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A set of experiments was performed on the National Ignition Facility to develop and optimize a bright, 17
keV x-ray backlighter probe using laser-irradiated Nb foils. High-resolution one-dimensional imaging was
achieved using a 15 µm wide slit in a Ta substrate to aperture the Nb Heα x-rays onto an open-aperture, time
integrated camera. To optimize the x-ray source for imaging applications, the e�ect of laser pulse shape and
spatial pro�le on the target were investigated. Two laser pulse shapes were used– a “prepulse” shape that
included a 3 ns, low-intensity laser foot preceding the high-energy 2 ns square main laser drive, and a pulse
without the laser foot. The laser spatial pro�le was varied by the use of continuous phase plates (CPPs) on a
pair of shots, while beams were arrayed at best focus without CPPs. A shared set of comprehensive diagnostics
allowed for a direct comparison of several �gures of merit, including imaging resolution, total x-ray conversion
e�ciency, and x-ray spectrum. The use of CPPs was seen to reduce the high-energy tail of the x-ray spectrum,
which was una�ected by the laser pulse shape. The imaging resolution measured was comparably high for all
combinations of laser parameters, but a higher x-ray �ux was achieved without phase plates. This is a direct
result of the increased �exibility in laser pointing from smaller laser spot sizes, allowing the laser energy to
be delivered to the Nb foil aligned in a way that maximizes the resulting x-ray �ux that passes through the
slit aperture and reaches the imaging detector. This is the �rst demonstration of point-projection geometry
imaging at NIF at the energies (>10 keV) necessary for imaging denser, higher-Z targets than have previously
been measured.

The need for x-ray sources for use as diagnostic probes of
internal con�nement fusion (ICF) and high-energy-density
(HED) experiments on the National Ignition Facility (NIF) is
well-established [1–7]. The x-rays are the result of laser-
illumination of a thin metallic foil or metal-doped foam,
where atomic transitions between energy levels–generally
the 1s2− 1s2p Heα transition in the ionized atom–generate
the characteristic radiation. Such probes are often used
to backlight a sample of interest, such as implosion cap-
sules in the ICF context [8], or shock- or ramp-compressed
HED samples, where the transmitted intensity contains in-
formation about the line-integrated areal density (ρR) of the
sample [9]. X-ray sources are also the basis for scattering
experiments[10, 11], and investigations of material proper-
ties through Bragg or Laue di�raction [12, 13], though the
optimum characteristics of the x-ray probe for these applica-
tions can di�er from those needed for radiography.

Important properties of x-ray sources include total x-ray
yield into 4π steradians [14–16], the duration of x-ray emis-
sion [17], maximum photon energy [18], and emission source
size [1, 19]. This latter condition is imposed to meet require-
ments for use in point-projection imaging, where the x-ray
source size dictates the e�ective spatial resolution of the an
imaging diagnostic. In this work, the application for which
these experiments were being conducted requires an x-ray
source with energy greater than 15 keV, and su�ciently small
in extent in one dimension (1D) for imaging of features down
to approximately 30 µm. These requirements were the basis
for the selection of the materials used in the target, the design
of the target, and the laser parameters investigated in the set
of four shots reported here.

Each of the four targets in the set of experiments was e�ec-

Nb foil

FIG. 1. The x-ray source target for all four shots, shown decon-
structed along the imaging axis (indicated by the blue line). The
laser drive was incident from the right, onto the 12 µm-thick Nb
foil. Slit aperture enlarged for clarity and not shown to scale.

tively identical: the x-ray emitting element was chosen to be
Nb, with characteristic Heα x-ray lines at 17.0 and 17.2 keV.
The Nb foil was 12 µm thick and 1.2 mm ×0.6 mm in extent.
The collimation of the x-ray emission was achieved using a
Ta substrate, which was 5 mm × 5 mm × 100 µm-thick and
served to block the x-ray emission (transmission of 17 keV
x-rays is 1 × 10−7), except at the central 15 µm × 800 µm
laser-machined slot. The Nb foil was centered over the slit,
and the lateral dimensions were chosen to over�ll the projec-
tion of the slit along the diagnostic line of sight. To reduce the
interaction of hot electrons generated during the laser pulse
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FIG. 2. Laser pulse shapes used in the experiment. The prepulse
shape has a 3 ns, low-intensity foot prior to the high intensity, 2 ns
square main pulse. The speci�c shape was chosen for comparison
to previous work [2].

with the Ta, the substrate was sandwiched between two lay-
ers of plastic (CH), 0.5 mm thick on the laser side and 1.2 mm
thick on the face directed toward the imaging diagnostic. The
x-ray source target is shown in Fig. 1.

The parameters of the laser pulse used to heat the Nb foil
were chosen based on the desired properties of this back-
lighter. Speci�cally, the goal was to generate an x-ray source
that was e�cient at producing the Heα lines of Nb with a pro-
portionally low background at higher energies. One method
reported in recent experiments [2, 20, 21] and simulations
[22] to increase Heα generation is to use a laser “prepulse”
of laser energy incident on the target prior to the peak in
laser power. This initial phase of the laser pulse has lower
intensity–10% of the main pulse intensity–and is designed
to ablate material from the solid foil and generate an ex-
tended plasma plume in advance of the main pulse. The
higher intensity portion of the laser pulse then interacts with
the underdense, ablated plasma. The laser pulse heats and
ionizes the low-density plasma, primarily through inverse
Bremsstrahlung to the charge states required to produced
Heα emission. However, the total x-ray emission is propor-
tional to the square of the density (∝ ρ2), so the decreased
density in the pre-expanded blowo� region may not result in
a higher overall x-ray �ux [22]. For this set of experiments,
two laser pulse shapes were used, as shown in Fig. 2. In
both cases 8 beams were used, with a peak power of approx-
imately 17 TW during the main 2 ns square drive. Testing
the e�cacy of the prepulse was one of the laser variables in-
vestigated in this set of experiments. In addition to the laser
temporal shape, the spatial pro�le of the laser intensity on
target also plays a role in x-ray generation. Experimentally,
the laser pro�le can be tailored using continuous phase plates
(CPPs), which serve to produce a more uniform laser pro�le
[23]. This is desirable, as local “hot spots” in the laser pro�le
can reach intensities where hot electron generation is more
pronounced. These suprathermal particles may interact with
the Ta substrate and generate Ta Kα emission near 57 keV,
which manifests as a background signal in our imaging di-
agnostic. Testing the spectral content (i.e. intensity of back-

a) 

b) 

FIG. 3. Approximate laser spatial pro�le on target. Each shot used
eight beams, pointed to a single position with 400 µm phase plates
(a), and pointed to four positions in the case without phase plates
(b). The projection of the slit in the Ta is indicated by the red outline
in both images.

ground) from experiments with and without CPPs was one
of the goals for this experiment.

As the atomic number of the emitting element increases, so
does the intensity needed to optimize the e�ciency of x-ray
generation [2, 24, 25]. At this time an intensity optimization
has not been conduced for Nb, though comparison with Zr
experiments indicate that the optimum intensity is >1×1015

W/cm2 with a prepulse [2], and comparison with Ge suggests
that an optimum is >3×1015 W/cm2 without a prepulse [24].
For a �xed beam energy (approximately 4 kJ per beam) and
laser pulse (Fig. 2), the laser intensity in the experiment is
determined by the spot size. The smallest spot size currently
available from CPPs on the NIF is 400 µm diameter. In exper-
iments when the CPPs were used, all beams were overlapped
and the intensity on target was 1.7×1016 W/cm2 [Fig. 3 a)].

Nearly the same intensity can be achieved using one beam
at best focus, approximately 150 µm diameter, generating a
peak intensity at 1.2 × 1016 W/cm2. To assess the e�ective-
ness of a line-source of 8 individually pointed spots, 2D simu-
lations were run with the radiative-hydrodynamics code Las-
nex [26]. The x-ray strength at a particular energy and along
a given line of sight is obtained by taking a line integral of the
emission and absorption from the simulation. Additionally,
slicing using a plane perpendicular to the plane of the Nb foil
gives the spatial distribution of emission on the driven side
of the Nb foil. This is shown in Fig. 4 a) for a single beam,
without a prepulse, and incident from the bottom at 50◦ to
the Nb foil normal. The beam is indicated by the arrow, and
the colormap shows the integrated emission at 17.2 keV in
the vertical plane perpendicular to the Nb foil surface.

Under single-beam illumination the peak in x-ray emission
is initially located behind (aligned with), the imaging slit. Af-
ter 1 ns of laser illumination, the brightest emitting region
(approximately the critical density surface, ncrit) begins to
recede into the target, translated along the beam axis. The
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FIG. 4. Simulations of line integrated x-ray emission at 17.2 keV
from (a) asymmetric, one-beam illumination, and (b) symmetric,
two-beam illumination of the Nb foil. Both cases shown are the
without-prepulse laser pulse shape. The slit is centered at 0 µm and
indicated by the dashed line in both �gures. Arrows represent ap-
proximate incoming angle of lasers beams. The region of greatest
emission is seen to move o� of the slit axis when the foil is driven
asymmetrically.

50◦ beam incidence angle means that ncrit also moves o� of
the central axis, and is located 50µm above the slit axis by the
end of the laser pulse. This signi�cantly decreases the x-ray
�ux transmitted through the 15 µm slit during the later por-
tion of the pulse. Under symmetric illumination, however,
the emitting volume remains aligned with the slit [Fig. 4 b)],
ensuring that the maximum x-ray �ux is transmitted to the
imaging detector. Symmetric illumination was achieved by
pairing beams and aligning the four foci along the slit dimen-
sion [Fig. 3b)]. This generated four spots, and without CPPs
the spots had peak intensities from 2.0 – 2.2×1016 W/cm2.

The e�ect of both the prepulse and CPPs are evident in the
data from the static x-ray imaging (SXI) diagnostic. This low-
magni�cation (2×) time-integrated pinhole imager viewed
the Nb foil at 83◦ to its normal, i.e. nearly edge-on to the
driven foil. The camera was oriented at 71◦ with respect to
the long axis of the slit, e�ectively imaging the laser spot
along the length of the slit. An SXI image from each shot is
shown in Fig. 5, taken from a channel that was �ltered with
50 µm Ti. Accompanying the set of four images are the inte-
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FIG. 5. Images from the static x-ray imager (SXI); the laser pulse
is incident from the left in each frame, and the Ta slit (not shown)
is oriented vertically in these images. Distance measurements are
shown in microns, and each frame is shown on the same arbitrary
intensity scale, to illustrate the di�erence in the x-ray emitting re-
gion as a result of the various laser parameters.

grated intensity pro�les along the two axis, in arbitrary units,
for comparable shots. The slit is oriented approximately ver-
tically in the images. As shown in Fig. 3, when the eight
beams without CPPs were arrayed into four spots along the
slit, the emitting region was larger along the slit direction
(the cases without CPPs is wider in both plots on the right-
hand side of the �gure). Comparing the images from shots
with identical beam spatial pro�les, the prepulse does gener-
ate a lager x-ray emission region, which has expanded in the
lateral direction (along the slit), and away from the foil sur-
face. It is clear from both bottom plots that when a prepulse
was used, x-rays are generated deeper in the target. With
CPPs, the prepulsed Nb foil emission was observed 87(±18)
µm deeper; without CPPs the di�erence was 98 (±18)µm.
This is consistent with motion of the Nb foil as a result of
the prepulse, which has an intensity of ≈ 1× 1015 W/cm2. 1

The passive imaging diagnostic HEIDI was employed to

1 With values from Ref. [27], we can calculate how far the Nb foil may have
moved from the prepulse laser intensity:

PMbar = 40

(
I [W/cm2]
λ× 1015

)2/3

≈ 80(±40)Mbar (1)

P = ρ0UsUp (2)

ρ0 = 8.59g/cm3, Us = 4.44 + 1.21Up km/s (3)

P = 80(±40)Mbar = 8.59g/cm3(4.44 + 1.21Up)Up km/s (4)
solving, Up = 26(±7) µm/ns (5)

From this rough estimate, the Nb foil may move 78(±21) µm as a result of
the 3 ns prepulse. This agrees with the measured values of 87 and 98 µm.
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FIG. 6. An example (one of the four) image recorded from the HEIDI
diagnostic. Features on the target (Au knife edges) and in the �lte
packs (Ross Pairs, Ta and Zr steps) are labeled.

measure the imaging characteristics of the x-ray source. The
HEIDI consists of an open-apertured front end, followed by
a series of �lter locations and �nally an SR-type image plate
(IP) used to record the x-ray signal. An example image is
shown in Fig. 6; each image was converted into units of
photo-stimulated luminescense (PSL) and corrected for tem-
poral fade prior to analysis [7]. Numerous diagnostic features
are resolved in the image. Around the perimeter, a set of Ross
pair �lters provides a coarse spectrographic measurement of
the x-rays reaching the IP [28]. The spectrum determined
by the Ross pairs can be forward propagated through sets of
step �lters of various thicknesses (Ta and Zr in this case), to
understand the high-energy background components of the
spectrum, beyond the highest Ross pair edge. At the center of
the image are a set of three, 50µm-thick Au rectangles, which
act as “knife-edge” targets to generate an approximate step
function in the recorded x-ray signal. From this, the modu-
lation transfer function (MTF) can be measured, quantifying
the ability of the imaging system to record features in the
target at a range of spatial scales [29].

The high-energy spectrum was measured using Ross pairs
[28] and the FFLEX diagnostic [30]. The Ross pair spectral
analysis shows that the x-ray emission is was dominated by
the Nb Heα line, which was measured in the Zn and Zr Ross
�lter pair (9.7 - 18.0 keV). The x-ray �ux decreased at higher
x-ray energy for all shots; Fig. 7 shows the data from the Ross
pairs and FFLEX for the shot with a laser prepulse and with-
out CPPs. The Ross pair spectrum accounts for x-rays with
su�cient energy to pass through the 100 µm thick Ta sub-
strate, which may include Ta Kα emission (57.5 keV) gener-
ated by a hot electron population, though the diagnostic does
not have su�cient resolution to con�rm this. The absolute
conversion e�ciency to Nb Heα was measured using the �rst
Ross pair channel, and was found to be approximately 0.1%
without CPPs and up to a factor of 2 larger with CPPs. This
measurement represents emission into 4π for direct compar-
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FIG. 7. Ross Pairs and FFLEX diagnostics measure the x-ray signal
equal to and above the Nb Heα lines. Shown is the the data from the
brightest shot, when a prepulse was used with lasers at best focus.
The spectrum inferred from the two diagnostics is representative
of the four shots, where a high-energy x-ray tail was observed to
extend to greater than 200 keV for all shots.

ison to the the C.E. inferred from the Super-Snout spectrom-
eter, as presented below.

Complementing the Ross pair set, the FFLEX diagnostic
was used to measure the x-ray spectrum in a series of chan-
nels from 20 - 200 keV. Assuming that the observed x-rays
were produced as a result of bremsstrahlung emission from a
Maxwellian electron population, the temperature and energy
content of the electron population can be calculated. Summa-
rized in Table I, the measured electron temperature in shots
without CPPs was slightly lower than when CPPs were used
(approximately 36 keV, versus 41 keV, respectively). How-
ever, the x-ray intensity was higher without CPPs; the total
energy content in the hard x-ray component was measured
to be 595 J without CPPs, compared to 230 J when the CPPs
were used. This increased signal at higher energy manifests
itself as a uniform background that passes through all com-
ponents in these targets.

The transmission of the Ta and Zr steps can be used to
further assess the energy in the x-ray spectrum, above the
limits of the Ross pairs (ie. the high-energy background).
By forward-propagating the measured spectrum through the
steps (of known thickness), a synthetic step pro�le can be
generated and matched to the observed values. In each case,
the Ross pair spectrum is seen to accurately reproduce the
ratio of measured intensities between the steps. In order to
match the absolute values of the measured intensities, an ad-
ditional background must be added. This scalar background
signal is the same for both Ta and Zr steps, indicating that it
is generated by x-rays above the Ta K-edge (67 keV). At en-
ergies below this, for example 57 keV Ta Kα, x-rays would be
transmitted at 75% through the thickest Ta step (50 microns)
and 30% through the thickest Zr step (550 microns). However,
for energies over 67 keV, these two materials have nearly the
same transmission, and so x-rays above this will be recorded
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at the same level on the two materials.
The high energy background level was approximately

twice as high in the case without CPPs as with CPPs (2.6
PSL without CPPs vs 1.35 with CPPs, as shown in Table I).
This is in agreement with the energy content measurements
made with FFLEX, where approximately twice as much en-
ergy above 170 keV was inferred for the shots without CPPs.
When the same spatial laser pro�le was used (either with or
without CPPs), the background content of the shots (with and
without prepulse) were equal to within measurement errors.

The spatial resolution of the imaging system was quan-
ti�ed using the Au “knife edge” foils, which were stood-o�
from the slit-projection source and imaged using the HEIDI.
The 50 µm-thick foils were located 40.7 mm from the Ta sub-
strate and 530 mm from the image plane, and thus were im-
aged at magni�cation of 14×. For each shot in the series,
several MTF measurements were made by repeatedly sam-
pling the edge spread curves at the Au edges. Di�erentiation
produced a line spread function (LSF) for each, which was
�t to a sum of two Gaussians, fully capturing the LSF shape.
The �t to the data was used to generate the MTF, and the
repeated measurements were averaged to produce the reso-
lution curves shown in Fig. 8.

In slit-projection backlighting, the image resolution is
largely determined by the size of the x-ray aperture, which
was 15 µm in the case of the experiment described here.
For these experiments, the dominant feature in the LSF is
well-�t by a Gaussian with σ ≈ 6 µm, as shown in Table
I. The source size full-width at half-maximum (FWHM) is
then 2

√
2 ln(2) ≈ 14 µm, which is consistent with the aper-

ture width and compares well with previous measurements
of point-projection and mirco-�ag imaging systems [31, 32].
However, in the range of target feature sizes important for
this experiment–features less than a few hundred microns–
the MTF e�ectively asymptotes at 0.8. This is the result of
a broad, low-�ux x-ray signal which limits the achievable
resolution and manifests in the LSF as a broad (σ ≈ 80 µm,
FWHM ≈250 µm), low-amplitude peak. From the �tted pa-
rameters it is estimated that this secondary source size is 200-
250 µm in extent and approximately co-located with the Ta
slit. This is consistent with x-ray generation from a forward-
directed population of laser-driven hot electrons that traverse
the CH tamper and interact with the Ta substrate, generating
57 keV Ta Kα x-rays.

The absolute conversion e�ciency from laser energy to
Heα x-ray energy was assessed with the Supersnout-II spec-
trometer (SSIIS). The SSIIS is an absolutely calibrated crystal
spectrometer with energy coverage via PET crystals from 6 -
16 keV. As such, the Nb Heα line was recorded on three crys-
tal channels in second-order. The SSIIS line-of-sight to the
Nb sample was perpendicular to the foil normal (ie. edge-on
to the foil), so the Ta substrate played no role in the mea-
surement. Constraints in �elding the diagnostic limited its
use to only two of the four shots, and it was only �elded on
shots with a laser pre-pulse. One channel from each shot is
shown in Fig. 9. From the unattenuated SSIIS view of the Nb
foil, the conversion e�ciency (CE) of laser energy into Nb
Heα photons can be absolutely calculated. When the laser
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FIG. 9. Spectra collected with the SuperSnout-II diagnostic, for the
pair of experiments with a pre-pulse. Both spectra are centered
around the Nb He-like resonance line at 17.04 keV.

pro�le was smoothed using CPPs, the CE was measured to
be 0.12 ± 0.03 % (for details of the SSIIS CE calculation, see
Ref. [2] and [33]). Without CPPs, the CE was seen to increase
slightly, to 0.15± 0.03 %. This compares well to recent studies
with Mo in a similar con�guration on NIF, where the CE was
measured to be 0.16 ± 0.01 % using the same phase plates.
The SSIIS measurements indicate that the use of CPPs does
not have a signi�cant e�ect on the conversion e�ciency at
intensities near 2×1016 W/cm2.

The temporal pro�le of the x-ray emission was measured
with the SPIDER streak camera, which approximately shares
the SSII view of the Nb foil. Shown in Fig. 10, the signal
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intensities and approximate temporal pro�le of x-ray emission.

was �ltered with 10 µm of Nb, partially attenuating the sig-
nal above the Nb Heα line. The x-ray emission is seen to
closely track the 2 TW portion of the laser pro�les (Fig. 2),
beginning at t = 0 ns for the square pulse and t ≈ 3.5 ns for
the pre-pulsed shots. The measured x-ray pro�le is compared
with the post-processed 17.2 keV emission from LASNEX, in-
dicated by the dashed lines in Fig. 10. Shown in scaled, arbi-
trary units, the simulations and data are in very good agree-
ment: the greatest x-ray �ux is generated by the pre-pulsed,

non-CPP case. Generally, the emission is seen to increase
when a pre-pulse is used and when the beams are at best fo-
cus, possibly due to a higher conversion e�ciency to Heα at
the higher laser intensity.

This set of four experiments provides an internally-
consistent set of measurements from slit-projection back-
lighters �elded on the NIF. An x-ray aperture of 15× 800 µm
slit provided high spatial resolution images,with MTF >50%
for 50 µm features. However, the substrate and tamper mate-
rials in the target (100 µm-thick Ta and several hundred mi-
crons of plastic) are insu�cient to completely attenuate hot
electrons, which generate a low-�ux, high energy x-ray sig-
nal that was measured with FFLEX and Ross pairs. This hard
x-ray background serves to cap the maximum MTF for wave-
lengths of interest (up to a few hundred microns). A laser pre-
pulse improved the conversion e�ciency of laser energy to
Heα x-rays by 10 - 40%, consistent with previously measure-
ments. However, the e�ective brightness at the imaging de-
tector was increased most consistently by using a laser focus
pro�le (without continuous phase plates) that allowed the en-
ergy to be delivered to the foil directly along the line of sight
from the detector to the foil through the slit aperture. This
result is consistent with 2D Lasnex simulations, and suggests
a direction for future improvements to slit-projection back-
lighter designs.
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Laser
Intensity SuperSnout-II Ross Pairs FFLEX Step �lter Knife-edge

resolution

Laser parameters Shot # [×1016

W/cm2]
CE into
Heα [%]

Relative
signal at

17.2 keV∗

CE into
Heα [%]

Te
[keV ]

E
[J]

Background
[PSL]

σ1

[µm]
σ2

[µm]
MTF at
50 µm

No CPPs
square N140214-002 2.2 0.93 0.09 (0.02) 37 (1.8) 575 (97) 2.47 6.3 91 0.56

prepulse N140214-003 2.2 0.15 (0.03) 1 0.10 (0.03) 36 (1.6) 617 (97) 2.77 6.1 93 0.59
400 µm CPPs

square N140217-001 1.7 0.59 0.13 (0.03) 41 (2.1) 290 (48) 1.52 6.4 91 0.57
prepulse N140217-002 1.7 0.12 (0.03) 0.84 0.19 (0.05) 41 (2.5) 172 (34) 1.17 6.5 90 0.59

TABLE I. Summary of the �gures of merit from the diagnostic suite for each of the four shots in the Nb backlighter series. Error in calculated
measurements are given in parentheses.
∗Relative signal brightness is measured from the Zn / Zr channel and are corrected by the on-shot laser energy and normalized relative to
the brightest case (without CPPs, with prepulse)
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