radiation was glass.
The fit was done at 11 ns, a time near peak emission and
before saturation of some Dante channels.

V. CONCLUSIONS

Unfolding spectral information and x-ray flux from
measurements with arrays of filtered XRDs requires
a-priori spectral information or assumptions. Least-
squares fitting of XRD voltages with a few spectral com-
ponents that are based on a physical understanding of the
x-ray source allows the unfolding to benefit from avail-

able information. If simultaneous high-resolution spec-
tral measurements are available, they can be included as
a spectral component to further improve the unfolding.
In the absence of high-resolution measurements, models
of emission spectra can be tested by including them as a
component in fits.
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