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Abstract

Under the auspices of the Science of Extreme Environments LDRD program, a <2
year theoretical- and computational-physics study was performed (LDRD Project
130805) by Guy R Bennett (formally in Center-01600) and Adam B. Sefkow (Center-
01600): To investigate novel target designs by which a short-pulse, PW-class beam
could create a brighter Ka x-ray source than by simple, direct-laser-irradiation of a
flat foil; Direct-Foil-Irradiation (DFI). The computational studies — which are still
ongoing at this writing — were performed primarily on the RedStorm supercomputer
at Sandia National Laboratories Albuquerque site. The motivation for a higher
efficiency Ka emitter was very clear: as the backlighter flux for any x-ray imaging
technique on the Z accelerator increases, the signal-to-noise and signal-to-background
ratios improve. This ultimately allows the imaging system to reach its full
quantitative potential as a diagnostic. Depending on the particular
application/experiment this would imply, for example, that the system would have
reached its full design spatial resolution and thus the capability to see features that
might otherwise be indiscernible with a traditional DFI-like x-ray source. This
LDRD began FY09 and ended FY10.
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FIGURES

Figure 1. Figure Caption: The electron and proton impact K-Shell ionization cross sections
[barns] as a function of kinetic energy [MeV] for tin (Sn). In the case of Sn, the first 1s electron
to be completely ionized requires 29.200 keV. It is important to notice the logarithmically
increasing cross section for the electron impact case, compared to the single peak of a proton.
Ion impact has a similar behavior to protons, except the cross section is higher, proportional to
the square of the charge state.

Figure 2. Figure Caption: Sn Ko, production efficiency as a function of electron kinetic energy.
This calculation takes into account: (a) the energy-dependent cross section (Fig. 1); (b) the
energy-dependent stopping power of electrons in Sn; and (c) the probability of 1s vacancy
leading to Kot; emission rather than Ko, KB, etc. or non-radiative Auger.

Figure 3. Figure Caption: Part of the setup for the computational model used to study Center-
01600 DFI x-ray DFI data.

Figure 4. Figure Caption: The electric field (left) and electron temperature (right) at t=1000 fs
for the Sn target depicted in Fig. 3.

Figure 5. Figure Caption: Two additional data points (55 and 98 J) that also indicate simulated ¢
within measurement error bars.

Figure 6. Figure Caption: Illustrative cartoon of the two-stage concept using a BOA-produced
“superbeam” (electrons+ions+laser) to significantly increase the efficiency of a fixed amount of
laser energy into Ko x-rays.

Figure 7. Figure Caption: Simulation setup specifics of a Two-Stage target.

Figure 8(a). Figure Caption: At t=30 fs the laser is about to strike the fully-ionized carbon BOA
foil.

Figure 8(b). Figure Caption: At t=380 fs the laser field is a little more than midway between the
BOA foil and the Sn target. Notably the electron density has not necessarily dropped by a 660x
factor, but rather the electrons have increased their mass relativistically to the extent that the

plasma frequency has decreased in proportion to y_l/ 2,

Figure 8(c). Figure Caption: At t=470 fs an apparently coherent electron beam has reached and
then passed through the 10-um-thick Sn target. The carbon ion beam is now established but,
being slower moving, it is mid way between the BOA foil and Sn target. Sn electrons are
beginning to heat up, likely due to direct laser irradiation.

Figure 8(d). Figure Caption: At 560 fs Sn electrons within the Sn slab have heated to
approximately 100 keV, and the temperature profile almost extends through the 10 um target
thickness (z-axis). The profile is tightly centered about the origin of the x-axis, because the
heating is mostly due to the self-focused laser field.



Figure 8(e). Figure Caption: At 870 fs the ion beam has reached the Sn slab and passed through
it. The beam has high density at z>45 um, implying no refluxing. The BOA and Sn electrons on
the other hand are recirculating. The BOA electrons within the Sn may have reached their peak
“temperature” at this point, 13-25 MeV; which is above the 5-10 MeV Kinetic energy
corresponding to peak efficiency. Note 1: one cannot use E,.e=(3/2)KgTe is this case because
the normal Maxwell-Boltzmann distribution is relativistically skewed. Note 2: for comparison,
the lower-irradiance, lower-laser-energy DFI case in Fig. 4 reaches a peak <0.4 MeV electron
temperature.

Figure 8(f). Figure Caption: At 1050 fs the ion beam has widened in the x-direction but it is
possibly losing energy. Bulk tin electrons are beginning to cool, as are the BOA-originating
electrons. For the latter, a uniform temperature of 6-13 MeV appears to exist throughout the Sn
volume. It may be the general case that recirculating BOA electrons within Sn are creating more
x-rays than recirculating Sn-electrons.

Figure 9(a). Figure Caption: At t=0 ps there is of course no expansion.

Figure 9(b). Figure Caption: At t=10.5 ps only the highest irradiance prepulse, le+12, has
increased in its normalized overdense thickness (right panel); by a factor of ~3.75x in fact. It is
not yet known whether a 3.75x30=112.5 nm thick, 2.255/3.75 g/cc density foil will initiate the
BOA mechanism.

Figure 9(c). Figure Caption: At t=27 ps both the le+12 and prepulses have led to 13x
and 7.5x normalized overdense thicknesses. The other two lower irradiances however, 1e+09
and le+10, have yet to expand significantly.

Figure 9(d). Figure Caption: At t=100 ps only the le+09 irradiance case has not expanded
significantly, because the specified intensity lacks the energy necessary to melt the thin foil
(according to the QEOS model used for the carbon).






1. INTRODUCTION

Within the fields of Inertial Confinement Fusion (ICF) and High Energy Density
Physics (HEDP), the ability to image a target with x-rays at an arbitrary time has significantly
added to the physics understanding of various experiments. At Sandia’s Z accelerator, this so-
called backlit imaging technique relies upon the multi-kilojoule, multi-terawatt Z-Beamlet Laser
(ZBL) to directly irradiate a manganese (Mn) foil with a ~1-ns duration pulse and create an x-ray
flash, which backlights a 6.151-keV curved-Bragg-crystal imaging system.

Laser irradiation of Mn, or any other element, produces a distribution of x-ray
energies of course; but the 1s*-1s2p triplet transition of He-like manganese generates a narrow
6.151-keV line: Similarly, the singlet transition produces a narrow 6.181-keV emission line, but
with higher brightness. There may be plans to operate the system around the 6.181-keV line
since both the signal-to-noise and signal-to-background ratios will increase by a 1.5-2x factor.
Furthermore, it is believed that an additional 2x image-plane-received backlighter signal can be
easily attained by a simple change of the imager setup. (These ideas have been fully
communicated to the relevant staff in Center-01600).

Thus far, despite the high-quality images that are routinely obtained, an enhanced 6-
keV backlighting flux is still required for every Z experiment using ZBL. The same will be true,
even more so, with higher energy imaging where the x-ray source is generated by the Z-Petawatt
laser (ZPW). This is because x-rays are generated via a different physics mechanism than the
He-a photons of long-pulse ZBL (and the conversion efficiency ¢ of laser light into x-rays is
lower). Specifically, a laser of ZPW’s class (eventually multikilojoule, ~1-ps) when focused to a
sufficiently high irradiance has an electric field, E, that is sufficient to accelerate electrons to
relativistic speeds. Through the Lorentz force, the electron velocity v and charge q interact with
the B field that is orthogonal to E so that the electron is accelerated along the path of the incident
laser into the x-ray producing target.

This remarkable mechanism accelerates electrons in the Pointing vector direction to
forward-directed relativistic energies. Notably, fairly modest irradiances of the order le+18
W/em® (assuming 1 pm laser light) can produce relativistic electron velocities within any
material. On the other hand, the forward acceleration of even the lightest ions, a proton say, is
not possible due to the 3 decades q/m reduction (where m is the particle mass).

Given that electrons can be easily accelerated to relativistic energies into a simple
slab-like target of any material with PW class laser systems, it is important to note that there are
several important effects that are relevant to high energy x-ray generation:

[1] The element tin (Sn) for example has a 29.2-keV binding energy for the first of its two Is
electrons. Thus a PW-laser-accelerated electron beam with kinetic energies greater than or equal
to 29.2-keV will have a non-zero probability of ionizing the innermost Sn shell via electron
impact.

[2] The 1s vacancy can be populated by a 2p electron dropping down into this level; thereby
releasing either a 25.2713-keV photon, or releasing energy via a non-radiative process (Auger



transitions) by scattering energy to other electrons within the Sn atom. (Note, a 2s-1s transition
is forbidden.)

[3] The electron impact ionization cross section for Sn (and many other elements too), which is
normally plotted as barns versus electron kinetic energy, increases logarithmically at relativistic
energies.

[4] Laser-accelerated electrons can easily transit and exit a target foil that may be, say, 1 mm
thick. However, due to space charge effects, the electrons generally do not escape the charged
target, but instead re-circulate or reflux back and forth through the slab. And, providing the
kinetic energy is 29.2-keV or more, a finite probability exists for creating one or more K-shell
vacancies.

Regarding the last point, it is evident that laser accelerated relativistic electrons may
be a useful means of creating a sufficiently-bright x-ray source of ~4-5-ps duration (from a ~1-ps
laser pulse duration). Indeed, the so-called Direct-Foil Irradiation (DFI) technique is a standard,
albeit inefficient, x-ray generating approach for ICF/HEDP experiments which require both a
high x-ray probing energy and a short duration flash.

Generally, the DFI technique has been used to provide an x-ray source for point-
projection-imaging; the simplest ICF/HEDP imaging method, and analogous to a dental
radiograph.

Long-pulse laser irradiation of a single element foil can also be used to generate x-
rays of energies that are > 6-keV; for instance, the singlet and triplet lines of He-like Zn produce
near-9-keV radiation but with a lower ¢ than that of Mn. At some point, it is generally believed
that the efficiency of generating Ko radiation at a particular photon energy is better than long-
pulse (thermal) production of the singlet and triplet He-like states in the same element.

Moreover, at this cross-over point the short-pulse, non-thermal process has the
advantage that the x-ray flash is 3 decades shorter: this has the advantage of essentially
eliminating motional blur, which can be problematic for certain ICF/HEDP targets that are
moving extremely rapidly.

This document serves as a closeout report for an LDRD project that ran for <2 of
the three planned years. (One of the authors, GRB, transferred to Division 05000 during the
second year). As a result the SAND report title is a little misleading because the research ended
up being purely theoretical and computational in nature.

The work is therefore better described as “High-Efficiency 25-keV Ko Source for
Advanced ICF/HEDP X-Ray Imaging: A Theoretical/Computational Physics Study (130805).”
In essence, the authors wished to invent a new target concept beyond DFI that would increase ¢
by >10x. During preparations for the 130805-LDRD application, the first target concept
consisted of laser-driven hemispherical , first stage’ that was PW-laser irradiated on the exterior
of, say, a C (carbon) foil to produce a focused beam of Target-Normal-Sheath-Accelerated

10



(TNSA) protons and ions. The beam would then converge onto the x-ray generating target
material of interest, Sn, the second stage.

The advantage of, say, a fully-stripped carbon ion over an electron is that the impact
ionization cross section is 36x larger at its peak. However for both protons and ions beyond this
peak, the cross section rapidly approaches zero instead of logarithmically increasing typical of an
electron. In short, because the peak occurs at a high electron kinetic energy and neither ions nor
protons reflux, this idea was abandoned.

The particular ,,T'wo-Stage’ concept instead pursued is described in the next section.
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2. TWO-STAGE TARGET SPECIFICS

The short-pulse laser-driven, two-stage Ka target concept that was studied utilized
an approximately 30-100 nm “ultrathin” (say, carbon) foil, irradiated at 10'°-10*' W/cm? with
ultra-high contrast, followed by a um-to-mm sized converter foil (say, tin). In this scheme, the
thin foil is rapidly and fully ionized, laser energy is very efficiently absorbed by the electrons (e)
and burns through the foil, and the ions are accelerated in bulk via the relativistic Buneman
instability to extremely high energies (>1 GeV, here). [This mechanism, discovered by Los
Alamos National Laboratory (LANL) through computational simulations and verified
independently by us using different codes and methods, is termed the laser Breakout Afterburner
(BOA) effect.]

The resulting high-efficiency ultra-relativistic (ye>>1) e cloud, high-efficiency high-
energy ions, and remaining laser energy, then impact a tin converter foil and create 25.2713-keV
Ko x-rays. A higher ¢ is expected largely because of a calculated significant increase in energy
efficiency for 25 keV Ka; production from the bulk-heated BOA electrons, which achieve
highly-populated ultra-relativistic energy distributions. In this case, the Ko, conversion
efficiency shows a broad range of enhancement for electron energies from ~1 to ~200 MeV (y.
~3 to ~400), with a peak near 10 MeV (y. ~20); such energy levels are not well-populated in
conventional DFI schemes involving direct pm-thick-foil laser irradiation. At this time,
calculations indicate that the desired >10x & enhancement over the present e~10™ of DFI is
possible; primarily due to the bulk-heated relativistic electrons.
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3. THE BREAK-OUT AFTERBURNER (BOA) EFFECT

The ultrathin foil (carbon) critical to the BOA effect is initially considered to be a fully
ionized, stationary C®" plasma with an electron density 660x larger than the critical density to 1
um light (pc ~ 2.5 g cm™). A PW-class laser is focused onto the front surface of the target.
After a brief period of TNSA, wherein ponderomotively-accelerated electrons reflux within a foil
to create a virtual cathode on the backside of the target that field ionizes H impurities, and so
create a forward-moving energetic proton beam, which propagates normal to the target with a co-
moving neutralizing electron cloud, an enhanced TNSA phase occurs during which the laser
heats nearly all the target electrons to relativistic energies. Such bulk heating occurs because,
when the target is 30-100 nm thin, the laser wavelength is much larger than the target thickness
the skin depth is comparable to the target thickness, and both effects cause rapid bulk electron
heating to relativistic energies, and increased laser penetration into the thin foil occurs.

Then, the ponderomotive and sheath electric fields (from TNSA charge separation) begin
to overlap, the electrons oscillate with the laser and have increased conversion efficiencies into
relativistic energies, and the target ions are accelerated in bulk. As the masses of the electrons
relativistically increase, the effective critical density (where laser light is reflected due to ®jaser =
ope) also increases and the solid density target plasma becomes underdense to the laser. When
this so-called relativistic transparency happens, the laser burns through (or breaks out of) the
thin foil and the so-called afterburner stage continues to heat the electrons, which can contain
~50% of the laser energy and efficiently transfer their energy into directed ion acceleration via
the relativistic Buneman (two-stream) instability. Electron energy lost to the ions is rapidly
replenished by the continued presence of the laser, hence the overall BOA process efficiency is
extraordinarily high. The kinetic modeling of this entire phenomenon was first performed by
LANL simulators and demonstrated a large (>10x) theoretical improvement to overall plasma
particle energies and efficiencies associated with laser-driven acceleration.

The co-moving high-energy and high-current-density ions (~100 MeV to ~2 GeV) and
ultra-relativistic electrons (~1 MeV to ~200 MeV) quasi-neutrally propagate (naturally
overcoming space-charge-limited transport) in the same direction as the laser light. Therefore,
the demonstration of enhanced ion acceleration from the BOA effect is critical to the goal of
impinging a second tin converter foil with ultra-relativistic electrons, in order to take the most
advantage of the peak energy efficiency range of Ka production in tin by electron impact (as
mentioned in the overview). Ko x-rays are made in the converter foil in the conventional way,
via electron refluxing within a pm-sized target, or complete ranging out in a mm-to-cm-sized
target, except we expect a substantial improvement to the overall conversion efficiency into 25
keV x-rays because of the sizable relativistic electron component introduced by the BOA
mechanism. The heating of bulk electrons deep into the Sn slab material by the ion and proton
beams (unlike laser heating, which only heats a small region near the interaction site) is expected
to give an additional enhancement of Ko yield proportional to the original laser energy they
contain, perhaps an estimated ~20-30%.

To put the context of this work at a higher, general-reader level it is worth noting that

successful laser-backlit x-ray imaging requires the optimization of three key items: (1) An
exquisitely-sensitive, time-gated image plane detector; (2) A high-collection-efficiency, high-
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spatial-resolution imaging optic (unless point-projection imaging is used); And (3), a novel Ka
target design with high €. Items (1) and (2) are already being addressed, but item (3) has not
until now been investigated in Center 01600.
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4. ELECTRON & PROTON K-SHELL IMPACT
IONIZATION CROSS SECTION FOR TIN

It was mentioned earlier that the proton or ion impact K-Shell ionization cross
section — for Sn or any other element - had a single peak, the height of which is proportional to
the square of the elementary-charge squared. Thus, in Figure 1 below, a fully stripped carbon
ion would have a peak cross section value 36x larger than that of the proton shown. The electron
on the other hand has a peak occurring at a lower kinetic energy, and after that a logarithmically
increasing behavior, a relativistic effect.

When a K-shell vacancy is created, there is a high probability that a Ko, photon
(25.2713-keV) will be produced. Such a transition occurs when an L3 electron drops into the K1
shell. The next most likely transition is an L2 electron filling the 1s vacancy. This would result
in the emission of a 25.0440-keV photon (Kay), with a probability of 53%, relative to 100% for
KOLl.

As mentioned earlier, however, there is finite chance that there will be no radiative
emission at all — the non-radiative Auger process. For high-Z material though, the probability of
this process is quite small. In the case of Sn, the x-ray emission accounts for approximately 90
% of the energy transfer process with the remainder (non-radiative) being 10%. Within the
~90% probability of energy transfer by x-ray emission for Sn, it is important to note that lines
other than Ka; and Ko, can be emitted: for example, K3, etc.

17
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Figure 1. The electron and proton impact K-Shell ionization cross sections [barns] as a function of kinetic energy
[MeV] for tin (Sn). In the case of Sn, the first 1s electron to be completely ionized requires 29.200 keV. It is
important to notice the logarithmically increasing cross section for the electron impact case, compared to the single
peak of a proton. Ion impact has a similar behavior to protons, except the cross section is higher, proportional to the
square of the charge state.
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5. Ka; PRODUCTION EFFICINECY AS A
FUNCTION OF ELECTRON KINETIC ENERGY

As discussed earlier, compared with protons & ions, electrons have the advantage —
through the high g/m ratio - that they can re-circulate through a PW-laser-driven target. Indeed,
a single 1 GeV electron for example has so much kinetic energy that it can re-circulate
generating 1s vacancies many times, until its energy winds down to <29.200-keV.

A critical e-related question to ask is whether, say, one 1 GeV electron is better than
one hundred 10 MeV electrons or one thousand 1 MeV electrons? (In all three examples the
total energy is 1 GeV). Figure 2. below answers this important question.

Sn Ka, Production Efficiency per e- Projectile as Function of KE
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Figure 2. Sn Ko, production efficiency as a function of electron kinetic energy. This calculation takes into account:
(a) the energy-dependent cross section (Fig. 1); (b) the energy-dependent stopping power of electrons in Sn; and (c)
the probability of 1s vacancy leading to Ko, emission rather than Ka,, KB, etc. or non-radiative Auger.

Fig. 2 indicates that given a fixed energy E, within which one has a mono-energetic
bunch of electrons of, say, 1 GeV, 100 MeV, 10 MeV, or 5 MeV kinetic energies, then the
optimum appears to be around 5-10 MeV. To this end, this LDRD project strived to find a novel
means of converting PW-laser energy into the maximum number of 5-10 MeV electrons, the
“most useful” electron energy, within a Sn target.
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Again, two approaches have been studied directly towards this end; (1) optimizing
regular DFI, and (2) conceiving an alternative, novel target. The following section describes the
theory/computational physics used to predict Sn DFI measurements performed within Center-
01600.
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6. DIRECT FOIL IRRADIATION SIMULATIONS
OF CENTER-01600 TIN X-RAY DATA

First, the LSP Particle-in Cell (PIC) code simulated the Center-01600-performed Sn
DFI data with the following conditions: [1] Fully electromagnetic, relativistic, and kinetic; [2]
Explicit particles and fields; [3] No implicit or fluid particles, needing an Equation of State; [4]
Energy-conserving-push (rather than momentum-conserving-push) algorithm; which is not
susceptible to the numerical Debye heating instability; [5] Collision rates included; either
Spitzer rates or binary model; [6] Cloud-in-cell interpolation model to reduce particle noise; [7]
Double precision operations.

In terms of item [2], three conditions are met: (a) The Courant condition; that is
the time step At multiplied by the speed of light ¢ must be less that the grid spacing; (b) The
plasma angular frequency o, multiplied by At must satisfy ®,.At<l; And (c) the electron-
cyclotron angular frequency ®.. multiplied by At must satisfy m..At<l. These three conditions as
well as numerical convergence and statistical convergence of Ka production, were met using a
time step of le-17 s. A typical simulation duration of 5 ps, therefore, requires 500,000 time
steps. A typical 200x200 um grid had 10,240,000 nodes. Hence, a supercomputer capable of
devoting ~1000-2000 processors for a few days to few weeks was required, depending on total
particle count.

The laser was directly incident upon a 130 x 130 ;,tmz Sn square tilted to 45° with p-
polarization, as depicted in Figure 3. (The LSP simulations were limited to 2D Cartesian.) The
peak electric field was ~2.08e+08 kV/cm, which corresponds to an irradiance or Poynting vector
value of ~5.5¢+19 W/cm®. The laser was modeled as a Gaussian in space and time with 7 pm
FWHM and 470 fs FWHM, respectively. The total energy within the 1053 nm wavelength laser
pulse was 104 J +/- 10%.

The computational model fixed the Sn ionization distribution to Sn™'; thus the
initial electron (n.) and ion densities (n;) were N=ni~3.66e+22 cm™ for the initial 7.3 g/cm’ Sn
mass density. Ka; and Ko, x-ray powers as a function of time, birth locations, and spectra were
passively computed from the electron distributions (density and kinetic energy as a function of
space) in conjunction with the Sandia-developed/compiled ITS tables for electron impact cross
sections.
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- 200%200 um simulationbox
At=0.01 ;fs, 5eb5 timesteps
open boundaries

Figure 3. Part of the setup for the computational model used to study Center-01600 DFI x-ray DFI data.

Figure 4 shows the electric field (left) and electron temperature (right) at t=1000 fs,
for the target depicted in Fig. 3. The electric field scale ranges from 4e+03 to 4e+08 kV/cm, and
the electron temperature covers 0.001-400 keV. The Ka,; and Ka, x-ray powers integrated over
4 ps are within the error bars of the measured x-ray yield for this particular 104-J laser shot. The
simulated ¢ is e~1.00e-04, where the measured ¢ is 0.5-2e-04.
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Figure 4. The electric field (left) and electron temperature (right) at t=1000 fs for the Sn target depicted in Fig. 3.

Figure 5 below shows the predicted and measured € values for three data sets as a
function of irradiance (Wem™).
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Figure 5. Two additional data points (55 and 98 J) that also indicate simulated & within measurement error bars.
The level to which LSP PIC simulations were able to reproduce the measured ¢

values gave confidence in the computational predictive capability, and therefore allowed one to
proceed towards studying/conceiving methods with the goal of a >10x ¢ enhancement.
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7. THE TWO-STAGE CONCEPT

The Two-Stage concept is illustrated in Figure 6 below, but with the addition of an
extra couple of secondary Sn stages. Fig. 6 is self-explanatory through the detailed annotations,
and those comments will not be repeated here.

~10-100 nm thin foil (C8*) : : ; _ ; )
(for “BOA”: Break-Out Afterburner) : SnlZ=30] - Size, shape, and
particles absorb significant fraction of laser, : Ku'converterfo” amrangement(s) TBD
and efficiently become relativistic (hv ~ 25 keV)

ZPW Laser -

~0.1-2kJ -
~1019102' W cm-2 :
ultra-high contrast -

Large source size >
. good for spherically-curved
- transmission-crystal imaging

remainingLaser+
~0.1-1GeV C*¢ ions +

- (~10s MeV protons)+
~1-100 MeV electrons

(~2/3 ofthem move forward)

Figure 6. Illustrative cartoon of the two-stage concept using a BOA-produced “superbeam” (electrons+ions+laser)
to significantly increase the efficiency of a fixed amount of laser energy into Ka x-rays.

Note the high le+21 W/cm?® irradiance level that may be required to initiate the
BOA effect. Also note that double plasma mirrors will likely be needed in order to achieve the
necessary ultrahigh contrast. The goal is to convert as much laser energy as possible into fully-
ionized carbon ions and electrons, with the highest possible fraction of beam energy in the
forward direction. The electron beam can create Ko directly but the C™® beam does this too by
heating electrons deep inside the S target.

Figure 7 illustrates the details used in a BOA simulation where a 2600 J laser is
contained within a 300 fs FWHM (Gaussian) pulsewidth. Also, the laser is assumed to have no
significant prepulse (other than the Gaussian rise of the main pulse) — which can otherwise
adversely affect the BOA initiation — and the focal spot is 8 um FWHM (Gaussian). Again, the
simulation is 2D Cartesian.
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. Solid density C modeled as
e, C% (ne/ngitica = 660)
C pe=2.47 gcm3

- ne=16*n;~7.38e23cm?3

* Solid density Sn modeled as
o e, 5n* (fixed <Z>)

R :.psn_73gcm3
BOAthin foil : SnK, © Ne=5*N;~1.83e23cm3
50 um x 30 nm : converterfoil
- Linear polarization, 0° incidence 80x10 um
 (Exand By laser fields with k). : S
* Peak |E| 8.88e8 kViem : 80x45 um simulation box
« Gaussianin space and t|me : At=10.01fs, >1e5timesteps

« Power~ 1 PW : : open boundaries -
+ Energy ~ 2575 J : : : :
: spatial FWHM ~ 8 ‘pm
temporal FWHM ~ 300 fs.

Figure 7. Simulation setup specifics of a Two-Stage target.

In this instance the Sn is fixed to the Sn* ionization state. The carbon BOA foil, 20
um ahead of the Sn Ko target, is assumed to be fully ionized at t=0 leading to the 660x
overdense case (annotated in the figure). The following figures, Figure 8(a) etc., contains time
snapshots of five quantities throughout the Ax=80 pum, Az=45 pum space: (1, top left) Electric
field; (2, top middle) BOA foil electron density [1/cc] normalized to the Sn solid density; (3,
top right) BOA foil fully-ionized carbon density [1/cc] normalized to the Sn solid density; (4,
bottom left) BOA foil electron temperature; (5, bottom right) Tin foil electron temperature.
Since temperatures in these simulations are actually ill-defined, the plotted “temperatures” are
actually kT = 2/3 E,., where E,,. is the average electron energy within each cell.
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Figure 8(a). Att=30 fs the laser is about to strike the fully-ionized carbon BOA foil.
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Figure 8(b). At t=380 fs the laser field is a little more than midway between the BOA foil and the Sn target.

Notably the electron density has not necessarily dropped by a 660x factor, but rather the electrons have increased
their mass relativistically to the extent that the plasma frequency has decreased in proportion to y 2.
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Figure 8(c). At t=470 fs an apparently coherent electron beam has reached and then passed through the 10-pm-thick
Sn target. The carbon ion beam is now established but, being slower moving, it is mid way between the BOA foil
and Sn target. Sn electrons are beginning to heat up, likely due to direct laser irradiation.
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Figure 8(d). At 560 fs Sn electrons within the Sn slab have heated to approximately 100 keV, and the temperature
profile almost extends through the 10 um target thickness (z-axis). The profile is tightly centered about the origin of
the x-axis, because the heating is mostly due to the self-focused laser field.
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Figure 8(e). At 870 fs the ion beam has reached the Sn slab and passed through it. The beam has high density at
7z>45 pm, implying no refluxing. The BOA and Sn electrons on the other hand are recirculating. The BOA
electrons within the Sn may have reached their peak “temperature” at this point, 13-25 MeV; which is above the 5-
10 MeV Kkinetic energy corresponding to peak efficiency. Note 1: one cannot use E,.~(3/2)KgT, is this case
because the normal Maxwell-Boltzmann distribution is relativistically skewed. Note 2: for comparison, the lower-
irradiance, lower-laser-energy DFI case in Fig. 4 reaches a peak <0.4 MeV electron temperature.
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Figure 8(f). At 1050 fs the ion beam has widened in the x-direction but it is possibly losing energy. Bulk tin
electrons are beginning to cool, as are the BOA-originating electrons. For the latter, a uniform temperature of 6-13
MeV appears to exist throughout the Sn volume. It may be the general case that recirculating BOA electrons within
Sn are creating more x-rays than recirculating Sn-electrons.

This initial, non-optimized Two-Stage simulation demonstrates beam transport,

refluxing of both BOA- and Sn-electrons, and an approximately uniform BOA electron
temperature within the Sn volume corresponding to kinetic energies close to the optimum, Fig.2.
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8. BOA FOIL INTEGRITY IN PRESENCE OF PREPULSE

As noted earlier, BOA simulations assume that the laser field reaches a le+21
W/em? irradiance essentially instantaneously (within a few hundred fs). Therefore, the 30 nm
carbon foil does not expand significantly towards the underdense limit. In the realm of laser
physics/engineering, such a pulse is impossible, but it is feasible to limit effects originating from
spontaneous amplified emission, and so on, with new technological breakthroughs.

Assuming the le+21 W/cm? irradiance main pulse, it is interesting to study the
effect of constant (in time) 1e+09, 1e+10, le+11, and le+12 W/em? irradiance prepulses upon
the BOA foil integrity. First, the lowest prepulse irradiance, 1e+09, corresponds to a 4 kbar
pressure as prescribed by a well-known empirical formula from the field of ICF. The same
formula yields a 400 kbar pressure for the 1e+12 case.

The irradiance-dependent pressure can be substituted into the standard ideal-gas
sound speed expression and, using the 30 nm thickness divided by this quantity, a hydrodynamic
expansion time-scale ,,tyaro can be obtained. For example, in the 1e+09 case the 4 kbar shock
crosses the 30 nm thickness in tpyaro~55.2 ps: whereas the 400 kbar shock from the le+12
prepulse crosses in thydro~5.52 ps.

In Figure 9(a) below, the left plot shows the BOA foil mass density (2.255 g/cc
initially) as a function of z at t=0. The right plot will show the normalized overdense thickness

as a function of time for the 1e+09, 1e+10, and le+12 W/em? irradiance cases.
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Figure 9(a). At t=0 ps there is of course no expansion.
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Figure 9(b). At t=10.5 ps only the highest irradiance prepulse, le+12, has increased in its normalized overdense
thickness (right panel); by a factor of ~3.75x in fact. It is not yet known whether a 3.75x30=112.5 nm thick,
2.255/3.75 g/cc density foil will initiate the BOA mechanism.
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Figure 9(c). At t=27 ps both the le+12 and prepulses have led to 13x and 7.5x normalized overdense
thicknesses. The other two lower irradiances however, 1e+09 and 1e+10, have yet to expand significantly.
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Figure 9(d). At t=100 ps only the le+09 irradiance case has not expanded significantly, because the specified
intensity lacks the energy necessary to melt the thin foil (according to the QEOS model used for the carbon).

Figures 9(a) — 9(d) give an excellent indication of the time that the normalized
overdense thickness remains near unity (30 nm) for a variety of irradiances. It is however
unclear at this writing precisely what level of foil perturbation BOA initiation can tolerate.
Although it is likely that double plasma mirrors will be necessary.

33



34



9. CONCLUSIONS

A state-of-the-art predictive/computational capability has been established allowing
Koa; & K a; x-ray production to be modeled for a target of any material irradiated by a Petawatt
short-pulse laser. The capability is continuingly being advanced, but at present the tool has
closely predicted the measured x-ray yields from simple Sn targets irradiated by the so-called
100TW system within Center-01600. This device will eventually become the ,,Z-PetaWatt’ laser,
ZPW. (Ongoing numeric advances include investigating the effect of a preplasma created by the
finite prepulse of a PW-class laser.)

The computational tool’s success gives one confidence that more complicated,
novel target concepts can be numerically investigated with accuracy; in particular, the Two-
Stage BOA idea. The BOA-produced beams from the ,.first stage’ are used to effectively heat a
larger source(s) second stage. (Sn has been the main interest so far). Notably, the Los Alamos
National Laboratory (LANL) published BOA simulations were reproduced during the early
course of this work. Moreover, the preplasma level as a function of prepulse can now be
predicted; however, incorporation of a particular preplasma into a BOA simulation has not yet
been performed.

Although the goal of this prematurely-ended LDRD (Guy R. Bennett’s decision to
transfer to a different Division part way during the 2™ year of this 3-year project) was to increase
g, it 1s noted that two other fundamental requirements are required for the very highest quality
ICF/HEDP-relevant x-ray imaging:

[1] An exquisitely sensitive Multiframe Ultrafast Digital X-ray Camera (MUDXC).
[2] A high-collection-efficiency, high-spatial-resolution 25-keV x-ray imager.

Please see appendix II which discusses item [2] in some detail. In terms of item [1], if a
MUDXC device is realized, the effective 1 ns gate time (affecting ,motional blur’ if any)
between frames will fortunately limited by the 1-10 ps timescale of the Ko emission time.

Should the Two-Stage concept be successful for, say, Sn-Ka; (25.2713 keV, and
success 1s defined as a >10x ¢ enhancement), the technique should also work for higher atomic
number (Z) elements, too: Except, it is believed that the electron impact K-shell ionization cross
section ¢ for such elements decreases. The overall outcome would likely be a & lower than that
of Sn (Z=50), despite the fact that the non-radiative Auger ‘loss’ would be close to zero. For
elements Z<50 it is believed that ¢ rapidly increases. This could dramatically increase ¢ for x-
ray energies around 6 keV, a photon energy that is routinely used on many Z accelerator
experiments. This would require the use of a low-Z element, with the drawback that the non-
radiative Auger loss is high. At this writing it is therefore unclear if a low-Z Two-Stage target
would win over long-laser-pulse, thermally generated 6.151-keV radiation from Mn. If the low-
Z Two-Stage technique does indeed win, then it would be recommended that consideration be
given towards converting the long-pulse Z-Beamlet Laser (ZBL) into a ZPW device: With the
option of reverting to long-pulse mode, if desired. The Two-Stage, non-thermally-produced 6-15
keV (elements Co through Zr) x-rays would — unlike ZBL — create blur-free images.
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APPENDIX A:
PREDICTIVE CAPABILITY FOR Z-PETAWATT-DRIVEN

HIGH-ENERGY K-ALPHA X-RAY YIELDS USED TO
IMAGE HEDP EXPERIMENTS ON THE Z MACHINE
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High-energy and high-quality x-ray radiography
IS an essential diagnostic for HEDP experiments

Thicker and denser
targets require higher
photon energies and
bright sources
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BASIIL Laser-driven K, X-ray production using thin foils
can produce ~10-80 keV x-ray sources

High intensity lasers
produce
hot electrons in targets
which generate

wJBeamlet 7 Petawatt

ChO_'CG of material Z long pulse (~ 4-6 kJ) short pulse (< 2 kJ)
determines K, x-ray energy ~ few ns ~0.5-10 ps

~1 ps short pulse laser gives ~4-5 ps K x-ray pulse
- little-to-no motion blur
100 km/s (ICF target) only moves 0.5 gm in 5 ps Sandia

ZPetawatt, (ond @i,

LABORATORY DIRECTED RESEARCH & DEVELOPVENT

40



o '

S .t First;we seek to develop a predictive capability
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——
25 keV (Sn K,) source characterization

100-200 TW target area (PW in-progress)
Laser parameters:

* E=60-160 J (eventually < 2 kJ), t, 5 ~ 0.5 50 ps

« focal spot: 6.5 pum FWHM (~35-50% energy) imaging lens

camera

Sn targets:
laser > laser N
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mm-size “flat foils” 20 um x (150 pm)? “cubes” with
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alas 25 keV (Sn K,) radiograph of test objects

Spatial characterization
pinhole image with
‘cube’ target

100 um x 144 um

‘cube’ target

measured & processed simulated radiograph
radiograph (500 pm X-ray source)

eLaser: ~100 J, ~7 ps, ~10 um FWHM
* Liner thicknesses: 890 um (outer), 560 um (inner)

+eiEs

radiograph :
“Lincoln (Al)” L E—— w

Sandia
s

7 Petawatt Al wall thickness: 288 pm - =] e PO
b * LABORATORY DIRECTED RESEARCH & DEVELOPVENT
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A single photon counter is used to determine

the laser-to-K , conversion efficiency

a s

¢ absolutely calibrated for detection efficiency ¢ 10
Fe®5 (5.9 keV) and Cd% (22 keV), will add Sn*13 and Sb*?5

* 4x conversion efficiency into K ,+K,: n ~0.8-2.5 x 10
* flat foils perform best %

* mass-reduced targets: slightly smaller efficiency, but
higher spatial resolution

NCCD X 25 keV o Ex-ra.y 100
Ex-ray = Tr o pixel
exQxT FEger

100

= image histogram
smoothed histogram

3.0

" 300) — background —

° — corrected histogram | - AL R A1 R ; PP VSR R =
A 250) e R T T o ny . or v OO FAPOPPORN | TR (SRS AR
P ,

o -
S 200 —

o -

s}

E 150 - Lol ]
= . 1

gy conversion efficiency into 4r (x 10 p)
y o
I

50| 0.60—| © flat foil .
E O cube
4 _
o Adaalbelies wh V' g 05 mass—reduced foil -
0 5 10 15 20 25 35 40 =
¥ L Lol L L | L
x-ray energy (keV) o o o

intensity (W,ﬂ’cmz)

Experimental error bars are presently ~40-100% & @ Sandia
RLC

National
Lahoratories

7 Peta watt
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¢ . Description of simulation used to predict
experimental K, yields measured by ZPW

* Linear p-polarization, 45° incidence

(Ex and B, laser fields with k,)

* Peak |E| ~ 2.04e8 kV/cm

» Gaussian in space and time

* Energy ~ 104 J and 50% energy within
spatial FWHM ~ 7 um

Solid density Sn modeled as
e, Sn*! (fixed <Z>)
psn=7.3gcm3

N, = n; ~ 3.66e22 cm3

A =1.053 pm

temporal FWHM ~ 470 fs 2D e A 7
YA free parameters
200x200 pm simulation box in this simulation:
At =0.01 fs, 5e5 timesteps
open boundaries No ad-hoc injection of e- beam.

Actual laser parameters injected as
fields, including some pre-pulse.
The code has an opinion on laser

absorption, e distribution, etc.

LSP code (Particle-In-Cell “PIC”) treatment:

« fully electromagnetic, relativistic, and kinetic

« explicit particles and fields (oAt < 1, At < 1, CAt < AZ) D o - -
+ no implicit or fluid particles (needing an EOS) X, Kerey powsrs(t), birth Iocat_lor.]S’ .and. spectra
« energy conserving push (not susceptible to Ay, instability) are paSSIVE|){ computed from e- distributions and
- collisions included (Spitzer rates or binary model) ITS electron impact c;,,;, data (cold cs)

« cloud-in-cell interpolation model (reduces particle noise)

- double precision (... presently thinking about improvements, e.g. tracking multiple charge

states, in-line atomic kinetics sub-routine, photon transport, etc. ...)

Z Petawatt E%’Eo () i,
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‘ Results of simulation to predict

K, Yyields measured by ZPW

Upper: 4e8 kV/cm | El Upper: 400 keV Te
Lower: 4e3 kV/cm Lower: 1 eV
kilevolts/cm{log) t = 1.000E-05 ns electron—volts(log) t = 1.000E-05 ns
600 0O 5800 o)
8.100 5.040
7,600 D.OO5' 4480 0.005
7.100 5820
sEo0 £ 330 £
£ c.ooof £ 0.000
£.100 = 2.800 =
5,600 2,240
—-0.005 —0.005
5.100 1.680
4.600 1120
w100 -0.010 . 55600 —-0.010 : .
) Q0.000 0.005 0.010 0015 0.020 ’ 0.000 0.005 0.010 0.015 0.020
3.800 7 (Cm) 0.000 7 (Cm)

Kalpha efficiency :  0.000100103
| |

Log odusntlyyualiienlanyiligarl Linear (same plot

7. Kaipha efficiency - 0.00010010:
/ - ooz
Laser .-/ : ..
I
Kq] I oo |
< I € =1.00e-4 [
N2 2 o :
Kars2) : 3 el
= 0002
I

Power (J fs) - I (11

Energy (J)

Time (fs)

1 I 1) l )

: ks 6D @ Sanda
U 0 1000 2000 3000 4000 5000 jonal
7 Peta watt LDRL et
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\

Tl Predictive capability for Z-Petawatt-driven
K, X-ray yields has been established

WO 1 00116 pim

X-ray
conversion
efficiency 104

Experiment
Simulation

10 40—
2x101° 3x101° 4x10!® 5x10*° 6x10%°
Irradiance (W cm2)

Having established a predictive capability for laser-driven K, yield,

we now study novel target and imaging concepts aimed at
dramatically increasing the production and collection efficiency in
order to enhance the quality of our HEDP experiments on Z.

ZPetawatt @% () i,

LABORATORY DIRECTED RESEARCH & DEVELOPVENT
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®)

In ICF/HEDP x-ray imaging,
“one can never have enough backlighter photons”

In the continuous quest to improve spatial resolution, it should be realized that the optical system must be fully
illuminated (the brightest possible laser-produced x-ray source) and that the detector should be exquisitely sensitive

To this end, we envision three key components for advancing ps-scale, blur-free x-ray imaging for ICF/HEDP:

A novel K, target concept with the highest possible conversion efficiency ¢
A target+imaqing solution to achieve a factor of 210 improvement in € might involve:

- alarge source size (not limited to point-projection and small sources with low-g)

- shielding of unwanted radiation from Z and ZPW between object and image planes

An optic with the highest possible collection efficiency: we are developing a prototype
25 keV x-ray imager based on a spherically-curved, very-thin Ge (111) Bragg crystal in transmission mode.

The transmission approach, if it works, has 3 main advantages over 25-keV imaging in reflection mode:

[a] Almost 200x less monochromatic than equivalent device in reflection mode: better capture of a wide, ionization-broadened K, line
[b] Very high spatial resolution (in principle): if the optic is sufficiently illuminated

[c] Works at 22-28 keV by slight Bragg angle change, w/o changing the crystal

A detector with highest sensitivity, dynamic range, and 1 ns gate times:
Sandia is developing a solid state Multiframe Ultrafast Digital X-Ray Camera (MUDXC) based on CMOS7
microelectronics and Si pin diodes [G. R. Bennett et al, Rev. Sci. Instrum. 77, 10E322 (2006).]

Full details of an alternate, ultrahigh spatial resolution 13-keV x-ray microscope have been published [G. R. Bennett
et. al., Applied Optics, 40, 25, 4570 (2001) & G. R. Bennett et. al., Applied Optics, 40, 25, 4588 (2001).]

‘?‘) Sandia
Z Petawatt, () i,
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C : The ideal upper bound on K, production
efficiency per particle can be estimated

Given the stopping power, and e” impact K, ionization cross section (w/ relativistic enhancement),
the maximum production efficiency can be estimated:

Stopping power . Range in Sn (um) K™ (um) ~ (ngp*ox [ED?

// o | 1E

; - £ =
H TGN Ag 3. 1E0a Lo
i 1E+00
_ f
- -
1 E-0: 1E01 1E+00 1E+01 1E+02 1E+03 1E+04 1E02 1E01 1E«00 1E+01 1Es02 1E+03 Esd 1E01 TE+00 1E+01 1E+02 1E+02 1E+D4
prejectle snergy MeV) projectie anergy (MeV] projeciie energy (M)

Range(E)/ K, MP(E) {Range(E)/ K,"P(E)} * {(0.025 MeV)/(projectile energy)}
I 1.E-02

Ee02 ; /——-’_—_\
- ; : — \(——_
x i /7/ —C6 1E.03
g £400 4-- : | —

p—
~max(g) —cis
;E—C! 1E+00 1E+01 1E+02 1E+03 1E+04

projectile energy (MeV)
The max # of K s generated per patrticle,
assuming no hydro expansion, no re- 1E05
absorption, no other realistic effects, 1E01 1 E+00 1E+01 1E+02 1E+03 1E+04

and complete ranging out projectile energy (MeV)
(requires refluxing for e- or long target for ions) The broad e” peak: ~3-20 MeV

in a single particle sense

Sandia
Note: 10 MeV & = 7. ~ 20 @ !
7Petawatt* (Note: 10 MeV'e” > v, ~ 20) @% ol

ABORATORY DIRECTED RESEARCH & DEVELOPMENT

1E-04

{Range [ Ke: mfp)*(0.025/praj. E iMeV))
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L The literature s

uggests an optimum T_"ot

exists for K, production efficiency

Consider a simplistic toy problem (without laser):

Initialize Sn slab with one T, and count K, photons
1000. T | —T T

80x10 um Sn*> target
—
4y / \ \

]

g

2

3 100

©

< \

Arbitrary units (A.U.)

1 o[ As understood in the literature, \
peak efficiency found around
~3-6x the K, ionization energy
for the material.
01—l e —t :
0.1 1.0 100 100.0
Sn Te (MeV)

Given a target material and laser energy, K, emission
maximized for one foil volume and one hot T,.
[Salzmann, et. al., Phys. Rev. E 65, 036402 (2002).]

“TOO HOT” : Too much energy lost to bulk particles and
motion. Increasing cold T shifts and broadens K, features,
and energy-integrated emission rate can decrease.

“TOO COLD” : Not enough hot e- to ionize K shell.
“JUST RIGHT” : Balances effects of actual two-temp EEDF.

7 Peta watt

One would prefer to increase efficiency into

just the effective hot electron K, producers

The “BOA” mechanism efficiently generates
mostly relativistic e's, unlike regular TNSA
or K, generation in MRTs or FFs:

1E+00

: Ideal es, according

E /\ . to previous slide
5 1E0 V<\ A\ :
5 \ —
< — 4
P L AR —
g 1E-02
E \f \/\
(=]
=z

1E-02

1E-01 1E+00 1E+01 1 E+02 1E+03 1E+04

projectile energy (Melv)

Two paths to seek increased efficiency
(not mutually exclusive): (1) multiple small
targets optimally heated by one laser
pulse, and/or (2) generation of “better” two-
temperature EEDF within target

Sandia
National
Laboratories

ABORATORY DIRECTED RESEARCH & DEVELORVENT
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Rt @ Two-stage concept using “BOA” beams may couple

more energy into hot electrons for larger K, yield

~10-100 nm thin foil (C&*)

(for “BOA”: Break-Out Afterburner) Sn [2=50] - arf;f]e'ei:‘:r’:te('sﬂg[)
particles absorb significant fraction of laser, K, converter foi 9

and efficiently become relativistic (hv ~ 25 keV)

L

Large source size >
good for spherically-curved
transmission-crystal imaging

ZPW Laser
~0.1-2 kJ
~1019-1021 W cm2
ultra-high contrast remaining Laser +
~0.1-1 GeV C*Sions +

(~10s MeV protons)+

~1-100 MeV electrons

(~2/3 of them move forward)

1) lon beam energy deposition heats electrons in target deeper than laser
2) Creates two-temperature electron distribution in target (traps relativistic e cloud)
3) Imaging concept based on spherically-curved Bragg transmission crystals may

provide good spatial resolution even with large source lengths (100 um to ~few mm)
(but ~10s um lateral dimension for high transmission)

We seek to exploit all three as favorable

properties for enhancing K, yield by heating Sandia
7’Petawaﬂ* as much material as possible to ideal T, DDF @ Mol

52



e aTtal Description of simulation used to study

novel target concepts for increasing K, yields

First, we reproduced original LANL 2D VPIC results on BOA:
L.Yin, et al., Laser Part. Beams 24, 291 (2006).
(Also, recall Tuesday evening Plenary talk by L. Yin [LANL])

A =1.053 um I

Solid density C modeled as
e, cer (ne/ncritical = 660)
pc=2.47 gcm3

n, = 6*n; ~ 7.38e23 cm=

=

X 20 um e, Sn* (fixed <Z>)
2D * > psn=7-3gcm3
z BOA thin foil SnK, n, = 5*n; ~ 1.83e23 cm™?
50 um x 30 nm converter foil
80x10 pum

* Linear s-polarization, 0° incidence

(Ex and B, laser fields with k) 80x45 um simulation box

« Peak |E| ~ 8.88e8 kV/cm At =0.01fs, >1e5 timesteps

Solid density Sn modeled as

L . open boundaries
« Gaussian in space and time P

* Power ~ 1 PW

* Energy ~ 2575 J
spatial FWHM ~ 8 um
temporal FWHM ~ 300 fs

ZPetawatt @% () i,
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»

Initial work is promising for the two stage
concept to improve K, yield and overall efficiency

»
-l

This initial (suboptimal) simulation of novel PW-driven target concept demonstrates
(1) beam transport, (2) refluxing of ultrarelativistic BOA electrons, and (3) significant K, yield

. t = 1.000E-05 ns t = 1.000E-05ns t = 1.000E-05 ns
ilowots fcrm{log) Sqri(ExeEx+Ez+Ez) pumber/au-emtoa) Thin foil e— density pumber/au- o) Thin foil C+6 density
0.004 0.004 0.004 v
8.550 —0.8000 —0.8000
=100 —1.200 —1.200
e 0-002 ae 0002 me 0002
7-200’%‘ —Z-'W’E“ —Z-‘W’E“
o2 0.000 s 0.000 ol 0.000
* x A
5300 -3.800 3800
oy —0.002 ez —0.002 oo —0.002
2400 —s.800 —s800
ss00  —0.004 -se0  —0.004 —sam  —0.004 :
4800 0.000 0.001 0.002 0003  0.004 oo 0000 0.001 0.002 0,003 0.004 _a.000 0.000 0.001 0.002 0,003 0.004
Z (em) Z (em Z (em)
t = 1.000E-05 ns t = 1.000E-05 ns
aioctroa~wtia fiog) Thin fail e— temp sectron—wolta{iog) Sn e— temp
0.004 ¥ ) 0.004 :
7.008 7.008
6,798 6. 798
6,408 0.002 lawa o.002
6198 = 5. 198
pel 0.000 gl 0.000
¢ x
5,508 5,508
szs  —0.D0Z szes  —0.002
4308 4388
a0ee  —0.004 L o - Jfanes  —0.004 :
556 0000 0001 0002 0003 0004 .. 0000 0001 0002 0003 0004
Z (em) Z (em)

All plots on log,, scale, @ Sandia
density plots normalized to respective Sn species, National
7‘Potawat‘t* o : ¢ Iosores

and temp pIOt range [25 kevv 25 MeV] LABORATORY DIRECTED RESEARCH 8 DEVELOPVENT
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el Thin nanometer-scale targets have been
acquired and characterized for initial experiments

Acquired large-area ultrathin carbon
films of 8, 17, & 38 nm
+/- 30% thinness, assuming 2.255 g/cc

Diffraction-limited focus of ZPW (~10 pm)
contains ~300-700 nm ripples.

Looking into small-area,
free-standing ultrathin
diamond targets

Analytic estimates and hydro sims (discussed next)
indicate prepulse < ~10° W cm-2 for ~t > -100 ps
(or a 30 nm C target would prematurely melt and expand)

- plasma mirrors required ... in development
- hydro sims capable of evaluating measured prepulse(t)

ZPetawatt @% () i,
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e
R w.@ How good does the prepulse contrast have to be so
the ultra-thin nm foils survive until the main pulse?

Old contrast measurement:
Is such a pre-pulse good enough to maintain
Az ~ 30 nm target integrity? (for 10° ~ 102 W cm-?)

I Plaser[Mbar] ~ 40 (ljee, [1€15 Wcm-z]/ Maser [Hm])Z/3
. (Eqn 5.6 in LindI's ICF book, direct-drive approx.)

Oct. 26, 2007
T

Cs [nm/ps] ~ 10*Sqrt(y Pase,[Mbarl/p [g cm=])

thydro [ps] ~ Az [nm]/ Cs

[ 366 @ t=—91.7 ps

For Az =30 nm and p ~ 2.255 g cm-3,

laser = 1812 W cm2 gives t g, ~ 5.52 ps

B haser = 1610 W cm2 gives ty, g ~ 25.3 ps
liaser = 189 W cm2 gives t, 4, ~ 55.2 ps

(P\aser range from 400 to 4 kbar)

Sandia
National
Laboratories

& *‘ ABORATORY DIRECTED RESEARCH & DEVELOPMENT
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SJEST Plasma mirrors are essential
for BOA experiments involving ultra-thin nm foils

laser = C*1€21 W cm2, where C = le-9, , le-11, 1le-12
(laser [W cm?] = 112, , 1210, 1e9)
Time (ps) : 0.00000 Time (ps) : 0.00000
Covoboec becococ o boro oo bonooeee b oo e e
810 ~ 2 3
> S-SR S S SRS A S S B =
) - _ -
- L 3
ol — - = 2 -
o L L
= 01— — = r
2 Z -~ o e
@ - - glo T
c - - > =
@ - - o o
T - -
s @ o
Ho.o1— — % -
@ - - E s T e thydro ~5.52ps
E - - 5 £
s} - - = —
e ~ - JUUTS SO OOSPOOON UUSURINE NS SOOI SUUSOOON S SO OO - thydro ~25.3ps
0001 e 'I"|'l T \'W'I'I'I"l'['f " Y"' (NS l'] L} Y"\'\'['Y'\ i) ]"I'T l'f" T O—I (e ‘ Y I e [ hl I [ [ il " e I T ‘ b " (A ’; thydro - 552 pS
-20 0 20 40 0 20 40 60 g0 100
z (nm) Time (ps)

This capability has been established in order to simulate arbitrary laser intensity profiles,
so future measurements of laser contrast can provide feedback to simulations

ZPetawatt @% () i,
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[

Wcmn-2

»
A s\

HYDRA is also used to evaluate the dynamics

of the prepulse-generated pre-plasma

1D HYDRA: Evolution of preplasma creation and hydro under influence of prepulse

10 nm contaminant layer on ~25 um slab of Cu

1.E+20 - i [\

[ ' A /
LE+19 +— N \\h

E 41 o \\,v,‘l\
avigl A o i k%
T W
LE+17 ¢ J/\/
1E+16 +

5 MW

1.E+15 W Pt

1.E+14

1.E+13

80 12.0 16.0 20.0 24.0 280 32.0 36.0 44.0
Time (ps)

Rescaled simulation time

0.0 4.0

U7’Potawatt*
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44.0

Hydrogen, Carbon, Oxygen
t=40vs 42 ps (H[rd], C [bk], O [bl])

oo bvvetococboccctooo oo by
-|D+1__ 1540 ve a2ps (H{rd), C bk, O [b) e
s gt T 2
10+0=0 v { z
ol B 2 i : =
IR i -
8 | -
B2 o 2
- - 0 i
= s @
g10-3__ 2o
O S =
U —_
1074— =
10°5= £
10-6__1 L | trrrpre | trrrprrea | rtrrrgpren | L [__
-30 -20 -10 0
z (pm)
Sandia
National _
Laboratories
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L '—.‘@' The Z-Backlighter Facility laser group (Org. 1672)
has more target ideas that can also be simulated

o Targets for ORG-01672 2: Flat copper foils

1: Aluminum Cones

Sntip: Characteristic
ze x:
20 < x <50 pm.
If coated, thickness of
Sn layer > 10 ym.

D/L < 1.2 (cone half angle < 30° )
“flange” or “brim” of ~ 50 pym width is acceptable -
Mount on carbon fiber @ -

3: Flat tin foils 4: Hemispherical copper foils

Sandia

ZPetawatt, (ond M,
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P Simple, ideal simulations of injected e beams
predict the estimated efficiency enhancement is real

Sn [2=50] I:Range in Sn (um) ~ Range(E)/ K,"™(E)

K., converter foil . 1z
(hv ~ 25 keV) ! 22

pm
max #

10 MeV e range: 10 mm. Since v,~c, At,, . ~33.33 ps
& beam slows to 1 MeV by 9" mm (90%)
also 90% of K contribution (range/mfp) from 10 to 1 MeV

Monoenergetic electron beam injection:

K x- i ~t until ~1 ps,
constant 10 MeV (y8~20.55) for At = 1 ps is 1 kJ St g‘%:‘;gﬁft::ffor it 1% pa

for P = (100 MA)(10 MeV) =1 PW, n, /n__,, ~ 5e-3 :
(assumed from ~2 kJ, ~2 PW Laser striking BOA foil) Total K x-ray energy increases ~t2 until

{neglects heating from lefiover laser and ~6 MeV-2 GeV C** ions and ~3-300 MeV protons)

~1 ps, then increases ~t for t > 1 ps.

Efficiency € enhancement (relative to typical 0.5-1.06-4):
e reaches 1.0e-4 by t ~ 1.6 ps (~0.5 mm) (& up ~1-2x)
To-do list: e reaches 6.8e-4 by t ~ 6.7 ps (~2.0 mm) (e up ~7-14x)
e g ches 3.4e-3byt~ 33 ps (~10 ~34-68
#1: Need to include p* and C*¢ beam depositions o Tt pe (=10 mih). (s tp %)
(heating of electrons in target deeper than laser) At,....~ 33 ps allows a 100 ks ICF target

#2: Need to include heating near surface from leftover laser energy 10 TOMer 0 4 Ryl sdsoion 10
#3: Need to design and evaluate integrated two-stage target concepts

7 Petawatt, @h, ()

ARSI RN
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- Summary

Predictive capability has been established for ZPW-driven K production in Sn targets, providing
confidence in our ability to predict x-ray yields in other novel target arrangements
- Studies ongoing, investigating role of preplasma, model improvements in development

Novel target idea relies on “BOA"-produced beams to effectively heat larger source(s)
- Reproduced underlying BOA physics originally published in 2D by LANL
- Numerical and analytical estimates: plasma mirrors essential (development underway)

Experimental and numerical investigation of high-¢ targets and imaging are promising and ongoing
- If successful, the idea is applicable to blur-free imaging of user-chosen K, energies

(Not discussed) Experimental prototype investigations ongoing of novel x-ray imager and MUDXC

LANL and others are interested in collaborations (BOA in thin foils, K, production and measurement, simulations, etc.)

Novel high-efficiency targets, a high-collection imager, and a multiframe ultrafast

digital x-ray camera may offer the most advanced high-energy x-ray radiography to Z

Quality improvements in high-energy (~10-80 keV) x-ray imaging,
whether from traditional or novel sources,
are directly beneficial to HEDP platforms such as Z and NIF.

ZPetawatt, _Eomd M.
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APPENDIX B:

NOVEL(?) HIGH-COLLECTION-EFFICIENCY HIGH-SPATIAL-
RESOLUTION 25.2713-KEV X-RAY IMAGER CONCEPT

63



Successful ICF/HEDP x-ray imaging
g requires four key components

[1] The highest possible conversion efficiency of laser light into the x-ray energy of
interest. Hence the Bennett/Sefkow LDRD

[2] An optic with the highest possible collection efficiency. Predicted high spatial
resolution is useless unless the system S/Nis very high

[3] An exquisitely sensitive time-gated image-plane detector; with high dynamic range

[4] Full use of state-of-the-art image processing for, say, pattern recognition of
features expected in MRT growth of a Z100 target. Work with Division 5000 and, say,
Goddard Space Flight Center

Note; in the ICF/HEDP field there are never, never enough backlighter photons
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Towards ZPW-driven 25-keV
X-ray imaging on Z

2-Frame, 6.151-keV ZBL-driven x-ray imaging is well-established on Z

01672 is investigating a variety of methods to improve the S/N, S/B, etc. for this
important diagnostic

We are also investigating both [1] a point-projection imaging, and [2] an object-plane-
to-image-plane solution for ZPW-driven 25-keV x-radiography on Z

This presentation pertains to [2]

200| 200

100 100

{
/
-100] -100f
-200] 200l L L
100 100

200 100 200 -200

¥ (micron]

¥ [micron]
¥ [micron]

100 200

0
X [micron]

°
X [micron]

[ Above example data published in PRL (G. R. Bennett, M. C. Herrmann et al) ]
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25-keV x-ray imager

We have developed a prototype 25-keV x-ray imager that uses a curved Bragg crystal,
Si(111), in transmission rather than reflection

The transmission approach, if it works, has 3 main advantages over 25-keV imaging in
reflection mode:

[1] Device is 287x less monochromatic than 6.151-keV system, allowing for much
better capture of a wide, ionization-broadened K line

[2] Neglecting fabrication errors, crystal rocking curve, etc.; excellent spatial resolution

[3] Our 25-keV prototype can also work at 22- to 28-keV; without the need to change the
crystal. This is quite unlike the reflection mode

Compared to 25-keV point-projection imaging, the imager should yield a significantly
higher rejection of Z- and ZPW-generated Bremsstrahlung and other unwanted x-rays

66



Simple schematic extracted from Zemax

2 ,;,é -RAY MICROSCOPE SCHEMATIC

=

Source-to-object: 223.591 mm
to-crystal: 150.000 mm

o-image: 749.463 mm
Bragg angle: 4.48707078°

L

100-micron Si(111) Bragg crystal
curved over a transmissive
4.996x image plane

support substrate
showing nine chief rays

200-pm-diam, _ . _
25.2713-keV source of nine object points
\
/ Operation at 22.16292-keV would only require a
10.24 x 10.24 mm?
object field Bragg angle change to 5.1179683°

67



Bragg diffraction: a quick review

X-rays irradiating an atom move electrons, which re-radiate em radiation with the
same wavelength: Rayleigh Scattering (elastic scattering)

Constructive interference occurs when the Bragg law is satisfied....

> \\X nA=2dsiné where d is the spacing between
~ the planes of the atomic lattice

i
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Bragg diffraction: a quick review

Note; if the crystal is rotated about this axis, Bragg diffraction will still occur
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Bragg diffraction: a quick review

A special case of Bragg diffraction, namely Laue diffraction in reflection
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Bragg diffraction: a quick review

A special case of Bragg diffraction, namely Laue diffraction in reflection

The strongest reflections
generally occur in simple
cubic crystals of high Z
and (111)
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Note; if the crystal is
rotated about this axis,
Laue diffraction in
reflection will still
occur



6.151-keV imaging (reflection): A reminder

Spheric concave
crystal of radius Circle of
of curvature R diameter R

6’8

A fan of rays emanating

from this point, in the plane ™,
of the circle, strike the crystal
at angles near @, providing

the circle diameter is R
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6.151-keV imaging (reflection): A reminder

Spheric concave
crystal of radius Circle of
of curvature R diameter R

6’8

1/Ut + 1/Vi=2/Rsin 6s
Vi = Ut

In this special case the so-
called tangential fan is )
perfectly focused
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6.151-keV imaging (reflection): A reminder

Spheric concave
crystal of radius Circle of
of curvature R diameter R

6’8

The circle is named the
“Rowland Circle”
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6.151-keV imaging (reflection): A reminder

ya K '

1/Ut + 1/Vi=2/Rsin 65
1/Us + 1/Vs=2sin6/R

Us= Ut

For the orthogonal ray fan
(sagittal plane), focus is
outside the Rowland Circle

75



6.151-keV imaging (reflection): A reminder

For this sagittal fan, the
angles are exactly 6
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6.151-keV imaging (reflection): A reminder

Spheric concave
crystal of radius Circle of
of curvature R diameter R

6’8

Backlighter
spectral line
™~ Source
on-circle
X-ra)‘/\ /
energy «
increasing
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6.151-keV imaging (reflection): A reminder

Spheric concave
crystal of radius
of curvature R

Circle of
diameter R

Ideal aperture
size

Backlighter
spectral line

~

Source
on-circle

X-ra)‘/\

energy
increasing
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Object plane

/
{

Unlike point-projection this imaging scheme
allows one to shield, with tungsten, the high energy
Bremsstrahlung x-rays from Z to the image plane detector

Source inside
circle increases
image brightness

.
0
.
0
.
0
v

Larger use \!

of line width
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Y [mm]

Source inside circle increases brightness
but narrow FOV obtained, as evident here.
May have solution to overcome this limitation

Z1526 Preshot

71526 pre-shot and down-line
images overlaid
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25-keV imaging in reflection is difficult

Given the Bragg condition, nA=2dsinés, and the desire to image at energies >>6.151-
keV in reflection mode and at a small off-axis angle (low astigmatism), there are 3
options:

[1] Keep n=1 but search for a crystal 2d spacing <<2 Angstrom. No such crystal!
[2] Use n>>1 and retain a favorably large 88. Poor reflectivity!

[3] Retain n=1 but reduce 8. This requires a toroidally-curved optic to correct the now
severe astigmatism. The resulting image unfortunately reveals a strongly field-dependent
magnification
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Possible 22.16292-keV toroidally-curved-crystal imaging
system backlit by ZPW-generated 50-um x-ray source

To the same spatial scale, object and image plane of a 4-mm x 4-mm grid. Note the
strong field-dependent magnification
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Bragg planes
parallel to optic

surface
2 /X )
Object ' Now imagine the same x-ray line but
plane with a crystal of larger 2d spacing and
A / thus a small Bragg angle (retain n=1)
Source on /‘
Rowland circle....
....but minimal use of a Kau
spectral line width
Image
plane

&3



L

—\

Toroidally- Bragg planes
curved optic parallel to optic

. =l | surface
2 )

rd

maximum use of
Koz line width

Neglecting the disadvantage of a field-dependent

magnification and a toroidal optic, small Bragg angles
have a clear advantage in terms collection efficiency

Is there some configuration where a small Bragg angle,
for line compression, can be utilized near on-axis? Yes!
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Bragg planes
perpendicular to optic

/ surface

&
Object
plane
0
Maximum use of 25.2713 keV Our prototype 25-keV imager uses Laue
spectral line width at n=1 diffraction in reflection, and thus line

compression, over a spherical concave
surface to (theoretically) achieve high
guality imaging
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The basic optical principle

For a spherical concave mirror of radius R with a point source placed at R/2, a
collimated beam is formed

1/U+ 1/V =2/R where Vis infinite
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The basic optical principle

If the point source is placed at a distance <R/2, a virtual image is formed behind the

mirror; V<0

>

87

However, with Laue diffraction in
reflection suspect areal image can be
formed if the mirror is replaced by a
sufficiently thin Bragg crystal



The basic optical principle

If the point source is placed at a distance <R/2, a virtual image is formed behind the
mirror; V<0

~.

Let’s look closer at this ray bundle
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From a symmetry

argument a little thought
shows that there is still a
Rowland circle, as shown

Rowland circle
of diameter R

&9
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The basic optical principle

Emitting point source inside circle is
imaged, providing, for the rays shown,
the Bragg condition is satisfied

Considerrays 1 & 2 only



Gs1>6s2, implying ray
bundle 2 has higher
X-ray energy than 1; i.e.
E2>E1
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Gs1>6s2, implying ray
bundle 2 has higher
X-ray energy than 1; i.e.
E2>E1

Next consider S

case where point

source is not emitting, 38

but instead opaque and

backlit by x-ray source on the ™~
~..Rowland circle




X-ray —— fr-e

source
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The basic optical principle

Center of opaque object is imaged and
magnified by the numerical aperture
shown (N.A.) providing the backlit source
contains energies Ei1to E2

For our prototype imager the central
Bragg angle 6o is 4.48707078° and
Eo =25.2713 keV



What is the effect of a
ZPW 200-um source

Ei=Eo0-859eV E2=Eo+86.5eV (whereEo=25271.3¢eV & 6s0=4.48707078°)
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What is the effect of a
ZPW 200-um source

Ei=Eo-0.15eV E2=Eo-0.15eV (where Eo=25271.3 eV & 680 =4.48707078°)
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What is the effect of a
ZPW 200-um source

For Bragg diffraction in reflection mode, would have:

Ei=Eo+053eV & E2=Eo-0.53eV

Ei=Eo0-859eV E2=Eo+86.5eV (whereEo=25271.3¢eV & 6s0=4.48707078°)
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What is the effect of a
ZPW 200-um source

For Bragg diffraction in reflection mode, would have:
Ei=Eo+053eV & E2=Eo-0.53eV
X-ray

energy
increasing
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Clearly any point on the x-ray spot area is
emitting a range of photon energies
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Clearly any point on the x-ray spot area is
emitting a range of photon energies

Fortunately any ray (the chief ray here) can still diffract
X-rays energies that are slightly greater and less than
those satisfying the Bragg condition

In the case of 23-um thick Si(111), and s-polarized Eo = 25271.3-eV x-rays:

E = Eo diffract with 86% reflectivity
E=Eo+6eV diffract with 7% reflectivity
E=Eo-6¢eV diffract with 7% reflectivity
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Scattering distribution for E = 25271.3-eV, s-polarized
photons, exiting 23-um thick Si(111) in Laue reflection mode

s—polarized

o

The area under the curve,
usually expressed in p-rad,
is named the Integrated
Reflectivity (IR)

0.6~ Imager collection efficiency
- is directly proportional to IR

0.4 | High IR adversely affects
- spatial resolution; this has
- yet to be modeled
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Conclusions & summary

The prototype 25-keV imager will soon be ready for testing

If it works, once can expect:

[1] Higher effective collection efficiency than a Si(12,12,12) Bragg Reflection system
operating at a 69.8525929° Bragg angle

[2] In principle, very high spatial resolution

[3] Operation over a 22 - 28-keV range by slight change of the Bragg angle: careful
crystal/line matches are not required

Believe that a thick Ge(111) crystal applied to the optic and polished down to 10 um will yield
optimum throughput: 5x reduced integrated reflectivity compared to 6.151-keV reflection system,
but bandwidth is almost 200x larger

David Bliss (01672) may have a lead on a vendor that could perform this task; UMICORE

An alignment scheme has been developed; requires so-called object- & image-plane optics (Carlos
Cox) to locate Sn target and detector
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