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Controlling X-Ray Flux in Hohlraums Using Burn-through Barriers
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A technique for controlling X-ray flux in hohlraums is presented. In Indirect Drive Inertial Con-
finement Fusion (ICF) the soft X-rays arriving at the spherical fuel capsule are required to have a
specific temporal profile and high spatial uniformity in order to adequately compress and ignite the
fuel. Conventionally this is achieved by modifying the external driver, the hohlraum geometry, and
the sites of interaction between the two. In this study a technique is demonstrated which may have
utility in a number of scenarios, both related to ICF and otherwise, in which precise control over
the X-ray flux and spatial uniformity are required. X-ray burn-through barriers situated within
the hohlraum are shown to enable control of the flux flowing to an X-ray driven target. Control is
achieved through the design of the barrier rather than by modification of the external driver. The
concept is investigated using the one-dimensional (1-D) radiation hydrodynamics code HYADES in

combination with a three-dimensional (3-D) time-dependent viewfactor code.

INTRODUCTION

In indirect drive ICF the implosion of a fusion fuel
capsule is driven by a bath of soft X-rays. The incident
X-ray flux vs. time profile must be precisely controlled
in order to launch a series of appropriately timed shocks
into the capsule [1]. Additionally, a high spatial unifor-
mity must be maintained in order to minimise low-mode
asymmetries that would otherwise degrade the implosion
[2-4]. The drive X-rays are produced via the heating
of a hohlraum surrounding the capsule. This heating
may in principle be achieved using either laser beams,
pulsed-power sources or ion-beams. The characteristics
of the X-rays that are incident at the capsule surface are
managed through modification of the hohlraum geome-
try, the properties of the drivers, and the location(s) at
which the driver energy interacts with the hohlraum. For
example, laser-driven indirect drive ICF uses temporally-
shaped laser pulses that are incident on the interior of the
hohlraum at locations designed to produce optimal spher-
ical uniformity of the X-ray drive at the capsule surface.
In addition to ICF there are also a range of other types
of high energy density (HED) physics experiments that
require precise control of the x-ray flux reaching the sur-
face of a target [5-11]. Here we demonstrate a technique
for modifying the X-rays incident upon such targets us-
ing burn-through barriers.

Historically a large amount of work has been performed
to investigate the interaction between high intensity
lasers and thin, high atomic-number (high-Z) foils with
the objective of producing X-ray sources [12-17]. These
components are typically refered to as burn-through foils,
and are commonly employed in HEDP experiments for
back-lighting purposes; this is a different concept from
that which is described here. In this study we con-
sider barriers that modulate the flow of X-ray radiation
from one region of a hohlraum to another; the energy
of the external driver is not incident directly upon the
barrier. Previous work on X-ray burn-through has been

focussed on ablator preheat [18] and hohlraum wall re-
emission [19]. Here an application of X-ray burn-through
is demonstrated in which it is used to modify the flow of
X-rays within a hohlraum in order to modify the X-ray
radiation field driving a target. It is shown that use of
such a barrier can significantly alter the properties of the
X-rays reaching the target, changing both their tempo-
ral and spatial characteristics. Facilities that are able
to create high intensity X-ray sources for heating matter
to HED conditions may be limited in their control over
the spatial and temporal properties of the source. For
example, most laser facilities have limited pulse-shaping
capabilities and the number of beams available may not
be sufficient to produce the X-ray illumination unifor-
mity required by certain targets. The burn-through bar-
rier technique described here could be used to modify
the flow of x-rays to the intended target, thereby render-
ing them better suited to a given application. Figure 1
shows an illustration of the hohlraum burn-through bar-
rier concept. The chamber in which the external source
deposits its energy is blocked-off from the hohlraum in-
terior; the barrier can be designed so as to hold back
the radiation and then burn-through rapidly, leading to
a fast rising radiation temperature in the interior which
is largely independent of the temporal properties of the
external driver. A more complex barrier can enable more
sophisticated temporal pulse shaping. By changing the
composition of the barrier in the radial direction, the spa-
tial characteristics of the X-ray drive can also be modi-
fied.

The configuration described here is somewhat similar
to that of the multi-chamber hohlraums proposed previ-
ously [20-22].

The use of burn-through barriers in combination with
more conventional hohlraum design techniques may help
address a number of issues. Z-pinch driven hohlraums
are capable of producing large X-ray fluxes [22-24], how-
ever temporal pulse shaping is difficult and requires com-
plex nested z-pinch arrays [24, 25]. Spatially, modifi-
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FIG. 1: A diagram that shows the cross section of one
half of a burn-through barrier hohlraum. Radiation
builds up in the external chamber (left) and will burn
through to the main chamber (right).

cation of the drive profile is limited to power balanc-
ing of the secondary hohlraums and the target geome-
try [24]. Burn-through barriers could be placed between
the primary and secondary hohlraum chambers, enabling
greater control over both temporal and spatial character-
istics of the drive. There also remain some outstanding
issues in regard to laser driven hohlraums, even at facili-
ties as sophisticated as the National Ignition Facility [26].
Hotspots are created at the laser absorption sites which
can cause X-ray drive asymmetries [3, 4] as well as fuel
pre-heat due to M-band [27] emission. Further to this,
at late stages of ICF implosions laser-plasma interactions
occur in the plasma fill that reduce the laser to X-ray
conversion efficiency and creates significant populations
of suprathermal electrons [28-30]. A burn-through bar-
rier may provide some degree of shielding between the
laser interaction region and the target, though it is out-
side the scope of the present manuscript to investigate
this application. There is also an appreciable time-lag
in the rise in the X-ray flux relative to any increase in
the laser drive intensity, making it difficult to produce
sudden jumps in the X-ray intensity on target. It is this
phenomenon which is thought to make indirectly driven
shock ignition experiments unfeasible [31] although a re-
cent study showed these fast rises may be achievable [32].
This is another area in which burn-through barriers could
potentially assist.

In the present study, a number of simulations have been
performed to investigate how barrier design can modify
the properties of X-rays reaching a target from a given
radiation source. Firstly, 1-D radiation hydrodynamics
simulations show how the choice of barrier material and
composition are able to shape the temporal profile of the
X-rays reaching a target. Then the adjustment of the

illumination uniformity at a spherical target surface is
considered using a combination of 1-D radiation hydro-
dynamics simulations and a 3-D view-factor code.

X-RAY BURN-THROUGH

In this section a brief discussion is given of the radia-

tion transport of X-ray heat waves and how the physics
can inform barrier design. When high-intensity X-rays
are incident on a material, they heat and ionise a sur-
face layer of the material. The ionisation will reduce the
opacity in that layer, thus allowing the X-rays to propa-
gate further in. From there, the speed of the heat front
relative to the hydrodynamic response of the material
is dependent on the intensity of the radiation and the
properties of the material. In general the heat front will
propagate either supersonically or subsonically with re-
spect to the heated material. In the supersonic case the
heat front moves through the material above the speed
of sound of the heated material and is trailed by a rar-
efaction wave which moves at the local sound speed. Al-
ternatively, if the incident radiative heat flux is lower,
or the material is denser or more opaque, the heat front
propagates subsonically and the steep pressure gradient
that forms induces a shock wave. This shock wave moves
ahead of the heat front into the cold material. Heating
may also start off supersonic but rapidly transition to
subsonic behaviour in the case that the material is sig-
nificantly opaque to the drive.
In low-Z materials (e.g. beryllium) the material may be-
come relatively transparent to the drive upon heating due
to it being largely stripped of bound electrons. In this
case, the photons can freely propagate up to regions of
high density. The system can be modelled as a steady
state ablation [34] in which the ablative blow-off is com-
pletely transparent to incoming radiation and energy is
entirely deposited at the ablation front. Here the transi-
tion between the sub- and super-sonic regimes will occur
at a critical temperature, e, [35] given by

2/5 3/5
ne (W
4 1

where p is solid density, o is the Stefan-Boltzmann con-
stant, R is the ideal gas constant and p is the ionised
molecular weight ¢ = A/(Z+1). Equation 1 predicts the
Terit values for beryllium, aluminium, copper and gold to
be 380eV, 424 eV, 647V and 805 eV respectively.

The case for high-Z materials (e.g. gold) differs in that
the pre-plasma blow-off region is optically thick. In this
case, the radiation can no longer penetrate directly to the
heat front and instead is transported diffusively. These
diffusive heat waves are often referred to as Marshak
waves [36] and may be considered analytically by seeking
self-similar solutions through dimensional analysis [37—
39]. Marshak waves moving supersonically travel through
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a material such that the penetration distance, z,, is given

by [33]
80’T6L 1/2
v <3k(“>ﬂ€ot> ’ @

where t is time, Ty is the temperature at the source
boundary, k() is the Rosseland mean opacity and eo
is the specific energy (density and specific energy are as-
sumed to be constant as there is no hydrodynamic motion
in the limit of extreme supersonic behaviour). Equation
2 actually somewhat over-predicts the penetration dis-
tance. Numerical simulations from reference 37 found
that the penetration in gold is more accurately given by

22 =2.96 x 10T "° /T}%‘"dt, (3)

where Tg is the time dependent boundary temperature.
For a constant 314eV source, after 1ns equation 3 pre-
dicts the penetration distance to be 0.5 um. Notice that,
for a constant Tr, both equation 2 and 3 predict the pen-
etration depth increases with v/¢. The result is that the
speed of the heat front will slow with time. The super-
sonic phase will last whilst the speed of the heat front
stays above the isothermal sound speed. From then on,
the subsonic phase will begin and a shock front will over-
take the heat front.

The above descriptions outline some idealised manifesta-
tions of heat-front propagation, however in practice the
behaviour can be more nuanced due to the effects of ion-
isation, opacity and variations in the incident flux. Here
the discussion is limited to two X-ray burn-through sce-
narios that are directly relevant to the simulations pre-
sented in this study. Firstly that of a weak shock wave
with a significant radiative pre-cursor in a low-Z mate-
rial. Note that here the precursor is not induced by shock
heating, but by permeation of radiation from the X-ray
drive through the shock front. In this case, the radiation
drive sets up a shock front which does not reach suffi-
cient density to become opaque to the incident flux. The
material ahead of the shock is optically thin so radia-
tion from the high temperature region is able to trans-
port (non-diffusively) to the rear surface of the barrier.
As the rear surface is heated it begins to expand and a
rarefaction wave propagates back into the denser mate-
rial. In this way the flux through the barrier increases as
the length of the transmissive region ahead of the shock
front decreases. Eventually the shock wave meets the
rarefaction wave and the barrier begins to disassemble.
After this point the flux through the barrier increases
less rapidly as it continues to expand. This gives the to-
tal flux through the barrier against time a characteristic
sigmoid shape (see figure 2). The second burn-through
scenario that we shall describe is that of an ablatively
driven shock wave in a mid- to high-Z material. In this
case the ablation is subsonic and a strong shock-wave is

set-up, the compressed material so created prevents the
radiation reaching the rear surface of the barrier. Note
that this will be true regardless of the optical thickness
of the material ahead of the shock front. The shock wave
will propagate through the barrier and eventually will
reach the rear surface resulting in disassembly. The re-
sult is a very low flux at the rear surface followed by a
sharp and sudden rise. This is then followed by an in-
creasingly gradual rise in flux as the plasma expands.
Both of these two burn-through processes are observed
in the simulation results presented in the next section.
The weak shock front with radiative pre-cursor is seen in
beryllium barriers and the ablatively driven shock front
in aluminium, copper and gold.

TEMPORAL CONTROL

This section outlines the way in which burn-through
barrier design can be adapted to modify the tempo-
ral profile of an X-rays source. Initially single mate-
rial barriers were simulated for a range of thicknesses,
and then more sophisticated copper-plastic barriers were
studied. The simulations in this study used the one-
dimensional Lagrangian radiation hydrodynamics code
HYADES [40]. A number of different barriers were ir-
radiated with a constant flux of Planckian X-rays equal
to 1.0 x 10*® W ¢cm™2, which is equivalent to a radiation
temperature of 314eV. In each simulation, the X-ray
boundary emission from the rear surface of the barrier
was monitored.

The simulations used multi-group radiation diffusion
and SESAME [41] equations of state. Electron con-
duction is handled using a flux-limited diffusion model.
The multi-group optical absorption coefficients employed
are generated using the APOP [40] (Atomic Physics and
Opacity Package) as follows: based on the conditions in
each cell, at each time-point, a screened hydrogenic LTE
model [42] is invoked. Thus, the ions and electrons in a
given cell are characterized by a single kinetic tempera-
ture, T. This assumption permits the use of the steady-
state Boltzmann-Saha equations on a cell-by-cell basis, at
each time-point, which are functions only of the elemental
composition, mass density, and temperature. The essen-
tial components of the model are 1) a screening theory,
based on a WKB calculation, which gives the electron
energy-levels as a function of the shell populations, 2)
a Hartree-Fock approximation, which replaces the shell
populations by their averages, and 3) LTE equations to
determine the average shell-populations.

Once the bound-level populations and their energies
are determined, along with the free electron density, the
frequency-dependent opacities are found. For each pre-
scribed radiation frequency band (photon group) there
are free-free, bound-free, and bound-bound contribu-
tions. The bound-bound values are based on the Ein-
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stein coefficients for spontaneous emission (the A coef-
ficients), absorption, and stimulated emission (the two
B coefficients). The bound-bound emission and absorp-
tion coefficients can thence be calculated. The bound-
free quantities are based on the Einstein-Milne relations
which are the generalization of the Einstein coefficients to
the continuum states. Again, the spontaneous and stim-
ulated probabilities calculated from which the emission
and absorption coefficients are found; a quantum me-
chanical correction in the form of so-called Gaunt factors
is included. The free-free quantities are determined from
considering the radiation emitted by an electron mov-
ing in a Coulomb field; again, a separate Gaunt factor
is employed. Full details of these calculations can found
in reference 33. It is not expected, particularly in the
case of high-Z materials, that the resultant opacities will
be highly accurate. For the purpose of this study how-
ever, which is to demonstrate the functioning and utility
of X-ray burn-through barriers, the errors so introduced
are not critical. Where a burn-through barrier is to be
employed for a particular application, the best available
opacity data should be employed in its design.

The simulations of all the barriers in this study used the
same uniform 314eV X-ray source. In some cases, it
may be that the X-ray source incident on the barrier has
a strong time dependence (e.g. pulsed power sources).
In this case, given that the source stays below the point
of sub/supersonic transition, a strong shock front will
still be set-up that holds back the radiation. However,
the fluid dynamics may vary somewhat with the poten-
tial for the launching of multiple shocks. Under these
conditions the barrier design would need to be adapted
accordingly. From here it is shown that there is a lot of
freedom in barrier design through which temporal con-
trol can be achieved.

An initial parameter scan was carried out for a number
of materials to find how the burn-through properties dif-
fered. Shown here are the results for 15 pm of gold, 30 pm
of copper and 800 pm of beryllium. Figure 2 shows the
wide range of control that can be achieved over the tem-
poral profile. The choice of material affects the start of
the burn-through rise, the rate of the burn-through rise
as well as the total flux that burns through the barrier.
It can be seen that beryllium exhibits a higher initial
flux and a more gradual rise. This is due to the fact
that 314 eV is above the critical temperature for super-
sonic behaviour in beryllium. This means no shock front
builds up to hold back the radiation. The explanation
for this was outlined in detail in the previous section.
To investigate the effects of barrier thickness on burn-
through properties, a number of simulations were run for
aluminium, beryllium, copper and gold barriers. For each
simulation the burn-through start time (point at which
the initial rise occurs) the maximum burn-through flux,
Finae (lux at ¢ =15ns) and maximum burn-through rise
rate, (dF/dt)me, (maximum value of the derivative of

300
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Radiation Temperature (eV')

Time (ns)

FIG. 2: Graph showing the rear surface X-ray
burn-through profile for 15 pm gold, 30 pm copper and
800 pm beryllium. The blue dotted line shows the X-ray
drive source temperature

beryllium

0 a0 oo so oo 100 200 300 -0
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FIG. 3: Results of increasing thickness on burn-through
properties. Start times are shown in blue, fluxes and
maximum flux rates are shown in green, dotted lines act
as visual aids.

the flux) were extracted. Figure 3 shows that increasing
the barrier thickness will delay the burn-through start
time and decrease the burn-through flux. These results
show a simple way to adapt the pulse shape of the X-rays
but more sophisticated barrier designs could help attain
further control. For example, in some cases it may be
desirable to achieve a significant delay in rise time whilst
keeping a sharp rise and without greatly reducing the
transmission of X-rays through the barrier. This is here
achieved by placing a layer of mid-Z copper on the front
of a low-Z plastic layer. The ablation of the copper oc-
curs sub-sonically allowing a shock front to develop, then
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FIG. 4: Simulation results of the burn-through of (a)
Five copper barriers of different thickness, (b) Five
copper-plastic barriers with 10 pm of copper and
varying thickness of plastic

the low-Z material acts as a medium for the shock front
to propagate through, delaying the shock breakout and
disassembly of the barrier. The shock breakout time can
be controlled via the thickness of the lower opacity low-Z
material. In this manner, the commencement of burn-
through can be pushed back in time without significantly
increasing the total opacity of the barrier. Figure 4 shows
simulation results that compares the performance of cop-
per and copper-plastic barriers of varying thickness, each
driven by the same 314 eV source as before.

It can clearly be seen that the copper-plastic barrier is

able to delay the burn-through rise with a less significant
drop-off in burn-through flux intensity.
The use of two materials in a burn-through barrier gives
an extra element of control over the temporal profile.
By varying the thicknesses of the two materials, one can
control the total flux through the barrier and the delay
in burn-through.

It is suggested that the use of a barrier that is subdi-
vided into a significant number of smaller regions with
different burn-through properties could be considered to
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FIG. 5: A diagram illustrating the spatially varying
barrier concept. A higher amount of mid-Z material at
the centre of the barrier reduces the radiation intensity

relative to the outer regions. Graphs showing the
simulation results of 5 copper-plastic barriers designed
so that the burn-through occurred simultaneously.

enable the development of complex temporal profiles.
Such a pixelated barrier could potentially be used to
control both spatial and temporal illumination simul-
taneously, and would not be beyond the capabilities of
modern target fabrication facilities. Clearly though such
a barrier would introduce additional concerns, with the
potential for shear flows and instability growth within
the barrier. In particular the Richtmyer-Meshkov [43]
instability can seed growth for the Rayleigh-Taylor [44]
instability at interfaces of discontinuous density. Such in-
stabilities can cause mixing of the two materials and have
been shown to be important in laser driven burn-through
experiments [13, 45]. These effects are not considered fur-
ther in this study and left as an area of possible future
work.

SPATIAL CONTROL

The previous section demonstrated that temporal con-
trol over an X-ray source can be achieved in radiation-
hydrodynamic simulations using an X-ray burn-through
barrier. It is also possible to consider the use of these
methods to design a barrier that introduces an inten-
tional spatial perturbation in an initially isotropic radia-
tion flux, or, conversely, to make an anisotropic radiation
flux more uniform. Here we shall consider the former
case. Taking the example of the copper-plastic barrier
described above, it is possible to use sections of differ-
ing copper:plastic thickness ratio to change the spatial
profile of the X-ray drive. Figure 5 shows a schematic
diagram of such a barrier. The higher amount of cop-
per near the centre reduces the intensity of the X-rays
from that region of the barrier. Figure 5 shows the burn-
through of 5 different barriers, designed such that the
burn-through rise occurs at the same time. The thick-
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FIG. 6: A diagram of a viewfactor simulation.
Burn-through sources that vary by 30% from centre to
outer radius are shown at the top and bottom of the
hohlraum.

ness of copper and plastic used in each the five barrier
designs were 10 pm:500 pm, 20 pm:320 pm, 30 pm:205 pm,
40 pm:115 pm:, and 50 pm:35 pm. These different barrier
designs could be incorporated into a single barrier so as
to act in parallel with one another. When irradiated with
an isotropic X-ray source, this would result in single burst
of X-rays from the rear surface with a contrived spatial
profile.

A 3-D view-factor code was used to investigate how a
barrier with a spatial variation in its properties can be
integrated with a hohlraum to adjust the drive symme-
try at the surface of a spherical target. The view-factor
code simulates complex hohlraum geometries by consid-
ering the radiation absorbed and emitted by a number of
surface elements, calculating the remission based upon
the wall albedo. The simulations used a 10 mm radius
by 15 mm length cylindrical hohlraum with a wall albedo
of 0.9, which is a reasonable approximation for a high-
temperature gold hohlraum [46]. The burn-through bar-
riers were mocked up by introducing spatially and tem-
porally tailored X-ray emitting surfaces at either end of
the cylindrical hohlraum. The output of these surfaces
was based upon the radiation-hydrodynamics simulations
described above. A 2.5mm radius spherical surface with
negligible albedo was placed inside the hohlraum so that
the uniformity of the flux absorbed by the capsule could
be monitored. A schematic of the simulation is shown in
figure 6.

The burn-through barrier source shown in figure 5 was
simulated using a number static view-factor simulations.
It is noted that this is a simplified approach to mod-
elling the time dependence. Effects such as time depen-
dent albedos and the drop in temperature of the external
chamber when burn-through occurs have been neglected.
Here it has been assumed that the radiation field in the
hohlraum cavity equilibrates on much faster timescales
than the variation in the burn-through rear surface flux
profile. This is valid as the transport of a photon from
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FIG. 7: The angular drive profiles incident on the
capsule for the each snapshot of the burn-through
source from figure 5. # = 0° and 6 = 180° are the points
of the capsule closest to the source as seen in figure 6.

one end of the hohlraum to the other is on the order of
10s of picoseconds whereas the source intensity changes
on nanosecond timescales. It is shown on figure 5 snap-
shots in time in which the variation across the barrier
would be at 0% 10%, 20%, 30%. The variation in figure
5 reaches a maximum of 30% at 10ns and remains so
until the end. For each of these variations a view-factor
calculation was carried out by defining a source that lin-
early varies from the centre to the outer radius by each
of those amounts. The results of this view-factor calcu-
lation then represents what the radiation field will look
like in the hohlarum cavity at that time. Figure 7 shows
how the radiation field at each point in time mapped onto
the spherical payload surface. It can be seen how as the
spatial profile of the drive source changes in time, the
flux distribution across the capsule is modified. At 6.2ns
when the source is uniform, there is a significant drive
asymmetry due to the fact that poles of the capsule are
nearer the source and therefore see much more flux. This
gives rise to a Po/ Py variation of 11% where P, is the cor-
responding Legendre polynomial. As the burn-through
occurs, more radiation is shifted to the outer edge of the
source. The capsule equator will see more flux and the
angular flux profile begins to flatten. At 10 ns, where the
variation of flux across the source is 30%, the P,/ P, vari-
ation has dropped to 5%. Further viewfactor simulations
showed that a source that varied from 60% to 100% flux
quadratically (instead of linearly) could reduce this the
P, /Py asymmetry to 1.4%. As with the spatial control
simulations, it was assumed that the X-ray source on the
front surface of the barrier was constant in time. As dis-
cussed before for temporally varying sources, the barrier
design will need to be modified to account for the differ-
ent shock dynamics.

It is noted here that the effect of this spatial drive-
shaping on the capsule is highly dependent on the
hohlraum geometry. Another set of simulations were run
with more narrow hohlraum geometry, 2.55 mm radius
by 8.2mm length. In this case a 40% variation in the
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source profile only yielded a 2% variation in the Py/Py
capsule asymmetry.

CONCLUSION

A technique for controlling X-ray flux in hohlraums us-

ing burn-through barriers has been demonstrated using
a combination of 1-D radiation-hydrodynamics simula-
tions and 3-D viewfactor calculations. It was shown how
a uniform X-ray source can be modified in both time and
space through barrier design. The temporal profile of
the X-ray source can be shaped through choice of ma-
terial and barrier thickness. A number of simulations of
copper-plastic barriers showed how complex barrier de-
sign could allow for customisable pulse shaping. Further
development of this concept showed how a copper-plastic
burn-through barrier can be designed to create a single
burst of spatially shaped X-ray radiation. A 3-D view-
factor code was then used to show how such a source
could change the flux profile onto a payload mounted in-
side a hohlraum.
Burn-through barriers may give an extra degree of con-
trol to the target designer in addition to that which can
be achieved through drive pulse shaping and hohlraum
geometry modification. Here only a copper-plastic bar-
rier was explored in any depth, however there is clearly
scope for many other materials to be employed in such
barriers, and a range of ways in which such barriers could
potentially be combined to achieve interesting results. It
is hoped that this work will be of interest particularly
for modifying pulsed-power driven X-ray sources and for
laser facilities that have a relatively limited number of
beams and/or limited pulse-shaping capability.
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