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A methodology for measuring x-ray continuum spectra of inertial confinement fusion (ICF) implosions is
described. The method relies on the use of ConSpec, a high-throughput spectrometer using highly annealed
pyrolytic graphite (HAPG) crystal [MacDonald et al. J. Instrum. 14, P12009 (2019)], which measures the
spectra in ~ 20-30 keV range. Due to its conical shape the crystal is sagittally focusing a Bragg-reflected
x-ray spectrum into a line, which enhances the recorded x-ray emission signal above the high neutron-induced
background accompanying ICF implosions at the National Ignition Facility (NIF). To improve the overall
measurement accuracy the sensitivity of the spectrometer measured in an off-line x-ray laboratory setting
was revised. The error analysis was expanded to include the accuracy of the off-line measurements, the effect
of the neutron-induced background as well as influence of possible errors in alignment of the instrument to the
ICF target. We demonstrate how the improved methodology is applied in the analysis of ConSpec data with
examples of a relatively low-neutron-yield implosion using a tritium-hydrogen-deuterium mix (THD) as a fuel
and a high-yield deuterium-tritium (DT) implosion producing high level of the background. In both cases,
the shape of the measured spectrum agrees with the exponentially decaying spectral shape of bremsstrahlung
emission to within + 10%. In the case of the high-yield DT experiment, non-monotonic deviations slightly

exceeding the measurement uncertainties are observed and discussed.

I. INTRODUCTION

Measurement of x-ray emission in inertial confinement
fusion (ICF) experiments is an important diagnostic ap-
proach aimed at better understanding of ICF perfor-
mance. The spectral shape of the emitted continuum is
related to the emission-weighted spatially-averaged elec-
tron temperature, which can serve as an integral char-
acteristic of an ICF experiment. Approaches leading to
physical interpretation of this apparent electron temper-
ature have been discussed in the literature.’»? Cao et al.!
derive that the electron temperature inferred from mea-
surements of the x-ray continuum emission represents the
emission-weighted, harmonic mean (< 1/7, >) of the
hot-spot distribution, averaged both spatially and tem-
porally. Kagan et al.? predict influence of suprathermal
electrons on the x-ray emission spectrum of the hot spot.
A more complicated picture can emerge in analysis of
high-yield implosions at NIF where distribution of elec-
tron temperatures in the target at the times of x-ray
emission is inhomogeneous. Direct measurements of the
continuum spectra are expected to constrain both simu-
lations and data analyses in a variety of other diagnostic
approaches relying on theoretical models.

Bremsstrahlung emission from an ICF target with a
characteristic electron temperature 7T is expected to fol-
low the spectral shape®*

e~ E/T.

S(E) 0.8 e_Tw. (1)
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The denominator in Eq. 1 originates from a fit to
the opacity tables using atomic models by Scott and
Hansen.® The optical depth 7 o E~2 of the fuel and
the remaining capsule shell at time of x-ray emission
is considered to be negligible at photon energies above
~ 20 keV.

Measurements of x-ray emission using differential x-ray
filtering spectrometers®%6 enable inferences of T,. Due
to broadband x-ray response of the filters data analysis
relies on the expected spectral shape (Eq. 1), which is
well justified from the physics perspective. Nonetheless,
measurements of the emission spectrum using a spec-
trometer with well-defined spectral response such as an
x-ray diffracting crystal spectrometer are desired to pro-
vide direct assessment of the spectral shape. This aspect
becomes increasingly important as ICF experiments en-
ter the new regime of burning plasmas.”

In this work we demonstrate the applicability of the
previously implemented continuum x-ray spectrometer
(ConSpec)!%1! to time-averaged measurements of x-ray
emission from ICF implosions at the National Ignition
Facility characterized by high (up to ~ 4 x 10'7) yields
of 14.1 MeV neutrons. High throughput of the HAPG-
based spectrometer and its sagittal focusing of the re-
flected x-ray spectrum to a line enable efficient discrim-
ination of the x-ray signal above the baseline of very
intense neutron-induced background recorded on image
plates. Data analysis procedures are described for two
indirectly-driven ICF experiments: shot N220220 using
a mix of tritium, hydrogen and deuterium (THD) as the
capsule fuel (neutron yield 4.33x10'4) and shot N220919
using a deuterium-tritium mix (DT) as the fuel (neutron
yield 3.82x10'7). These two experiments reveal differ-



ent apparent T, of ~4 and 7 keV, respectively as well as
very different levels of x-ray emission, where emission of
the DT shot is ~ 40-80 times brighter. The shapes of
the measured experimental spectra agree with the spec-
tral shape of Eq. 1 to within & 10%. Non-monotonic
discrepancies in the spectral shape are observed for the
DT shot. These discrepancies exceed the estimated mea-
surement uncertainties, which are at the level of ~5%
(r.m.s.). Analysis of the uncertainties presented in this
work includes contributions due to errors in the spec-
trometer sensitivity which was measured off-line, errors
due to spectrometer alignment in the NIF target chamber
and noise in the neutron-induced background.

Il. OVERVIEW OF THE SPECTROMETER

The continuum x-ray spectrometer (ConSpec) was de-
signed and implemented at the NIF to measure x-ray
emission in the 20-30 keV spectral range. To date Con-
Spec is the only high-throughput calibrated spectrome-
ter at the NIF capable of measuring x-ray emission at
energies above ~ 20 keV.” NSS (the NIF Survey Spec-
trometer) is another instrument which covers the energy
range of interest, however, lacking the sensitivity to dis-
cern hard x-ray continuum in a variety of scenarios in-
cluding high-yield ICF experiments. ConSpec and its
main components are shown in Fig. 1(a). The front hous-
ing cone holds a polycarbon debris window. Radiation
passing through this window is limited by an entrance
aperture in front of the crystal. A line replaceable unit
(LRU) holding this aperture can also include x-ray at-
tenuating foils. The direct line-of-sight (LoS) from the
source to the detector is shielded using a tungsten block
combined with a step-down Cu-Al attenuator at the exit
side of the block. The instrument is inserted into the
NIF target chamber along the axis of the Diagnostic In-
strument Manipulator (DIM axis), which makes an angle
of 4.24° with the crystal spectrometer axis. The con-
ical shape of the crystal is a key feature of the Hall
geometry'? where x rays reflected from the crystal are
focused to a line that is perpendicular to the axis of
the spectrometer. Such arrangement was implemented in
ConSpec to explore future use of graphite conical crystals
in combination with time-resolving detectors such as an
x-ray streak camera.'® Due to geometrical constrains of
the NIF target chamber the streak camera photocathode
must be normal to the DIM axis. ConSpec remains a
time-integrating diagnostics where x rays reflected from
the crystal are recorded on an image plate (IP) placed at
normal orientation to the spectrometer axis at a distance
of 900 mm from the ICF target (x-ray source). More de-
tails on the spectrometer components can be found in
prior publications.!?!!

The meridional (energy dispersing) and the sagittal
(imaging) directions of the crystal are as shown by ar-
rows in Fig. 1(b)). Figure 1(c) represents a ray-tracing
diagram in the meridional midplane of the spectrometer.

TABLE I. Parameters of the spectrometer.

Reflection FEj [keV] Eo [keV] H [mm] D [mm]
HAPG 002 1.8516 25.0 33.42  900.0

Assuming that over the small working section of the con-
ical surface the rays approximately obey this diagram,
the nominal dispersion law of the spectrometer can be
approximated with that of a flat crystal:

x=Dtanf — 2H, (2)

where D is the source-detector distance and H =
%D tanfy is the height of the source above the crystal,
defined for the center Bragg angle 6y, which corresponds
to the center photon energy Ey. The Bragg’s angle 6 is
related to photon energy via the Bragg’s law:

E, = Esind, (3)

where E}, = hc/2d is the Bragg’s energy related to the
d-spacing of the working crystal reflection d with h the
Planck constant, and c¢ the speed of light in vacuum. Con-
Spec is using the lowest reflection order HAPG 002 with
Bragg angles in the range from ~ 5.31° (20 keV) to 3.54°
(30 keV). The key parameters of the spectrometer are
summarized in Table I.

I1l. SPECTROMETER CALIBRATION. REVISED
CRYSTAL SENSITIVITY.

X-ray calibration measurements were performed at the
NIF x-ray optics calibration facility at LLNL'* as de-
tailed in a prior publication'!. The measurement pro-
cedure can be briefly outlined as follows. The spec-
trometer was placed on a calibration fixture designed to
replicate the working geometry on the NIF as shown in
Fig.1(c). The axis of the instrument was defined using
a pair of tungsten-wire crosshairs installed on the cali-
bration fixture. A portable coordinate measurement ma-
chine (Faro Prime) was used to set the distance between
the x-ray source and the crystal. The x-ray source was a
microfocus-type (source size ~ 15 um) Truefocus TFX-
8100 using Mo anode. The source was operated at a
voltage of 65 kV. Spectra of the radiation reflected from
the crystal were measured using an Amptek XR-100SDD
Silicon Drift Detector (SDD) while scanning the detec-
tor along the spectral direction x in the detector plane.
During the course of these measurements the x-ray tube
current was 0.02 mA. The detector’s count rate A\ was
kept at < 50000 counts/s. The detector peaking time
was t = 2 us. The probability of a pile-up and the re-
lated undesired spectral distortion where two detected
x-ray events are not discriminated can be estimated as-
suming Poisson statistics P = §(At)%exp (—At) < 1 %.
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FIG. 1. (a) Layout of the ConSpec components. (b) Meridional and sagittal directions of the crystal. (c) Ray-tracing diagram

of the spectrometer in the meridional midplane.

The measured spectra were scaled to 0.075 mA using a
scale factor derived from measurements of the incident
spectrum collected at both currents.

In this work improvements in determination of the
crystal sensitivity function were implemented as follows.
The spectrum of the x-ray source (operated at 65 kV,
0.075 mA) was measured in a separate calibration run
by placing the Amptek SDD at a distance of 1883 mm
from the source using a Ta pinhole collimator (pinhole
diameter 400 pm). In order to limit spectral distortions
caused by possible pile-up events the total count rate
was < 4000 counts/s. The measured spectrum is shown
in Fig. 2(a). Unlike a similar measurement of the prior
study'' no K-edge attenuators were used. The newly
measured spectrum was compared with the attenuation-
corrected spectrum reported earlier. The spectra were
found to be in agreement aside from minor discrepancies
near the K-edge of the Ag attenuator (25.5 keV) used in
the prior study.

The measured spectrum was fit to an empirical func-
tion f(E) = exp(Zk o @& E") in the range 20.3-60.0 keV.
Figure 2(b) shows residuals obtained by subtraction of
the fitted function from the measured spectrum binned

to ~ 1/2 of the Amptek’s intrinsic energy resolution (250-
300 eV). The standard deviation of the residuals in the
range ~ 20-30 keV (shown in the Figure) is ~ 1%.

In the first step, collection efficiency of the crystal was
calculated by dividing the reflected spectra by the mea-
sured incident spectrum in which the spectral intensity
values above 20.3 keV were replaced with those of the
fit. The intent of the incident spectrum fitting procedure
described above was to eliminate a potentially harmful
source of noise in the normalized data resulting from the
division by the noisy signal). The collection efficiency
as a colormap of normalized spectral values (in the units
of prad) is shown in Fig. 3(a) in the coordinates of de-
tector’s position x and its photon energy E4. In this
representation the full entrance aperture of the detector
(diameter ~4.7 mm) was used in the measurements of
the reflected x rays. The aperture size in energy units
(1-2 keV) is a relatively large value if compared with
the expected energy resolution of the crystal spectrom-
eter (< 200 eV). Hence to reduce the spectral blurring
of the crystal response, differences were calculated be-
tween adjacent spectra measured in the detector scan.
Figure 3(b) shows two adjacent spectra obtained at po-
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FIG. 2. (a) The incident spectrum measured using Amptek
SDD (black) and a fit to f(E) = exp(zgzo arE*) (red) in
the energy range 20.3-60keV. (b) Residuals obtained by sub-
traction of the fitted function from the measured spectrum
binned to ~ 1/2 of Amptek’s intrinsic energy resolution (250-
300 eV).

sitions z; and x;41 in the scan, while Fig. 3(c) shows the
difference spectrum and its smoothed (Savitzky-Golay-
filtered) representation. The collection efficiency can be
alternatively defined using intensities of the peaks in the
difference spectrum.'' The positive peak corresponds to
additional spectral intensity at the low energy (rising)
edge of the spectrum gained in the spectrum upon shift-
ing the detector to the new ;41 position while the neg-
ative peak corresponds to the spectral intensity lost at
the high energy (falling) edge. Thus, the peaks represent
spectral intensities at the locations of the aperture edges
over the distance intervals equal to the step size of the
detector scan (Az = 0.1 mm). Figure 3(d) shows the
higher resolution collection efficiency derived using the
intensity of the positive peak in units of [urad/mm] (i.e.,
normalized by Ax).

In the second step, the dispersion relation of the spec-
trometer was derived from the energy positions of peak
intensity for each value of the detector coordinate z. The
positions were obtained by fitting the positive peak in the
difference spectra to the Lorentzian shape. The positions
were approximated with a third-order polynomial func-
tion as a function of x. The approximated dispersion
is shown in Fig. 3(d) by the curved dashed line which
overlaps with the contour of maximum intensity. The
dispersion relationship derived from the positions of the
positive peak was found to be compatible with the one
derived from the positions of the negative peak as ex-

pected. The measured dispersion, its polynomial approx-
imation (fit) and the nominal dispersion given by Eq. 2
are shown in Fig.4(a). The residuals obtained by subtrac-
tion of the approximations from the measured data are
shown in Fig. 4(b). It can be seen that the polynomial
approximation is preferable since the obtained residuals
are smaller (contained within £+ 0.05 keV unlike those of
the nominal dispersion).

In the third step, sensitivity of the crystal in absolute
units was calculated by integration of the collection ef-
ficiency along the detector-measured energy axis (F4).
The other dimension given by the detector coordinate
x is transformed to the spectrometer’s energy E using
the dispersion relation. From Fig. 3 it can be seen that
non-zero collection efficiency exists well beyond the re-
flection regime corresponding to the main Bragg reflec-
tion HAPG 002 (first-order). Additional contours of in-
tensity are present as well as considerable noise. The
second most intense contour corresponds to twice the en-
ergies of the first order reflection (i.e., second reflection
order or HAPG 004). Double-photon counting by the
detector (detector’s pileup) may also contribute to the
signal of this contour. Other weaker contours of inten-
sity may be due to x-ray diffraction from in-plane mis-
oriented domains of the HAPG crystal (i.e., a fraction of
the Debye ring captured by the detector). The primary
source of noise is division of the spectra (especially the
noisy differential spectra) by the rapidly decaying inci-
dent spectrum (i.e., division by small numbers at higher
energies). In order to isolate the sensitivity correspond-
ing to the first reflection order (Gi), the integration of
the high-resolution collection efficiency was performed in
a limited spectral band around the contour of maximum
intensity. The boundaries of the integration interval are
shown in Fig. 3(d) by curved dashed lines offset form the
contour of maximum intensity. This spectral filtering en-
abled rejection of the high-energy noise as well as higher
reflection orders.

The first-order sensitivities derived from the positive
and negative difference peaks (G7 and G7, respectively)
were found to be slightly different as shown in Fig.5 (the
shown quantities correspond to the integration band of
3.5 keV). This discrepancy can be due to non-equivalency
of the two edges of the detector aperture in terms of
x-ray intensity rejection (e.g., the edge being partially
transparent to x rays). Also, because the choice of the
integration band is somewhat arbitrary the band was var-
ied in the interval 3.0-4.5 keV where for each chosen band
values of crystal sensitivities GT and G were calculated.
From the obtained set of crystal sensitivities the average
sensitivity was calculated along with the standard de-
viation to represent uncertainty in determination of the
first-order sensitivity. The averaged first-order crystal
sensitivities are shown in Fig. 6 derived from the experi-
mental data collected using two different apertures placed
in front of the crystal which limit the footprint of the in-
cident x rays on the crystal in the sagittal direction to
5 mm and 1 mm. The sensitivity corresponding to the
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1 mm aperture is scaled by factor of 5. It can be seen that
the signal from the crystal is not exactly proportional to
the illuminated width fraction of the crystal. This effect
is likely due to geometric aberrations of the conical sur-

face and a possible inhomogeneity of the crystal’s mosaic
where locally averaged orientation of the crystal lattice
can deviate from the shape of the substrate.

In the final step, the second order sensitivity was es-
timated using and an integration procedure similar to
the one described above for the first order sensitivity.
Because the second reflection order is represented by
much noisier signal in our measurements (weak source
spectrum at 40-60 keV) the second order sensitivity
was derived from the low-resolution collection efficiency
(Fig.3(a)). The low-resolution first order and second or-
der crystal sensitivities W7 and W5 were calculated by
integration in a limited band around their correspond-
ing contours of maximum intensity. They are shown in
Fig.5 normalized by the diameter of the detector aper-
ture. In this representation the second order sensitivity
W5 is shown as function of the primary photon energy
(20-30 keV). The high-resolution second order sensitiv-
ity can be estimated as Gy = G1Ws5/W;. The estimate
is shown in Fig. 6 derived from data collected using the
5 mm aperture.

IV. ATTENUATORS. SIGNAL DETECTION.

In the analysis of x-ray spectra emitted by the
indirectly-driven ICF target additional x-ray attenuation
is related to transmission of a diagnostic window in the
hohlraum wall.'® The window is a ~ 160 pum-thick block
of synthetic diamond (high-density carbo, HDC) coated
with 2.25 um of Au. The x-ray transmission of the win-
dow is dominated by that of the Au film and is included
in the data analysis of ConSpec as the first attenuating
element. The second element is the polycarbonate debris
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applied). The error bars illustrate the uncertainties (£ stan-
dard deviation). An estimate for the second order sensitivity
G2 = G1W3 /W1 is shown obtained using the low-resolution
data collected with 5 mm aperture.

shield which consists of the primary 2-mm-thick poly-
carbon insert and optional extra 1 mm-thick polycarbon
inserts which provide additional protection to the down-
stream components of the spectrometer.

The aperture LRU contains a configurable set of metal
foil attenuators. These attenuators can provide an en-
ergy reference in the spectrum (e.g., In foil with K-edge
absorption at ~28 keV) and/or attenuate predominantly
the strong low-energy portion of the spectrum in order to

approximately equalize the signal on the IP. This equal-
ization is performed for high-yield experiments with sub-
stantial levels of x-ray emission to avoid possible distor-
tion of the signal due to exceeding the onset of intrinsic
saturation of the image plate. The image plates used
in ConSpec spectrometer are Fuji SR-type. They are
scanned at 24-hour after exposure with 25x25 um? res-
olution. The scanned images are corrected for the fade
effect. We estimate the onset of IP saturation to be at
~8000 PSL per 25x25 um? resolution element for volu-
metric excitation of 20-30 keV x rays based on extrapola-
tion of data reported for 8 keV x rays by Templer et al.'6
For an x-ray spectrum with an apparent T, ~ 7 keV, such
attenuation is accomplished using Ti foils with combined
thickness of ~ 350 ym. For any given experiment the
level of x-ray emission can vary by orders of magnitude
depending on ICF performance. In order to avoid exceed-
ing the dynamic range of the image plate scanner, cali-
brated neutral density filters with different optical densi-
ties are used to attenuate the measured photostimulated
emission from the IP during the scan. The optical den-
sity of the filters is chosen based on the neutron yield of
the target. To further mitigate the potential outcome of
distorted/clipped images, we take advantage of the semi-
transparency of the IPs to 20-30 keV x rays. A second IP
is used to record the x-ray signal transmitted through the
first IP. Thus, the first plate serves as transmission-mode
x-ray detector. It does attenuate the incident x rays sub-
stantially, hence we calibrated the spectral transmission
and x-ray fluorescence of the IPs. Measurements of x-ray
transmission for the attenuators used in the spectrometer
were performed at Nevada National Security Site (NNSS)
using an x-ray source which offered a selection of ener-
gies of characteristic emission in the range 20-30 keV.
For each attenuator measurements were performed over
a central 10x10 mm area on a 5x5 grid using an x-ray
beam with a spot size of ~ 2mm (diameter). The com-
bined accuracy of these measurements was better than
1% (confidence interval). X-ray transmission measure-
ments of ConSpec’s IPs were also performed on individ-
ual basis for selected ICF experiments at the NIF. For
two selected image plates the transmission measurements
were extended to 60 keV to evaluate IP transmission for
the second reflection order of the HAPG crystal. The av-
eraged experimental x-ray transmission data were found
to be in good agreement with results of Maddox et al.l”

The levels of x-ray fluorescence generated during ab-
sorption of 20-30 keV x rays and emitted from the back
side of the plates were accessed in separate experiments
where spectra of radiation transmitted through the IP
were measured using a Ge energy-discriminating detector
placed at the minimal possible sample-detector distance.
These spectra were normalized by the transmitted level
of the primary excitation. The resulting normalized fluo-
rescence levels were scaled with a factor representing the
ratio of half-space solid angle 27 to the actual collection
solid angle at that minimal distance. Several character-
istic lines as primary excitations were tested in the range



~ 20-60 keV. The only substantial contribution ~ 5%
was found for Fe K-a lines emitted from the magnetic
layer of IP. To suppress this emission to a negligible level
a buffer layer of 100-300 pm-thick Al combined with a
darkened 25 pm-thick kapton sheet was used in between
the two image plates in the stack. Several other lines
were identified in the transmission spectra which were
consistent with the elemental composition of the image
plate. Their solid-angle-rescaled relative fluorescence lev-
els were found to be < 1%.

V. SPECTROMETER’S RESPONSE. INFLUENCE OF
HIGHER CRYSTAL REFLECTION ORDERS.

The spectral signal M (FE) [PSL/mm)] extracted from
the image plate ( where PSL are units of photostimu-
lated luminescence) can be related to the incident x-ray
spectrum S(FE) [mJ/keV/sr], the first and the second or-
der crystal’s sensitivities G(FE), the image plate sensitiv-
ity I(E) [PSL/photon] and the combined transmission of
spectrometer’s attenuators F(E).

M(E) = LF1G181 + L F>G2S; (4)

The indicies in the above relation indicate that the
quantities (as functions of the photon energy) were eval-
uated in the primary energy range of the spectrometer
covered with the first-order Bragg reflection (index 1)
and in the range of energies corresponding to the second-
order reflection (index 2). Higher reflection orders from
the crystal are neglected due to rapid reduction of the
spectral intensity at higher energies. Other contributions
to the image which include incoherent scattering of x rays
from the crystal, its substrate and other components of
the spectrometer result in a nearly uniform background
on the image plate which is subtracted from the image
prior to extraction of M(E).

It is of interest to evaluate the two terms of Eq. 4
independently in order to identify scenarios where the
contribution of the second order becomes non-negligible.
Figure 7(a) shows the ratio of the two crystal sensitivities
G2/G1 and the ratio of the corresponding spectrometer
responses ég/él = I, F5G2 /(11 F1G1) which is the quan-
tity proportional to the ratio of the signals due to the
second and the first order reflections recorded on the im-
age plate. Unlike the ratio of the sensitivities, the ratio
of the spectrometer’s responses Go/G1 is increased sub-
stantially at lower photon energies where transmission of
the first order is suppressed relative to that of the second
order while the ratio of image plate sensitivities evalu-
ated separately for the two energy intervals is about 1.8
Hence, enhancement in the signal due to the second or-
der reflection is expected at lower energies which could
change the apparent slope of the continuum spectrum.
Figures 7(b,c,d) show the expected image plate signals
by Eq. 4 using trial incident spectra of Eq. 1 with val-
ues of T, = 5,7,10 keV, respectively. The signal due

TABLE II. Results of simulations where a spectrum S(E)
e B/Te =039 using nominal Te = 5,7,10 keV was propagated
through the spectrometer’s response given by GG1 and G2 and
combined with 5% r.m.s. noise to obtain signals recorded on
the first (IP;1) and second (IP2) image plates in the stack.
The resulting noisy signals were converted back to the spec-
tral representation using only the first-order response G1. The
resulting spectra were fit to Eq.1 to extract the apparent val-
ues T.. The values in brackets represent standard deviation
of 1000 trials of random noise generation.

T, [keV] 17 IP; [keV] Ty IP; [keV]

5.0 4.98(0.04)  4.96(0.10)
7.0 6.93(0.12)  6.81(0.19)
10.0 9.68(0.19)  9.10(0.34)

to the first and second order spectrometer response are
shown separately as well as their sum. In addition, the
sum combined with a randomly generated noise of 5 %
is shown. It is used to simulate determination of the
apparent temperature (7) in a practical scenario. For
each of the three spectra the noise was randomly gener-
ated in 1000 trials. In each trial the obtained noisy signal
M’ was converted to its spectral representation using the
first order response only S’ = M'/G1, and a fit to Eq.1
in the range 20.7-29.5 keV was performed to determine
the apparent temperature. Table II shows the apparent
T calculated as the mean value of the temperatures de-
termined in the trials along with the standard deviation.
A similar procedure was performed for an arrangement
where an additional attenuator with x-ray transmission
of the image plate is used. This situation corresponds
to the signal extracted from an extra image plate placed
behind the primary one (i.e., second plate in the stack).
It is expected that the extra plate will further attenuate
the signal due to the first order relative to the signal due
to the second order, which will result in increased mis-
match between T. and T.. The extracted 7. for these
two scenarios (IP; and IP3) are summarized in the ta-
ble. The mismatch presents itself as reduction in the
apparent temperature with respect to the nominal T,
which is understood based on a slight boost in the spec-
tral signal at lower photon energies due to the second
order response. The mismatch is quite small (< 1 % for
1Py, < 3 % for IP5) for conditions encountered so far in
high-yield ICF implosions at the NIF (7. ~ 5-8 keV).
However, the second order correction should be consid-
ered in those outcomes of ICF experiments where the
apparent temperature becomes greater, especially in sce-
narios when readout of signal from IP; fails (e.g., due to
saturation/clipping effects) and the spectral intensity is
derived from IPs.
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FIG. 7. (a) The ratio of the crystal sensitivities (G is due to the first/primary reflection HAPG 002 and G2 is due to HAPG
004) along with the ratio of the corresponding spectrometer responses (én = I, F, Gy, where [, is the sensitivity of the image
plate and F3, is the transmission of spectrometer’s attenuators. (b-d) Simulated signals on the image plate for incident spectra
S(E) x e~ B/Te p=039 ' — 5710 keV, respectively. The signals due to the first and the second order response are shown
separately as well as their sum and the sum affected by 5% r.m.s. randomly generated noise.

VI. CORRECTIONS DUE TO ERRORS IN ALIGNMENT
OF THE SPECTROMETER

In each ICF experiment the spectrometer is uniquely
aligned to the x-ray emitting target using the advanced
tracking laser alignment system (ATLAS). The accuracy
of this alignment for ConSpec is specified as + 2 mm
insertion error (error in placement of the spectrometer
along the DIM-axis) and + 0.5 mm error in spectrometer
pointing on the target (deviations in the two orthogonal
directions). The values of these errors represent confi-
dence intervals. These errors can lead to changes in the
spectrometer response which will ultimately affect the
measurement results. In addition, the errors in align-
ment of the NIF laser beams to the target will similarly
affect the location of the x-ray source with respect to
the spectrometer. These errors, however, are consider-
ably smaller, limited to = 50 ym r.m.s.!® Consideration
of the alignment errors and development of appropriate
corrections are required for accurate spectroscopic mea-
surements.

Let us consider, for simplicity, pointing and insertion
errors with respect to the spectrometer axis. The point-
ing and insertion errors with respect to the DIM-axis are
practically equivalent due to the small angular offset be-

tween the two axes. Figure 8 illustrates the ray-tracing
scheme in the meridional midplane of the spectrometer
where the x-ray source (red circle) was shifted with re-
spect to its nominal location (black circle). We neglect
the influence of the pointing error in the direction perpen-
dicular to the plane of the drawing. Since for ConSpec
sin @ ~ 6, this error results only in a negligibly small cor-
rection to the incidence angle 6, on order of 8(1 — cos ¢),
where ¢ ~ 1 mrad is the angular deviation of the source
in the out-of-plane direction. Thus, the photon energy
of the reflected x rays defined by the angle € remains
unaffected by ¢.

Source $dx
e _

T

o L
e

L | HAPG crystal

FIG. 8. Schematic of the spectrometer in the meridional mid-
plane illustrating the effect of pointing and insertion errors.

The remaining two errors are § H, the variation of the
source height above the crystal and JL, the variation of



the spectrometer insertion distance. In the spectrome-
ter coordinates these errors correspond to a shift in the
source position. An incident ray which makes an angle ¢
with the HAPG (002) crystal planes is offset by a certain
amount along the crystal. It strikes a different location
on the crystal which may have a distinct x-ray reflectivity
due to inhomogeneous character of HAPG crystal lattice.
This effect can be taken into account in the original sen-
sitivity G1(E) by shifting the energy scale., i.e. using a
corrected sensitivity G} (E) = G1(E + 0FE). Consider-
ing smallness of the deflections 0 H and L the change
in the angle 6 for a given location L on the crystal is
obtained using differentiation of the flat-crystal relation
tanf = H/L:

00 = c0529(5—H — H—(SL)

Iz (5)

The corresponding offset in the energy scale JE is ob-
tained using differential form of the Bragg’s law dE/F =
—d6/tand. For ConSpec tanf ~ sinf ~ §. This ap-
proximation leads to a simple form of the energy scale
correction:
E Eb

oF = 6HH+6LH (6)
While this correction assigns correct energies to the crys-
tal’s sensitivity it is incomplete as it does not show where
these energies are projected on the detector. The modi-
fied dispersion relationship is

¥ =(D+6L)tand —2H — 6H (7)

Comparing with the original dispersion relation Eq.2,
rays corresponding to energy F will shift on the detector
by

E,
60 = GL=2 — 1. 8)

Here we used the approximation of small Bragg angles for
ConSpec tand ~ Ey/E. Tt should be noted that the shift
is approximately constant for all energies, since £y < 10E
for ConSpec. Thus, the dispersion relationship of a mis-
aligned spectrometer can be established unequivocally by
assignment of position of a spectral reference (e.g. flu-
orescence line or an absorption edge of an attenuator)
to the relevant photon energy per the original dispersion
relation. However, the above derivations suggest that in
a general case this approach should be considered as an
approximation.

Several simulations are described below to explore and
justify these corrections. We note that the corrections
were formulated analytically using the nominal disper-
sion of the flat crystal, which is an approximation. As
illustrated in Fig. 4 the polynomial fit provides better
agreement with the measured dispersion. Hence, in the
first step we explore the extent to which the nominal
dispersion is applicable. In the simulations the poly-
nomial fit represents the true spectrometer dispersion

while the consequence of using the nominal dispersion
as an approximation is explored. Figure 9(a) shows a
signal recorded on an image plate which corresponds to
a spectrum So(F) by Eq.1 where 7=0 and T, = 7.3 keV.
The spectrum was forward propagated through the spec-
trometer response G1(F) using the measured original
crystal sensitivity G1(F) and projected on the image
plate using the dispersion given by the polynomial fit
(labeled M, (z)[G1(F)]) and the nominal dispersion (la-
beled M, (x)[G1(F)]). A slight discrepancy is observed
at values of x corresponding to the low photon energies.
This discrepancy is also seen in the spectral representa-
tion of the two signals shown in Figure 9(b) where the
original spectrum Sy (F) is compared with a spectrum re-
covered from M, (x)[G1(F)] using the polynomial disper-
sion approximation ( the spectrum is labeled S, (E)[M,]).
The difference between the two spectra is shown in Fig-
ure 9(c) as residuals [%]. The discrepancy between the
two spectra remains to be low in practical terms (< 2%)
for energies E 2 21 keV.

In the second step, we assume a misaligned spectrom-
eter using the most extreme values of § H = -0.5 mm and
0L = 2.0 mm, which taken together result in the worst
possible reduction of the nominal # angles that the inci-
dent rays make with the reflecting crystal planes. The
corrected crystal sensitivity G} (F) = G1(E + 0F) and
the modified dispersion relation Eq. 7 are used to gen-
erate the detector’s signal M (x)[G}(F)]. This signal
along with the original M, (z) are plotted in Fig. 9(d).
We note that the shapes of the two signals are not ex-
actly equivalent since the misalignment affects the re-
sponse of the crystal to different photon energies, but
the energy-dependent responses of the attenuators and
the detector are not affected. The signal aligned us-
ing an energy reference (In K-edge, 27.94 keV) is shown
as M/ (x + dz)[G(E)], where a constant shift dz by
Eq. 8 corresponding to F = 27.94 keV was applied. Fig-
ure 9(e) shows spectral representations of the aligned
signal M/ (z + 6x)[G}(E)], one labeled S,(E)[M] (z +
dz)|[G4(E)][G1(F)] obtained using the original crystal’s
sensitivity G1(E), and the other labeled S,(E)[M) (z +
0z)||GY (E)][GY (E)] using the corrected spectral sensitiv-
ity G{(F) = G1(F 4+ 0F). The latter is in much bet-
ter agreement with the original spectrum Sy(E). The
corresponding residuals shown in Figure 9(c) remain ac-
ceptable except the small problematic low-energy region
E < 21 keV where the nominal dispersion deviates from
the polynomial fit. Thus, above this energy, the simu-
lations validate the applicability of the derived crystal
sensitivity corrections due to pointing and insertion er-
rors.

VIl. DATA ANALYSIS

In this section we describe data analysis using images
of continuum spectra recorded for two indirectly-driven
ICF experiments as examples: shot N220220 was an ex-
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FIG. 9. Results of simulations used to validate the corrections to crystal sensitivity due to pointing and insertion errors: (a-c)
Signals recorded by the detector, their recovered spectral representations and residuals to illustrate the errors in using the
nominal dispersion assuming that the polynomial fit represents the true dispersion of the spectrometer. (d-f) Signals recorded
by the detector, their spectral representations and the residuals to illustrate the applicability of the developed corrections in
the worst possible case of spectrometer’s pointing error 0 H = -0.5 mm, and insertion error . = 2.0 mm. See text for details.

periment using a THD fuel contained in the imploding
capsule while the other shot N220919 was using a DT
fuel. The latter experiment results in a dramatic increase
in x-ray emission and is accompanied by a much higher
yield of 14.1 MeV neutrons due to DT fusion reactions.
The same crystal calibrated as described in Section IIT
was employed in ConSpec in both experiments using the
limiting entrance aperture of 5 mm.

The spectral signal M recorded on the image plate
in the THD experiment (shot N220220) is shown in
Fig. 10(a). To improve data statistics the image was
binned in the spectral direction where image intensities
from 8 neighboring pixels are averaged into one pixel.
The binning is chosen to not exceed the expected energy
resolution of the crystal spectrometer (~ 80-200 eV). It
is convenient to perform initial image analysis operating
with pixel numbers. Index notations i and j are ascribed
to enumerate the pixels in the spectral and in the imaging
directions of the spectrometer, respectively. The image is
centered on the bright x-ray emission spectrum from the
reaction’s hot spot. The hot spot’s emission is accompa-
nied by the relatively weak diagonal streaks of intensity
(side lobes) due to bremsstrahlung radiation from the
Au-lined high-Z hohlraum. The separation between the
side lobes and the hot spot spectrum increases at lower
energies due to increasing magnification of the spectrom-
eter.

Figures 10(b,c) show vertical slices of the binned im-
age corresponding to two distinct locations along the
spectrum. These locations are indicated on Fig. 10(a)

by the dashed vertical lines. The first profile selected
from the high-energy portion of the spectrum is shown
in Fig. 10(b) with the black curve. The baseline of the
profile represents the background of the image (a rel-
atively small portion of the signal for the THD shot).
This baseline was obtained by linear interpolation of the
averaged signal values at the tails of the profile (aver-
aged over 40 pixels). The shape of the profile suggests
that the tails of the side lobes overlap with those of the
hot spot signal. In order to extract the hot spot signal
the profile was fit to a sum of three Lorentzian curves.
The fitted Lorentzian curves are shown with red, ma-
genta and blue lines. The sum of the Lorentzian curves
is shown with a green line. The hot spot signal was ex-
tracted by subtraction of the baseline along with the two
Lorentzian fits of the side lobes from the raw data and
summing the result in the range indicated by the verti-
cal dashed lines. This range corresponds to the width of
the aperture on the Amptek detector used in measure-
ments of the crystal’s sensitivity (4.7 mm). The second
profile selected from the lower-energy portion of the spec-
trum is shown in Fig. 10(c) with black curve. The pro-
file is dominated by the hot spot signal while the side
lobes represent a negligible contribution. The fit using
3 Lorentzian shapes failed for this particular profile and
other profiles at horizontal positions i > 89. Therefore,
these profiles were fit using a single Lorentzian curve.
The hot spot signal was extracted by subtracting the
baseline from the raw data for each profile and summing
result in the same region represented by the two vertical
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FIG. 10. Data analysis procedure for an ICF experiment N220220 using THD fuel: (a) Working region on the image plate
including the x-ray spectrum, the side lobes due to emission from the hohlraum and the background. The original image is 8x 1
binned/averaged (8 pixels to 1 in the spectral direction). Photon energies decrease from left to right. (b,c) Selected vertical
slices of the image (at locations indicated by the dashed vertical lines in (a)) illustrating data analysis procedure: (b) fitting
the profile with 3 Lorentzian peaks, subtracting the baseline along with the fitted side lobes and summing the resulting signal
in the range indicated by the vertical dashed lines; (c) fitting the profile with a single Lorentzian peak (the side lobes are
neglected), subtracting the baseline and summing the resulting signal in the same range. (d) X-ray spectrum calculated from
the extracted signal using the first-order spectrometer response (circles and errorbars) and a fit to Eq. 1 performed in the range
20.7-27.9 keV (magenta line) showing the extracted Te. (e) Fit residuals; ¥* = 1.0 of the fit indicates good statistical match of
the measured signal to the fit function.
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FIG. 11. Data analysis procedure for an ICF experiment N220919 using DT fuel: (a) Working region on the image plate
including the x-ray spectrum and the surrounding high-level (~ 1400 PSL average) background due to neutron yield. The
original image is 8x1 binned/averaged (8 pixels to 1 in the spectral direction). Photon energies decrease from left to right.
The hohlraum emission is not resolved. (b,c) Selected vertical slices of the image (at locations indicated by the dashed vertical
lines in (a)) illustrating data analysis procedure: fitting the profile with a single Lorentzian peak, subtracting the baseline
and summing the resulting signal in the range indicated by the vertical dashed lines. (d) X-ray spectrum calculated from the
extracted signal using the first-order spectrometer response (circles and errorbars) and a fit to Eq. 1 performed in the range
20.7-29.5 keV (magenta line) showing the extracted T.. (e) Fit residuals; x> = 1.2 of the fit indicates an observable mismatch
of the measured signal to the fit function.

dashed lines. In this case, the fit with Lorentzian curve is sidered as an alternative, but such procedure resulted in
performed only for testing purposes (e.g., to monitor the additional distortions of the spectral shape, which could
spatial extent/width of the hot spot signal). Summing be explained by the empirical nature of the approxima-
the fitted Lorentian profiles of the hot spot signal instead tion. Depending on variations in the microstructure of
of summing the baseline-subtracted signal itself was con- the HAPG crystal the profile of the reflected x rays can



deviate from the Lorentzian shape and from any other
empirical shape chosen for the analysis. At the same
time, the approximation of the side lobes with an em-
pirical shape for the purpose of extracting the primary
signal is acceptable as long as their contribution to the
signal is small.

In this experiment a 15 pm-thick In attenuator placed
at the nose cone LRU served as an energy reference. The
rapid reduction of the image intensity at i = 33 is due to
the In absorption K-edge Fy, = 27.94 keV, which corre-
sponds to xr, = -7.01 mm according to the polynomial
approximation of the spectrometer’s dispersion (Fig. 4).
The x scale was calibrated by assigning this value to the
K-edge position. The photon energy scale was then as-
signed to the calibrated x scale using the spectrometer’s
dispersion. The spectrum calculated using the first order
spectrometer response is shown in Fig. 10(d).

_ M(®)
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The errorbars (£ standard deviation) represent the un-
certainties in determination of the crystal’s sensitivity G
combined with the noise extracted by sampling the tails
of the signal profiles. The respective relative uncertain-
ties of the two contributions were added in quadrature.
We note that the noise originating from the background
represents a relatively small contribution (< 1%). A fit
to the spectral shape defined by Eq. 1 (7 = 0) is shown in
magenta. It was performed in the range of energies 20.7-
27.9 keV. Thus the fit did not include energies above the
In K-edge because of an incomplete compensation of the
reduced signal with tabulated attenuation of In. This is
attributed to signal broadening caused by the finite spec-
tral resolution of the crystal. We note that this resolution
is not an exact match to the resolution of the Amptek
detector used in the calibration. Thus, complete compen-
sation of narrow-bandwidth spectral features (e.g. char-
acteristic lines or the absorption edge) is not expected.
Figure 10(e) shows the fit residuals. To test the statisti-
cal match between the measured spectrum and the fit to
Eq. 1 we use the reduced x2, ¥? = x?/v, where v = n—m
is the number of degrees of freedom, i.e. the number of
observations n minus the number of fitted parameters m
(m = 2 in our case). For the fit shown in Fig. 10(d)
%2 ~ 1.0, which indicates a good statistical match.

The spectral signal M recorded on the image plate in
the DT experiment (shot N220919) is shown in Fig. 11(a).
The image was binned similarly to the previous case.
The image is centered on the bright x-ray emission spec-
trum from the reaction’s hot spot. The side lobes due to
hohlraum emission are not present on the image. This
could be explained by the very low level of the detected
hohlraum’s emission compared to the level of neutron-
induced background and the fact that the dynamic range
of detection is limited by noise. Assuming that the
hohlraum emission level is about the same in the two
experiments (1.9 MJ and 2.05 MJ laser energy delivered
in the THD and DT experiments, respectively) the max-
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imum hohlraum emission on N220220 is at about 1 %
of the background baseline on N220919, which is compa-
rable to the noise level. Due to the absence of the side
lobes the size of the working region of the image in the
vertical direction was reduced to 300 pixels (7.5 mm).
Figures 11(b,c) show vertical slices of the binned image
corresponding to two distinct locations along the spec-
trum. These locations are indicated on Fig. 11(a) by
the dashed vertical lines. The profiles are shown with
black lines while the Lorentzian fits to these profiles are
shown with green lines. The baselines (dashed lines) were
obtained by linear interpolation of the averaged signal
values at the tails of the profile (averaged over 40 pix-
els). For each vertical profile the hot spot signal was
extracted by subtracting the baseline from the raw data
and summing result in the region represented by the two
vertical dashed lines (the size of the region correspond-
ing to the size of the aperture on the Amptek detector).
In this experiment ConSpec was configured using only
Ti attenuators. The use of the absorption edge attenu-
ators was avoided to preserve the entire spectral range
of the instrument. The position of the reference energy
was chosen to be the same as in the previous experiment
upon alignment of the respective images using locations
of the alignment holes in the IPs, which ensure identical
placement of the IPs in the spectrometer. The reference
energy, however, can shift with respect to this nominal
location due to the alignment errors as described in Sec-
tion VI. This shift is dominated by the spectrometer’s
pointing error according to Eq. 8. This possible shift was
systematically varied. For each value of the shift within
the confidence interval of + 0.5 mm the data analysis de-
scribed above was repeated starting from assignment of
the energy scale to the extracted signal followed by cal-
culation of the spectrum according to Eq. 9 and fitting
to the spectral form of Eq. 1. The fitting was performed
upon application of systematically varied corrections to
the spectrometer’s sensitivity by Eq. 6. The procedure
revealed that the best fit was obtained using the reference
energy location being off the location assigned initially by
only 75 pum, which is comparable to the intrinsic resolu-
tion of the image plate. In the final fit the correction to
the energy scale of the sensitivity was set to zero. The re-
sulting spectrum and the fit are shown in Fig. 11(d) along
with the extracted T, =7.13 keV, which increases sub-
stantially compared to the value for the THD shot. The
fit residuals shown Fig. 11(e) reveal deviations from the
nominal spectral shape, which are slightly greater than
the error bars. For this fit, Y2 =1.2, which suggests that
the extracted spectral data deviates from Eq. 1. The er-
rorbars (+ standard deviation) were obtained similarly to
the previous case: the uncertainties in determination of
the crystal’s sensitivity G; were combined in quadrature
with the noise extracted from the tails of the signal pro-
files. We note that for the DT shot the signal noise orig-
inating from the background fluctuations remains small
(relative uncertainty of < 1%).



VIll. NEUTRON-INDUCED BACKGROUND

The background was explored experimentally using ad-
ditional arrangements in the spectrometer’s body during
ICF experiments and theoretically using GEANT4 sim-
ulations where 14.1 MeV monoenergetic neutrons orig-
inating at the nominal target location were propagated
through an arrangement of hardware approximating the
spectrometer. In a series of ICF experiments a new line-
of-sight (LoS) shield was placed along the DIM axis and
an additional IP placed at a distance behind that shield.
This arrangement shown in Fig. 12(a) formed a separate
testing branch of the instrument while the primary spec-
troscopy branch was unaffected.

One version of the new LoS shield included blocks of
B4C with combined thickness of 17 cm followed by a
block of W with thickness 6.75 cm. In the second version
of the new LoS shield W was replaced with additional
blocks of B4C. A testing step down filter was a stripe of
5 mm-thick Cu combined with 0.5 mm-thick Al. It was
placed directly in front of the IP (the IP was shielded with
a layer of black Kapton). Upon fielding these configura-
tions on ICF experiments the signals observed on IP im-
ages were studied and compared with results of GEANT4
simulations. One of such experimental images from shot
N211009 is shown in Fig. 12(b). The LoS shield configu-
rations were included in the simulations while the actual
spectrometer enclosure (asymmetric, Fig. 1(a)) was ap-
proximated with four Al plates arranged symmetrically
with respect to the LoS.

A GEANT4 simulated image is shown in Fig. 12(c).
The image contrast in the simulation formed with the
combined contributions of neutrons, neutron-induced x
rays and neutron-induced electrons is in approximate
agreement with the experiment. We note that the ac-
tual PSL values in the simulated image multiplied by the
neutron yield of the experiment 6.2x10'6 and normalized
to the resolution element (pixel area) exceed the experi-
mental result by about factor of 4. This can be explained
by the approximation of the spectrometer enclosure with
the Al plates. It does not take into account hardware
upstream of the LoS (e.g., crystal and the crystal lim-
iting aperture), which can scatter a substantial fraction
of neutrons. We also note that in a separate simulation
without the Al plates the attenuation contrast due to the
testing step down filter was absent. The results are con-
sistent with a picture where the prompt radiation emit-
ted from the target is well attenuated by the LoS shield,
however the background is still high due to secondary ra-
diations originated elsewhere in the spectrometer body.
GEANT4 simulations reporducing the experimental im-
ages revealed that the primary source of signal contrast
was due to the neutron-induced electrons. In this re-
gard, we were unable to confirm performance of the LoS
shields experimentally. The central portion of the IP
directly shielded with the B4C+W combination showed
about the same signal level as that of a separate simu-
lation using B4C only shield. No well-defined boundary
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FIG. 12. (a) Schematics of the testing branch of the spectrom-
eter along the DIM axis. The prompt radiation is blocked by
the new LoS shield which contains 17 cm of B4C and 7 mm
of W. The dimensions marked on the IP correspond to the
sizes of the point source projections of the shield bound-
aries. A Cu-Al stripe is placed directly on IP to test its
background attenuation. (b) The image recorded for shot
N211009 (neutron yield 6.2 x10'®). The units on the col-
orbar are PSL/pixel (2525 um?). The dimensions marked
with arrows are the same as in (a). Contrast corresponding to
the W block boundary (30 mm) is not observed. (¢) GEANT4
simulated IP image where the image contrast is formed with
the combined contributions of neutrons, neutron-induced elec-
trons and neutron-induced x rays. The units on the colorbar
are in PSL/pixel (2x2 mm?) per neutron.

corresponding to projection of the W block boundaries
were observed on the IP, which is consistent with a signal
where the dominant contribution is due to secondaries.
In a series of additional GEANT4 simulations using thick
W plates placed around the IP revealed reduction in the
background levels in the side-shielded region. Thus, us-
ing high-Z collimators for the detector could be a valid
strategy to reduce the background in x-ray diagnostics
operating in the high-neutron-yield environment.

IX. DISCUSSION

ConSpec-measured x-ray continuum spectra are sub-
stantially different for the two experiments. Table III
shows the apparent electron temperatures, levels of spec-
tral emission at selected energies as well as the average
ion temperatures T”7 reported by nTOF (neutron time-
of-flight) diagnostic at NIF. We note that the apparent
electron temperature is in good agreement with the ion
temperature for the THD shot while the ion tempera-
ture for the DT shot substantially exceeds the appar-
ent T,. This could be related to a very different spatial
distribution of the neutron-emitting volume compared
to that of the x-ray emission. The discrepancy could



TABLE III. The extracted apparent T., the averaged T}°T
measured with nTOF detectors and the levels of spectral emis-
sion at selected energies.

Shot  T. [keV] TP7 [keV] S(E) [J/keV/st]
21 keV 23 keV 28 keV
N220220 4.03(0.02) 4.04(0.13) 0.96 0.56 0.15
N220919 7.13(0.06) 10.1(0.22) 37.7 27.5 12.6

be explained by a substantial fraction of relatively cold
emitting plasma surrounding the neutron-producing hot
spot. The levels of the spectral emission are also dra-
matically different for the two experiments. The levels
corresponding to the DT shot are exceeding those of the
THD shot by ~ 40-80 times, which illustrates the two
different regimes of DT reaction.

The residuals from the fit to the expected spectral
shape (Eq.1) presented in Fig. 10(e) and Fig. 11(e) show
an agreement to within + 10%. For the THD shot the
residuals in the measurement range 20.7-29.5 keV ap-
pear to be of random character considering the measure-
ment uncertainties ~ + 5% (r.m.s.). However, for the
DT shot non-monotonic residuals slightly exceeding the
estimated measurement uncertainties are observed. The
wavy appearance of the residuals indicates that any other
monotonic function, which could be expected from a the-
oretical perspective (e.g., absence of characteristic emis-
sion/absorption features in the studied spectral range)
is unlikely to match the measured spectrum. In this
regard, we summarize possible systematic uncertainties
of the measurement method. Our analysis rules out er-
rors in the spectrometer sensitivity due to spectrome-
ter misalignment, influence of the higher crystal reflec-
tion orders and that of the neutron-induced background.
The spectrometer sensitivity was measured off-line in a
detector-independent fashion. The related measurement
uncertainties were quantified. The remaining possibility
is a change in the crystal sensitivity resulting from its
deterioration due to the harsh radiation environment in
the target chamber (the same HAPG crystal was used
on many high yield DT shots). A repeated off-line crys-
tal characterization is not straightforward since the crys-
tal spectrometer remains highly activated for weeks after
the shot. To address the issue, future work may include
fielding the spectrometer on a calibration shot where the
crystal response is verified using a predictable x-ray spec-
trum.

X. CONCLUSIONS

In summary, we have developed a methodology for
measuring time-averaged x-ray continuum spectra of ICF
implosions including those accompanied by high yields
of 14.1 keV DT neutrons producing high levels of back-
ground recorded using time-averaging detectors such as
image plates. The method relies on the use of ConSpec,
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a sagittally-focusing high-throughput spectrometer using
a highly annealed pyrolytic graphite crystal, which mea-
sures spectra in ~ 20-30 keV range. The sensitivity of the
HAPG crystal measured in an off-line x-ray laboratory
setting in our prior study was revised. The error analy-
sis was expanded to include the accuracy of the off-line
measurements in evaluation of the crystal’s sensitivity,
the effect of the neutron-induced background as well as
influence of possible errors in alignment of the instrument
to the ICF target.

Applications of the improved methodology were
demonstrated for two ICF experiments at the National
Ignition Facility, an implosion using THD fuel with a rel-
atively low yield (4.33x10*) of 14.1 MeV neutrons and
a DT implosion with a high neutron yield of 3.82x10'7.
The measured continuum spectra demonstrate two very
different regimes of ICF where the logarithmic slopes of
the spectra (the apparent electron temperatures) are de-
termined as well as the levels of x-ray emission in ab-
solute units. In both cases, the shape of the measured
spectrum agrees with the exponentially decaying spec-
tral shape of bremsstrahlung emission to within + 10%.
In the case of high-yield DT experiment non-monotonic
deviations slightly exceeding the measurement uncertain-
ties are observed. The origin of these deviations are likely
related to unaccounted systematic errors such as changes
in the crystal response induced upon experiencing the
harsh radiation environment of implosions in the NIF
target chamber.
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