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EXECUTIVE SUMMARY AND OVERVIEW

This report focuses on the work of the MIT group as it relates to the Fusion Science
Center, and to the work MIT has led and coordinated with respect to Electron Transport Task
Force (ETTF). We summarize herein the scope and context of the work, the essential findings
and conclusions, and proposed theoretical and experimental work for the next 3 years.

Among the many important and complex processes involved in Fast Ignition (FI) are the
assembly of a high-density (~ 300g/cc) DT plasma and then the rapid deposition of energy (from
directed electrons or possibly protons), which ignites the assembled fuel. Though there are many
complicated features of this problem, some of which are being addressed by other institutions
and task forces within the FSC, MIT has focused on certain specific and important issues within
this purview. The first concerns electron energy deposition in a DT plasma whose density is
sufficiently high (~ 10** to 10%® cm™) that interactions can be viewed as solely between the
energetic “test” electrons and a dense background sea of electrons and D/T ions. Self fields and
Weibel-like instabilities, processes crucial in electron beam formation and initial penetration,
play a negligible role in such circumstances.

Important to proper treatment of the energy deposition in such dense plasmas, and to
establishing quantitative FI threshold criteria, is the inclusion of both electron straggling and
blooming, direct consequences of electron scattering off both background ions and electrons.
For example, 1-MeV electrons penetrate on average 0.41 g/cm” in a 300 g/cc plasma, with
blooming of + 0.15 g/cm?, and straggling of £0.09 g/cm? (0.41 g/cm’ corresponds to 13.7 pm).
In stark contrast to such electron scattering effects, protons that penetrate exactly as far as the 1
MeV celectrons in this dense DT plasma (the proton energy would be 18.8 MeV) have blooming
and straggling effects two orders of magnitude smaller than those of the electrons.

Such calculations, and many more to be discussed herein, were obtained by application of
an electron stopping model developed in work that was led by Dr. C. K. Li. Fundamental to this
model is the inextricable coupling between electron scattering and electron energy loss. Because
this coupling is so essential to the calculations, we refer to the stopping model as the Coupled
Energy Loss and Scattering Analysis, or CELSA, model (about which one paper has been
published, two more have been accepted for publication, three are in preparation, and 7
presentations made at conferences, including an Invited talk at DPP/APS in 05.) To investigate
the consequences of this model, we show herein many calculations that involve semi-realistic FI
scenarios, such as energy deposition profiles of 1 MeV electrons injected into a uniform 300 g/cc
DT plasmas; for this case, the radii of the electron beam footprint varies from near zero to 20
um. From these results the combined effects of beam size and scattering, as manifest in
blooming and straggling, can be clearly discerned.

A second issue of significance to FI and HEDP concerns the fuel assembly of the DT
plasma and possible adverse effects that could arise from an increase in fuel adiabat due to
excessive electron preheat; such could preclude proper fuel compression and assembly. As a
first step in studying this preheat, we have applied the CELSA model to an examination of
energy deposition of 20 to 200 keV electrons in a 10 eV DT plasma at the density of either solid
DT ice (0.25 g/cc) or 4 times higher (1 g/cc). The results of CELSA calculations are contrasted
to cold-matter Monte-Carlo calculations, and the effects of high-Z material on energy deposition,
straggling and blooming are investigated, further illuminating the differences and similarities
between cold matter and CELSA plasma calculations.

Related to both sets of problems, i.e. electron energy deposition and scattering in either
dense or preheat plasma scenarios, is the question of whether definitive experimental tests of the
CELSA model can or should be undertaken and, in particular, whether such tests could be



accomplished by performing an electron stopping experiment in cold matter. After careful
consideration and many calculations (see, e.g., herein), and after extensive discussions with task
force members (listed in Appendix A), we recommend that no such experiment be undertaken.
The reasons are two: First, we are unable to definitively link any measurement in cold matter to
unique and critical features of the CELSA model. While there are certainly similarities in both
formulations, such as the profound effects of electron scattering, distinct and fundamental
differences, such as plasma screening, make tests of veracity of one, that carry through
unambiguously to the other, untenable and inconclusive. Second, given the vast literature and
work on electron stopping in cold matter, we do not see how any plausible experiment MIT
might lead in the next two years would advance, in a fundamental way, our existing base of
knowledge of cold matter stopping for electrons. In addition, because of the extraordinary
complexity of performing plasma stopping experiments for electrons, it too would be quite
unrealistic to proceed in such a direction.

In addition to aforementioned work, MIT has contributed to, or led, other experimental
investigations integral to FSC objectives. In the area of fuel assembly, for example, MIT has
measured or will measure pR and pR asymmetries of the assembled mass in high-pR
experiments, such as those of Betti and Zhou and Stoeckl that are planned for early 2006. MIT
has already done similar pR and pR asymmetry measurements in support of the “cone-capsule”
fuel assembly experiments of Stephens et al, and of Stoeckl et al. In addition, MIT has recently
developed a unique diagnostic that images the fusion burn, and has applied this technique to
shimmed targets. Given the innate asymmetry in cone-in-shell implosions, shimmed targets that
partially compensate for the drive asymmetry, might, for example, find wuseful application.
Furthermore, as discussed herein, fusion burn images are the “Admiral’s test” of the combined
processes of drive, mix, fuel assembly, and burn.

Another area of investigation concerns the generation of magnetic and electric fields by
the interaction of laser beams with matter, an example of HED Physics and Extreme states of
matter, which too is one of the premier goals of the FSC. To sensitively probe these fields, MIT
has developed a novel monoenergetic proton source, a result of imploding a capsule with D°He
fuel with a small number of laser beams at OMEGA; fusion products include 14.7-MeV D’He
protons and 3.0-MeV DD protons, both of which are then used to simultaneously probe time-
dependent B and E fields resulting from laser-matter interactions. Such monoenergetic sources
have distinct advantages over broad-band proton sources associated with intense-laser-beam
experiments. To explore these field generation processes, MIT has full days of OMEGA shots in
February and August, 2006. In addition, this type of backlighting with 14.7-MeV protons leads
in a natural way to the radiographing of implosions, the aim of which would be to fully
characterize the assembled mass and its pR distribution. MIT and colleagues are contemplating
such experiments at the OMEGA facility, where, with 60 beams, both backlighting and
implosions can occur simultaneously.

Education and training of students and young researchers comprises an important goal of
the FSC. To that end, MIT, along with all other FSC members, helped in the organization and
implementation of the very successful summer school in high-energy density physics. MIT sent
4 PHD students to this summer school and two of them, Mr. Cliff Chen and Mr. Daniel Casey,
have been actively involved in the research leading to this report.

Finally, in Section 6 a detailed work plan for the next three years is presented.
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1. ELECTRON TRANSPORT AS IT RELATES TO FI AND PREHEAT
A. Description of the model

A basic problem in plasma physics, with applications to Fast Ignition [1] and to fuel
preheat [2] , is the energy deposition of energetic charged particles into a dense plasma. A
fundamental difference exists, however, between energetic electron and ion stopping, in that the
profound effects of electron scattering [3], which manifest themselves in pronounced straggling
and blooming, needs to be treated in the energy deposition. This scattering, present for both
plasma and cold matter, but, until recently, only treated analytically in the latter case [4], is
illustrated in Fig. 1.

~0.34 g/cm’

+—— (.45 g/em’ —>‘

18.8 MeV p

~ 0.004 g/cm’

—
— 045g/em’ ‘
FIG. 1. Ilustrated here is the pronounced difference in blooming and straggling, a consequence
of scattering effects, for equally penetrating electrons and protons (mean penetration of 0.45
g/em?) into DT ice of 0.25 g/cc. Both cold matter and CELSA model calculations, though

differing in specific details, display this same general behavior, i.e. both find the electron
blooming (or straggling) is ~ 100 times that of the protons.

As noted in Fig. 1, straggling and and blooming for equally penetrating electrons and protons, is
~ 100 times larger for electrons. And for the case of 1-MeV and lower energy electrons,
blooming and straggling are always a significant fraction of the penetration (pX), with, in fact,
the ratio of blooming (or straggling) to penetration (pX) significantly increasing as the energy
decreases.

With these issues in mind, C. K. Li and coworkers recently developed a model of
energetic electron stopping which couples together both scattering and energy loss as the
electrons slow in the background plasma [5-7]. (Details of the calculations, referred to
henceforth as Coupled Energy Loss and Scattering Analysis, or CELSA, are contained in those




references.) In brief, whenever Ap < r,, Ljj>> A, and L, >>_ Mrg , with Ap the Debye length,

r, the gryo radius (due to, e.g. current flows), A the mean free path, and Lj and L, the
longitudinal and lateral plasma scale lengths [8], the interaction of the energetic electrons are
dominated by classical coulomb collisions, thus collisional transport processes prevail. For the
case of fast ignition, Fig. 2 illustrates the regimes in the interior of the compressed capsule (n
>10**/cc) where collisional transport dominates and, in contradistinction, near the surface of the
capsule where Weibel-like instabilities and large self-magnetic field effects dominate electron
transport. For the case of preheat, which affects the fuel assembly through the adiabat,
collisional transport of the CELSA model is solely important.

Laser
1
1
n/ne >10%: <« +»  nyn,<10?:
self fields, v scattering
instabilities, ....

Np/Ne~1072

FIG. 2. Schematic illustration of MeV electron transport and energy deposition in a pre-
compressed target. Two distinct regions for electron transport are illustrated: First, when ny/n. >
107, electron transport is highly filamented due to Weibel-like instabilities which dominate
energy loss and beam blooming; however, for ny/n, < 102, for which Ap is clearly smaller than
the energetic electron gyro radius associated with the beam current, Weibel-like instabilities are

stabilized and the electrons are then subject to the scattering, straggling, and blooming processes
described by the CELSA model.

B. Predictions of the model

With the previous considerations in mind, results are illustrated by applying the CELSA
model to FI and preheat scenarios. Figure 3 illustrates the stopping power for 1 MeV electrons
slowing in a 300 g/cc DT plasma. The non-scattering or “uniform” energy deposition model
used, for example, by Atzeni [9] lacks the enhanced region of energy deposition, a result of
straggling and blooming; furthermore, the mean penetration of the non-scattering model is about
30% farther, a natural consequence that the (non-physical) straight-line approximation for the
electron path suffers no deflections while slowing.
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FIG. 3. The stopping power plotted as a function of the electron penetration for 1-MeV electrons
in a DT plasma (p=300g/cm’ and T.=5 keV). The heavy solid line represents the mean energy
loss, while the two dashed lines schematically indicate the straggling range over which energy is
effectively spread. The thin line illustrates the continuous slowing-down approximation, or non-
scattering model, of energy desposition.

In order to more fully explore the consequences of the CELSA model for 1-MeV
electrons, Fig. 4 plots, utilizing the results of Fig. 3, the energy deposition into a uniform
300g/cc DT plasma for electron beam footprints with radii from 1 to 20 um.

Also plotted are the results of the non-scattering model similar to that used by Atzeni [9].
In each case, the model deposition profiles are usually quite different, the consequence of which
would be to modify, in a fashion yet to be determined (Section 6), the ignition conditions
discussed by Atzeni [9].

These considerations, especially the mean penetration (pX), are also potentially important
for the electron preheat problem [2] which, if excessive, could raise the fuel adiabat and preclude
proper fuel assembly. Table I tabulates the results of the CELSA model for conditions
applicable to preheat, ie. densities near or a few times above solid DT, plasma temperatures of ~
10 eV, and electrons with energies from ~ 10 to ~100 keV. The materials listed in Table 1 (CH,
Be, or DT) are either being used at OMEGA in current experiments, will be used in the near
future at OMEGA, or will be used for the NIF ignition experiments. Figure 5 shows the mean
penetration (p<x>) of the CELSA model as function of the electron energy, where the DT ice
thickness for the direct drive capsule, as noted, is approximately 350 um or ~ 9 mg/cm?®. While
100 keV electrons are seen to penetrate ~ 8 mg/cm”, electrons of substantially smaller energy
will, of course, wreak significant damage on the fuel adiabat if sufficient in numbers. To this
point, work that remains (Section 6) is to convolve conceivable or expected electron distributions
with these stopping power calculations, and to calculate the resultant adiabat. The effects on the
fuel assembly can then be quantitatively assessed.
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FIG. 4. Energy deposition profiles calculated using the CELSA model (solid line) and a
“uniform” energy deposition model, similar to that used by Atzeni [9]. The radii of the beam
footprint for the 1 MeV electrons varies from 1 to 20 um. In nearly every case, significant
differences exist between the two model energy deposition profiles, the consequence of which is
likely to affect details of the ignition criteria.
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FIG. 5. The penetration of electrons, with energies between 10 and 100 keV, into a DT plasma
of 0.25 g/cc and ~ 10 eV. Increasing the plasma density to 1 g/cc, as might occur after passage
of a strong shock, has a small effect on these results (Table I). For the NIF direct drive capsule,
the DT ice thickness corresponds to an areal density of 9 mg/cm?, as indicated by the arrow.

TABLE 1. Interactions of 10-keV and 100-keV electrons with DT, Be and
plastic CH plasmas, common ablator or fuel materials of ICF. The plasma T,
~10eV. (For CH, the scattering effects are calculated for carbon ions and all
plasma electrons). p<x> or <x> is the mean penetration, Xz (Xp) is the
associated straggling (blooming). For fixed energy, Xg/<X> increases with Z.

E, p R < p<xe SR s  Zr s
(X) (X

(keV)  (glom’) (um) (um) (glem’) (wm) (um)

10 DT 0.25 6.0 472 12x10* 109 1.60 0.23 0.33
1.0 1.67 135 14x10* 031 044 023 0.32

Be 1.85 084 057 1.1x10* 0.18 024 031 0.42

74 023 0.16 1.2x10* 0.05 0067 031 0.42

CH 1.0 1.16 072  7.2x10° 026 0.35 036 048
40 032 021 84x10° 0.076 0.10 0.36 0.48

100 DT 0.25 330 283  7.1x10° 428 754  0.15 0.27
1.0 860 750 7.5x10° 11.1 19.1 0.15 0.26

Be 185 430 31.0 57x10° 817 121 0.26 0.39
74 113 8.5 6.2x10° 220 327 0.26 0.38

CH 1.0 597 424 42x10° 13.6 172 032 0.41
40 156 11.0 4.4x10° 357 449 032 0.41

10




2. COMPARISON OF CELSA TO COLD MATTER CALCULATIONS

The CELSA plasma model has been compared to Monte Carlo simulations of electron
transport in cold matter in order to better understand the differences and similarities between the
two. Monte Carlo simulations were performed using the Integrated Tiger Series version 3.0 (ITS
3.0) developed at Sandia National Laboratories. The ITS electron-photon transport packages has
been well validated.

ITS simulations have been run to compare, in particular, the results of cold matter
penetration, straggling, and blooming to the corresponding predictions of the CELSA model.
Figure 6 pictorially depicts the transport endpoints of a 100 keV electron beam in plasmas and in
cold matter. We see that the electron range in solids is about 50% larger than that in plasmas.
Blooming and straggling are also scaled accordingly.

DT Plasma DT Ice
0.015
T=10eV . 0.015 max
p=0.25 g/cm
I :
100 keV 100 keV
) . +=0 ) 0
I
| NIF DD
-

FIG. 6. A near apples-to-apples comparison between CELSA and cold matter stopping for 100
keV electrons. The cold matter is DT ice at 0.25 g/cc. The DT plasma also has density of 0.25
g/cc, but a temperature of ~ 10 eV. For the plasma, the electron penetration is about 50%
smaller. The dashed vertical line (left figure) corresponds to the areal density of the NIF direct
drive DT ice.

The two primary differences between plasma and cold matter transport lie in the
stopping powers and in the collisional scattering. For the stopping power, the energy loss in
solids is primarily due to inelastic collisions with atomic electrons (and bremsstrahlung for
higher energy electrons), whereas for plasmas energy loss is due to binary collisions with
electrons and plasma oscillations (which contribute about 15%). The stopping power is shown
in Fig. 7. The plasma stopping power for DT is higher than the corresponding Berger-Seltzer
stopping power in cold matter by about 30%. In a near apples-to-apples comparison between DT
plasmas and DT ice, Fig. 8 shows that the penetration in solids is about 50% higher in solids than
in plasmas from about 10 keV up to a few MeV (narrowing beyond that). This difference can be
attributed to the higher stopping power of plasmas and to differences in the effects of scattering
in the two mediums.
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FIG. 7. A comparison of the
plasma stopping power for 10 eV,
DT plasma and that of DT ice;
both materials have a density of
0.25 g/cc. The plasma stopping
power [5] is about 30% larger
than that of the ice [10]. Plasma
oscillations can only account for
about half of this difference.
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FIG. 8. A near apples-to-
apples comparison between
CELSA and cold matter
stopping for 10 keV to 10
MeV electrons. The cold
matter is DT ice at 0.25
g/cc.  The DT plasma also
has density of 0.25 g/cc, but
a temperature of either ~ 10
eV or 5 keV. Up to about
1  MeV, the plasma
penetration for the fast
electrons is about 50%
smaller.

Figure 9 depicts the strong Z dependence of electron transport in cold matter for DT ice,

Be, and Cu. Not surprisingly, the larger the Z, the smaller the penetration, and the larger the
ratio of blooming (or straggling) to penetration.
calculations, the same qualitative trends were also observed (Table II).

Although details differed for the plasma

As gold cones are contemplated for use in fast ignitor experiments, Fig. 10 compares the

electron transport in DT and in gold. The scattering effects for Au are quite pronounced. Thus
even small quantities of Au inadvertently injected into the compressed capsule during fuel
assembly could have serious consequences for the transport of the FI electron beam.

12
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FIG. 9. Electron transport and scattering effects in cold material are a strong function of the
atomic number, as illustrated here for DT ice, for Be, and for Cu. As illustrated, the ratio of
blooming to penetration increases strongly as the Z increases. This property was also found for
the plasma calculations, as illustrated in Table II for the same materials. Differences exist,
however, in the details of the two sets of calculations.

TABLE II. Interactions of 1 MeV electrons with DT,
beryllium, aluminum and copper plasmas, assuming
plasma T.= 5 keV and n=7.2x10% in every cases. For
Cu plasma, bremsstrahlung loses are about 5%, and are
ignored. As in cold matter, Xp/<X> increases
significantly with Z.

Z p R < px> I 3 e Zs
Xy (x)
(g/em’) (um) (um) (g/cm’) (um) (um)
300 179 139 042 2.7 47 0.19 0.33
271 179 106 029 38 54 0.36 0.51

13249 179 63 0.16 42 5.1 0.67 0.81
9 265 179 3.7 0.10 3.7 42 1.0 1.14

o=

13




0 g/cm’ 0.75 0 g/cm’ 0.75

FIG. 10. Comparison of electron transport in DT ice and in Au. The blooming (or straggling) to
penetration ratio is dramatically larger for Au. As gold cones are used in FI cone-in-shell fuel
assembly experiments [11,12], it is important that small amounts of Au are not inadvertently
injected into the fuel during compression, not only because of excessive radiation loss, but
because of enhanced scattering that could adversely affect the deposition profile of the ensuing
FI electron beam.
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3. CONSIDERATION OF A COLD MATTER STOPPING EXPERIMENT
FOR TESTING THE CELSA MODEL

Both preheat and FI ignition scenarios involve important issues regarding energy
deposition of energetic electrons in a plasma, either near solid densities, in the case of preheat, or
at ~ 300g/cc, for the case of FI. A serious question which MIT addressed, with the assistance of
the Electron Transport Task Force (ETTF), is whether a definitive experiment could be done to
test the CELSA model of energy deposition in plasmas. First, fundamental plasma stopping
experiments are notoriously difficult to do, and that is even the case for ion stopping, which,
because of small scattering effects (see Fig. 1), is orders of magnitude easier to accomplish than
any experiment that contemplates the study of electron stopping. Given this situation, MIT
considered whether any realistic electron stopping experiment could be done in cold matter that
would shed light or insight on the veracity of the CELSA model. In this consideration, two
issues arose: First, would we be able to convincingly demonstrate that a proof of cold-matter
stopping, beyond that which already exists in the literature, would unambiguously prove the
veracity of the CELSA model? Despite the fact that there are many common elements of the two
approaches, such as each includes the crucial effects of scattering, there remain fundamental
differences, such as plasma screening effects. Our conclusion was that any such inferences
would, at best, be on inconclusive grounds.

A second important issue was that given that the literature and work on electron stopping
in cold matter is so extensive and exhaustive [4, 13], is there any experiment that MIT could do,
or lead for the ETTF or the FSC , that would extend our understanding, in a fundamental way, of
straggling and blooming processes in cold matter? To this second question, we remain skeptical
that, without a vast expenditure of resources, far beyond what is reasonably available within the
FSC budget, that such is doable. We came to this conclusion reluctantly, and after considerable
work and research into this topic.

15



4. EXPERIMENTS ON FUEL ASSEMBLY: pR AND pR ASYMMETRIES AND
FUSION BURN IMAGING

A. Experiment on pR asymmetries of mass assembly in cone-in-shell implosions

The reentrant cone-in-shell concept [14-16] is a novel approach to fast ignition (FI) [1],
separating fuel-assembly from fuel heating by combining a driver that compresses the fuel to
high density with an ultra-fast laser for heating. Charged-particle diagnostics are playing a
unique role in assessing the mass assembly by measuring pR and pR asymmetries, as
demonstrated by recent experiments at OMEGA [11]. Figure 11 shows, at time of peak proton
production, an image of an imploded 10-atm D’He-filled cone target made with a 6.7-keV x-ray
backlighter. The measured energy loss of 14.7-MeV D’He protons was used to infer the pR of
the compressed capsule [24] in different directions. The narrow peak seen at the high-energy end
of the spectra is attributed to the shock phase of the implosions, at which time the assembled pR
is low. At lower energies, there is a second broad peak attributed to the compression phase of the
implosion. Of the five views of this implosion, TIM3 shows the largest compression downshift
(~2 MeV), corresponding to pR = 60+10 mg/cm’ These measurements quantitatively
demonstrate the anisotropy in the mass assembly. We intend to collaborate on the GA- and LLE-
led experiments by measuring anisotropies in pR to address several important issues. These
include the effects of changing the cone angle; the effects of mix between the gold cone and the
fuel/shell material; the effects of gas pressure; and the effects of cone erosion (due to pressure
from the core plasma).

Bx10° D’He protons KO:HA\1 TIM3 FIG. 11. D’He proton spectra obtained
, TiMe - | ...NM“‘I[‘\ along 5 different lines of sight for a 10-
vield [MeV et atm D’He-filled cone-in-shell
- implosion indicate pR asymmetries,

10 MeV 15

with the largest compression pR in the
direction of TIM3 (60+10 mg/cm?).
The x-ray image is a result of a 6.7-keV
x-ray backlighter and plasma self
emission.

B. Proposed radiography of FI implosions for measuring pR and radial structure

14.7 MeV D-"He protons generated within implosions have been used extensively to
study pR and its angular variations [17-35], because a spectral measurement at each angle
implies a radially-integrated pR. Such measurements provide no information about radial
variations in p, but radial information could be obtained by radiographing an imploded (H-filled)
capsule with protons emitted from a “backlighter” source. Unlike x-rays, energetic protons are
largely insensitive to plasma temperature but are sensitive to areal density variations [36] and to
electric/magnetic fields [37,38]; proton radiography would therefore be a unique diagnostic for
probing both mass distributions in imploded capsules and (with less energetic probe particles)
fields outside capsules.

We envision three possible types of backlighter. The first is a capsule implosion, driven
with a small number of OMEGA beams (say 20), with remaining beams driving the diagnosed
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target implosion; this would produce a nearly monoenergetic source of 14.7-MeV protons that
would pass through the compressed target, allowing measurement of [pd¢ along different paths
and filling in the radial information that has so far been missing. The second is a foil illuminated
by a few of the OMEGA beams; this would produce lower-energy “ablator” ions (energies < 1.5
MeV) [18], which would be useful for probing fields outside the imploded capsule. The third is a
foil illuminated by a short (1-100 ps), high-intensity (<10*° W/cm*) OMEGA EP pulse, which
would produce protons with energies up to ~50 MeV for radiographing capsule structure and
density perturbations as well as electric/magnetic fields (around a capsule or inside a hohlraum).
The relative timing of the primary implosion and the backlighter implosion can be adjusted;
similar experiments with different timing would then give time-evolution information.

We recently conducted the first experiments to demonstrate radiography on OMEGA,
using 14.7-MeV protons from capsule implosions to probe E and B fields due to laser-plasma
interactions, as described in the next section. Figure 12 illustrates the principle of using higher
energy protons from interactions of the OMEGA EP laser with a foil. Such protons might be
used to radiograph implosions in FI experiments at OMEGA using, for example, the target
design shown in Fig. 13.

Laser-driven FIG. 12. Schematic diagram of an

bEP implosion L experiment for imaging the mass
eam i distribution in an imploding capsule
Le— s T - > . .

eez== =@l __ . using high energy protons generated

=== = - by the interaction of an OMEGA EP

\\\\\ g laser beam (1 to 100 ps duration, ~10-

. um spot size) and a foil.

foil Imaging
detector

FIG. 13. Capsule structure proposed for FI
experiments at OMEGA [39].
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C. Proton emission imaging of core asymmetry resulting from drive asymmetry

Measured burn images and burn profiles provide compelling insight into implosion
dynamics, including the combined effects of mix, hydro efficiency, and electron and radiation
transport. To that end, we developed the multi-camera Proton Core Imaging System (PCIS)
[40,41] on OMEGA (Fig. 14) for quantitative, 3-D spatial measurements of the fusion burn
region in direct-drive implosions of D’He-filled capsules. Images from three orthogonal
penumbral imaging cameras are processed with special algorithms [40] to produce either the
surface brightness of the burn region with arbitrary asymmetric structure [40,42,43] or the radial
profile of D*He reactions per unit volume when burn is spherically symmetric [40,44]. Figure 14
shows an example of how (intentionally) asymmetric laser drive results in an asymmetric burn
region. Similar results for different types and amplitudes of drive asymmetry show clear
correlations between drive conditions, the shimming of targets, and burn asymmetries.

pole view (TIM4) FIG. 14. 3-D imaging of D’He burn in an

OMEGA 0 asymmetric OMEGA implosion (Shot 31752)

Target  target ’ shows the effects of drive asymmetry. The
holdes et Ay ' 0 = contour plots show surface brightness of the burn
AL AL ' L region as seen simultaneously from three

R orthogonal directions by separate proton
side "y?iew‘(.TIMij emission cameras [40,41]. Prolate burn
o 2=y asymmetry resulted from (intentional) laser drive
asymmetry with lower than average illumination
in two opposing directions. The pole view is
along the axis of symmetry, both side views are
orthogonal to it. These kinds of burn images
constitute the “Admiral’s Test” in that they are

am | © / © exacting tests of 2- and 3-D integrated
l (f = AN simulations of the entire implosion process,
side view (TIM3) including drive, mix, fuel assembly, and burn.

Side view End view

. 400 pm

v

FIG. 15. The “side”(TIM3) and “end” view images of Fig. 14 shown as grey-scale images.
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5. EXPERIMENTS ON E- AND B-FIELD GENERATION
BY LASER-PLASMA INTERACTIONS

As part of the NLUF program at OMEGA, MIT took the first preliminary data in an
ongoing series of experiments using proton radiography to study Transient E and B fields
generated by the interaction of OMEGA laser beams with plastic foils. In each experiment a
plastic foil was illuminated by a single OMEGA laser beam, and projection radiographs were made
of the foil using a backlighter providing monoenergetic 14.7-MeV protons and 3-MeV DD
protons; the image recorder was a CR-39 area detector. The protons passed through a wire mesh
before impinging on the foil, and the distortion in the mesh pattern at the detector shows how the
proton trajectories were deflected through interaction with the fields generated by laser-plasma
interaction at the foil. Figures 16 and 17 show the experimental setup. The backlighter was formed
by imploding a D’He-filled, glass-shell capsule with 20 OMEGA laser beams in a 10-kJ, 1-ns
pulse. The capsule diameter used was unusually small, at about 440 um, in order to provide a
smaller-than-usual burn radius for optimal spatial resolution in the radiograph; the FWHM of the
proton source was measured with proton emission imaging to be about 50 pm. The mesh was
mounted on the foil assembly about 1 cm away, and the center-to-center spacing of the mesh wires
was either 150 um or 200 um. The diameter of the laser beam incident on the foil was 800 pum,
and the laser intensity was about 10"* W/cm?, and the pulse length was 1 ns. The CR-39 detector
was about 36 cm away. Since the burn duration of the D’He implosion was short (~ 150 ps)
relative to the duration of the foil illumination, and since the relative timing of the implosion and
the foil illumination was adjustable, it was possible to record images at different times relative to
the foil illumination.

Laser beam
20-ym CH 7
Laser Mesh / £ _
beams — -
E |~ - A - - >
Z = ﬁ:’:iﬂ:t X —>
&b ‘1\‘“‘5- I
1 — N
s = \\\\\ protons ~ =~ a
D He' =~ ~ -
filled S~
capsule 1cm 35cm ™
Y
Detector
(CR-39)
FIG. 16. Physical arrangement of the proton backlighter (imploded D’He-filled capsule), mesh,
CH foil, CR-39 imaging detector, and OMEGA laser beams, as used for radiography.
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FIG. 17. Photograph taken before an actual experiment, showinlg the backlighter capsule (left),
the CH foil (right), and the wire mesh (just to the left of the foil).

Sample images recorded at different times are shown in Fig. 18. These images are currently
being analyzed in collaboration with LLE and LLNL coworkers in order to provide information
about the time evolution of the field-induced distortion. Preliminary results are shown in Fig.19.
Qualitatively, at least, they agree with LASNEX simulations that indicate formation of a plasma
“bubble” with B field of ~ 0.5 MG at t = 0.5 ns [45]. MIT plans to extend these measurements.

0 ps 237 ps 303 ps 440 ps 646 ps 871 ps

FIG.18. Images recorded on the CR-39 detectors during different OMEGA shots. Each image is
labeled by the difference between the time at which the protons passed the foil and the time
when the foil was struck by a laser beam. The first three images were made using a mesh with
150-um (center-to-center) spacing, while the last three were made with a 200-pm mesh.

1.E+07 ¢ 0.6
: --- edge
--- center
. s FIG. 19. Preliminary time
% 1.E+06 + +04 = evolution of B-field strength near
3 2 ] the center and near the edge of the
0] = .
= o footprl.nt of the laser beam on the
;,T—_’ 5 CH foil, deduced from distortions
o TEYOS T T92 @ in the proton-beam images shown
- - inFig. 18.
1E+04 F——— vy v L
0 500 1000 1500
Time (ps)
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6. WORK PLAN FOR 2006, 2007, AND 2008
A. Extend theoretical and numerical efforts

— Complete calculations of energy deposition of MeV electron for fast ignition
isochoric experiments (assuming uniform density and temperature profiles).
Determine ignition criteria.

— Calculate energy deposition of MeV electron for fast ignition experiments on
OMEGA/OMEGA EP (using simulated density and temperature profiles from
J. Delettrez and R. Betti). Determine ignition criteria.

— Calculate energy deposition of MeV electron for fast ignition experiments on
the NIF (using simulated density and temperature profiles from R. Betti and
others). Determine ignition criteria.

— Using different energetic electron distributions for the FI electron beam,
determine the energy deposition profiles for the above cases. Establish the
sensitivity of ignition criteria on the electron distribution.

— For preheat, convolve conceivable or expected electron distributions with
stopping power calculations; calculate resultant adiabat. Assess effects on
fuel assembly.

— Submit papers on these efforts, report results at conferences

B. Experiments in fuel assembly: pR and pR asymmetries and fusion burn images

— Using charged-particle spectrometers, measure pR and pR asymmetries of the
assembled mass for high-pR experiments of Betti and Zhou and Stoeckl of
LLE, and for cone-in-shell experiments.

— Explore the use of proton radiography, utilizing implosions from D*He
capsules that generate 14.7 MeV protons, for assessing fuel assembly, pR,
and pR asymmetries.

— Extend fusion burn imaging to assess fuel assembly and burn. Especially
explore the utilization of shimmed targets that might compensate for cone-in-
shell asymmetries.

C. Experiments in E and B fields generation relevant to HEDP

— Develop and improve proton radiography technique for sensitive E and B
fields measurements

— Explore and continue our experiments on OMEGA to measure E and B fields
generated by laser-plasma interactions (flat CH foils).
Two full-day experiments have been planned (Feb. and Aug. 2006)
(Close collaboration with R. Town, A. MacKinnon, O. Landen of LLNL, and
C. Sangster of LLE)

— Extend this technique to E and B field measurements on OMEGA EP.

— Explore proton radiography to study electron transport on OMEGA EP.

— Submit scientific papers and report on these efforts
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Stopping of directed energetic electrons in high-temperature hydrogenic plasmas
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From fundamental principles, the interaction of directed energetic electrons with a high-temperature hydro-
genic plasma is analytically modeled. The randomizing effect of scattering off both plasma ions and electrons
is treated from a unified point of view. For electron energies less than 3 MeV, electron scattering is equally
important. The net effect of multiple scattering is to reduce the penetration from 0.54 to 0.41 fpfcm
1 MeV electrons in a 300 g/chplasma at 5 keV. These considerations are relevant to “fast ignition” and to
fuel preheat for inertial confinement fusion.

DOI: 10.1103/PhysRevE.70.067401 PACS nunmd)er52.40.Mj, 52.25.Tx, 52.50.Gj

A basic problem in plasma physics is the interaction andbest we can tell, the electron scattering component has been
energy loss of energetic charged patrticles in plasfhad]. ignored by workers since it was typically assumed, usually
This problem has traditionally focused on iofm®., protons, justifiably, that ion scattering dominates. However, this will
a particles, etg, either in the context of heating and/or ig- not be the case for problems discussed herein, for relativistic
nition in, for example, inertially confined fusiqhCF) [3—6];  astrophysical jet§25], or for many of the present high-
or in the use of these particles for diagnosing implosion dy-energy laser plasma experimef2§] for which Z is about 1
namics[7]. More recently, prompted in part by the conceptand for whichy=<10.
of fast ignition for ICF[8], workers have begun considering  To calculate the effects of multiple scattering a diffusion
energy deposition from relativistic fast electrons inequation is usef27],
deuterium-tritium (DT) plasmas[8—13. Tabak et al. [8]
used, for example, the energy deposition of Berger and Selt- il +v.Vf=n, f [f(x,v',5) = f(x,v,8)]o(|v - v/[)dv’,
zer [14] that is based on the continuous slowing down of Js
electrons in cold matter. This treatment, though quite similar (4)
to electron slowing in plasmas, does not include the effects
of Scattering. Deutscbt a|' [9] addressed th|s issue by con- Wheref iS the diStribution funCtion Of the Scattered e|ECtI’OI’lS,
sidering the effects of scattering off the background iond is the number density of plasma ions of charyex is the
[16,17; they ignored scattering due to background electronsPosition where scattering occurs, ame o +Zo is the to-

In another important context in ICF, workers addressedal scattering cross section whetg;=J(do/d2)®'d(} and
the issue of fuel preheat due to energetic electrongec=/(do/dQ)*%(). Equation(4) is solved in a cylindrical
(~50-300 keV [5,18,19, the consequence of which is to coordinates with the assumption that the scattering is azi-
elevate the fuel adiabat to levels that would prohibit ignition.muthally symmetric. The solution that satisfies the boundary
Herein we show that scattering effects could be significangonditions is[27,28
for quantitative evaluations of preheat. o S

The starting point for these calculations is the relativistic (g g) = iE (2¢ + 1)P€(cose)exp(—f K((S’)dS’),
elastic differential cross sections for electrons scattering off 4o 0
fully ionized ions of charge& [20-23, and off the neutraliz-

ing bath of electron$23,21,24, which are approximated as ®
o ) ) where P,(cos#) are the Legendre polynomials. Using or-
(d_‘7> ~ Z_<i> 1 (1) thogonality and projecting thé=1 term,
dQ 4\ yB?) sint(6/2)’ £ e
(cos&)zex%—J Kl(E)<_) dE), (6)
Z(d—g)ee~ (y+1)2 (&)2 1 - E ds
dQ (20024 \ yg?) sinf(612) where(cos 6), a function of the residual electron enerfy

and the initial energ¥,, is a measure of the mean deflection

whereB=v/c andy=(1-%)"Y2% r,=€?/myc? is the classical . . ;
electron radius. The relative importance of electron scatterresur[Ing from multiple scatterinf?9), and relateslE/dsto

ing is implied from the ratio dE/dx through
. dE _,dE
do\®® /[(do\®  4y+1)?1 —_ =(cos6)"——, ()
R=Z|— — | = . 3 dx ds
dQ dQ (2" (x4 7

where dE/ds is the stopping power along the path while
For a hydrogenic plasm&=1) and fory<10,R~1, indi-  dE/dx is the linear energy stopping power. In the above,
cating that the electron component is equally important. A$(E):f§d§:IEO(dE/ds)‘ldE, and
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interacting with a DT plasmé=300 g/cni, Te=5 keV). For the  fraction of the residual energy in a DT plasma fori and fore
background plasma the Coulomb logarithm\l which is relevant —i+escatteringl MeV electrons withp=300 g/cni, Te=5 keV).
to plasma transport process@sg., electrical and thermal conduc-

tivity), is about 7. . . .
Y) the limit for which quantum effects need to be inclugi€the

upper limit occurs for a head-on collision, for whieh,.y
=0.5.
The contribution from plasma oscillations, which reflects

the response of the plasma to impact parameters larger than
where k; is closely related to the diffusion cross secti@n ), [30], is
transport cross sectiprwhich characterizes the loss of di-
rected electron velocity through scatterifgj. Equationg(1) (dE/ds), = — 4mr2mec®niZB72In(1.1238/V 2k T/ mgc?),
and (2) are substituted into Eq8) and, after a standard
change of variables, the integrations are taken fljin or
ee

e 1o \p, Where),, is the Debye length, ani!, (bSS) is

the larger o' (b$9 or b$' (b9 [30]. bE' andbg®are approxi- dE  2mimenz| [ (y-Dp\2 1 y-1)2
mately the electron de Broglie wavelength, arif' D 2\,,2—w +1+-
/ 0

K1(E) = anifw (j—;)(l - cos#)sin 6 do, (8)
0

where relativistic effects are approximately included. Conse-
quently,

I 2
=Zrol yB? and b= 2(y+ Dro/[(217V2)2y52] are the im- ds B 8\ y

pact parameters for 90° scattering of electrons off ions or 2y-1 1.1238 |2
electrons off electrons. Thus,(E)=«{'(E) +Z«{4E)] B In2+1 \s’—ZkTe/mocz (11)
2 2
r . 4 +1 A . . . .
k1(E) :47mi<_02) 7210 A8 + %Zln Aee| Utilizing Eq. (1_1) in Eq. (6), Fig. 2_|Ilustrates thg circum-
B (2vrrHie) stance when the incident electr@&,=1 MeV) continuously

(9) changes direction as it loses energy. Wkess ) equals one
~ efolding, |§|=68° andE/Ey=~0.1, at which point the inci-
where the arguments of the Coulomb logarithm &®  dent electron has lost memory of its initial direction.
=Np/bmin and A®=\p/bi, [30]. As these Coulomb loga-  Utilizing this result in Eq.(7), Fig. 3 illustrates the en-
_ritths ire used in this and later calculations, they are showRancement oflE/dx for scattering off ions and for scattering
in Fig. 1.
The stopping power contained in E@) consists of con-

tributions from binary interactions with plasma electrons and
from plasma oscillations. The binary contribution8l]

-
o

scattering
by ions &
electrons

(dE/d9)y = ~ NZ(y— 1)mec? f ™ e(dolde)de,

€min scattering

by ions

dE/d(pr) (MeV g”' cm?)
(3, ]

where the differential energy loss cross section is from

Mgller [23], - slowing-down
2 2 0 B s
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FIG. 3. Stopping power for linear energy transfer and continu-
ande is the energy transfer in units 6f—1)myc® The lower  ous slowing down are plotted as a function of the electron energy
integration limit reflects the minimum energy transfer, whichfor incident 1 MeV electrons in a DT plasm@=300 g/crd, T,
occurs when an incident electron interacts with a plasma5 keV). Enhancement oflE/dx (solid lineg over dE/ds (dashed
electron at\p, i.e., emin=2yo*/[Ap(y-1)]? (unlessy—1, line) is a consequence of the effects of multiple scattering.
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=300 g/cm, T.=5 keV). The penetration is shown for scattering pr (g/em?)

off ions, and for scattering off ions plus electroris) shows the

ratio of range to penetration for 0.1—-10 MeV electrons. As the ini- £, 5. The stopping power for 1 MeV electrons, plotted as a

tial electron energy decreases, the effects of multiple scattering bgynction of the electron penetration, for a DT plasma wijth

come more pronounced, and the penetration is further diminished 300 g/cn? and T,=5 keV. The three curves correspond to three

with respect to the range. different models. As a result of the scattering effects, the energy
transfer increases notably near the end of the penetrétmn an

. . . . effective Bragg peak For these 1 MeV electrons, the effects of

off ions plus electrons. This enhancement is further '"“S'scattering reduce the penetration from 0.54 to 0.41 G/(f.

trated in Fig. 4 where the corresponding set of curves for the

range(R) and the penetratio{X,)) are shown for electrons

; -n1_ — (R ~ [~KT, -1
with E,=0.1-10 MeV.R=Jqds on (dE/ds)dE, and critically assessing ignition requiremerjt34]. It is also in-

teresting, and a consequence of selecting 1 MeV electrons
E; dE\ 1 (Figs. 4 and % that the effects of scattering reduce the pen-
Xp) = <cos€><—> dE, (12)  etration from 0.54 to 0.41 g/cithis latter value is close
Eo ds to the range of 3.5 MeWr particles, 0.3 g/c/ which is
required for hot-spot ignition in a 10 keV plasiz-6].

Finally, in order to explore the importance of electron-on-
lectron multiple scattering in a hydrogenic setting, and as
efinitive stopping power experiments in plasmas are ex-
tremely difficult, we propose that experiments be undertaken
8n which a monoenergetic electron beam, with energy be-
tween 0.1 and 1.0 MeV, scatters off thin layers of eithgr D
; ; or H, ice, where the thickness of the ice layer is between
a_md plen_sny dependence are weak_, .., a fac_tor of 100 redug:loo and 100Qum, the appropriate thickness depending on
tion in either temperature or density results in orl0% the exact electron energy. Although there are differences in

reduction in the penetration. Second, as the initial electroqhe scattering calculations for cold, condensed hydrogenic
energy deqreases, the effects of SC"?““?””Q become MOre Pi¥atter and a hydrogenic plasma, there is reason to believe
nouncedFig. 4(c)], an effect, very similar in nature, that is ’

; . . . hat therelative importance of the electron-to-electron and
also seen in the scattering of energetic electrons in metal

. . ; e electron-to-ion multiple scattering terms will be approxi-
[33]. And third, for a given electron energy, scattering effects b g PP

. mately the same for both states of matter.
;hghtly decrease as the target_plasma temperature decreasesm summary, the energy loss and penetration of energetic
i.e., the path of the electron slightly straightens as the targ !

&lectrons into a hydrogenic plasma has been analytically cal-
g%hlated, and the effect of scattering off ions and electrons is
i X treated from a unified point of view. In general scatterin
=300 g/cnd), the ratio R/(X,) is reduced by~5% for  gnnances the electron I?near—energy trangfer along the init?al
1 MeV electrons. . . electron direction, and reduces the electron penetration. En-
With the calculation of the penetration as a function ofgrgy deposition increases near the end of its range. These
energy loss, the linear energy deposition can be evaluatgg@syits should have relevance to “fast ignition” and to fuel
(Fig. 5). In addition to the differences in total penetration preheat in inertial confinement fusion, specifically to energy

with and without scattering contributions, it is seen that thegeposition calculations that critically assess quantitative ig-
linear energy transfer increases near the end of its penetraition requirements.

tion (i.e., an effective Bragg peakan effect which is seen

more weakly with just ion scattering. Such differences may This work was supported in part by the U.S. Department
need to be considered in quantitatively modeling the energpf Energy Contract No. DE-FG03-99SF21782, LLE Subcon-
deposition of relativistic electrons for fast ignition, and for tract No. PO410025G, and LLNL Subcontract No. B313975.

where E; is the initial energy;E; corresponds to one
e-folding of (cosé) (see Fig. 2 Ris the total path length the
electron traverses as it scatters about and eventually thermaﬁ
izes;(X,,) is the average penetration along thiial electron
trajectory. Contributions from electron and ion scattering ar
shown in Fig. 4.

Three other points are worth noting: First, the temperatur

plasma temperature changes from 5.0 to 0.5 k€y
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Stopping, Straggling, and Blooming of Directed Energetic Electrons
in Hydrogenic and Arbitrary-Z Plasmas

C. K. Liand R. D. Petrasso*
Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, MA 02139

From fundamental principles, the interaction of directed energetic electrons with
hydrogenic and arbitrary-Z plasmas is analytically modeled. For the first time the effects of
stopping, straggling, and beam blooming, a consequence of scattering and energy loss, are
rigorously treated from a unified approach. Enhanced energy deposition occurs in the latter
portion of the penetration and is inextricably linked to straggling and blooming. These effects,
which have a strong Z dependence, will be important for evaluating the requirements of fast
ignition and tolerable levels of electron preheat.

PACs No. 52.55.Pi, 52.40.Mj, 52.50.Gj, 52.25.Tx

A basic problem in plasma physics is the interaction and energy loss of energetic
charged particles in plasmas [1-3], including the effects of penetration, longitudinal
straggling, and lateral blooming. This problem has traditionally focused on ions (i.e. protons,
a’s, etc.), either in the context of heating and/or ignition in, for example, inertially confined
plasmas (ICF) [3-7]; or the use of these particles for diagnosing implosion dynamics [8].
More recently, prompted in part by the concept of fast ignition (FI) for ICF [9], workers have
begun considering energy deposition from relativistic electrons in deuterium-tritium (DT)
plasmas [9-14]. In this context, we recently calculated the mean penetration and stopping
power for energetic electrons interacting with a uniform hydrogenic plasma of arbitrary
density and temperature. Therein the randomizing effect of electron scattering, which has a
cumulative effect of bending the path of the electrons away from their initial direction, was
linked to energy loss [14]. In this Letter we present calculations which show, for the first
time, the effects of longitudinal straggling and transverse blooming, and their inextricable
relationship with enhanced electron energy deposition. We demonstrate that, while the initial
penetration results in approximate uniform energy deposition, the latter penetration has
mutual couplings of energy loss, straggling, and blooming that lead to an extended region of
enhanced, non-uniform energy deposition. This present work is important for quantitatively
evaluating the energy deposition in several current problems. In the case of FI, for example,
there have been no evaluations which have treated either straggling or blooming upon the
energy deposition, without which there can be no confident assessment of ignition
requirements. The calculations herein therefore form the foundation for a baseline, at the
very least, or an accurate assessment, at the very most, by which to evaluate these effects
upon FI. In addition to FI, these calculations are sufficiently general to be of relevance to
other current problems, such as fast electron preheat [15] in ICF, or to energy deposition and
penetration of relativistic electrons in astrophysical jets [16].



To delineate these processes, we calculate the different moments by analytically
solving an integro-differential diffusion equation [17], thereby determining the angular and
spatial distributions of the scattered electrons.

%+ V.Vf = nij.[f(x,v',s)— f(x,v,s)]g(]v— v'|)dv' , (1)
where f(X, v, s) is the distribution function; #; is the number density of fully ionized plasma
ions of charge Z; x is the position where scattering occurs; c=c.+Zc.. is the total scattering
cross section with o,; the Rutherford e-ion cross section [18], and o, the Mgller e-e cross
section [19]. We solve this equation in cylindrical coordinates with the assumption that the
scattering is azimuthally symmetric. After expanding the distribution in spherical harmonics
and substituting into Eqg. (1), two differential equations for the longitudinal and lateral
distributions are obtained. For the longitudinal distribution:

aF" (S) " (s)—n
K/,( )F'/m( ) {\/7 = lm \/m /+lm }

And for lateral distribution:
F” (s) Fns) | ()F7 (5) - { \/ (Cem)(Cem=D) pus (0 \/(z et D) s o

0. (2

407 -1 4(0+1)° -1 b

\/(6 n:_)g(f _In 1) / 1, m+l( ) \/(K ’Z(; 2)1()€2 _,;.1 +1) é+l m+1 (S):I (3)

where the moments are defined as F”

Im

(s) = f X fim (X, 8)dX , and j =1,2,3 represents X, y, z,
respectively.

K (s)=n (j—gj[l- P.(cos 9)]dQ, 4)

where (do/dQ) is the differential cross section of either e-ion or e-e scattering [18,19,14],
P, (cos@) are the Legendre polynomials, and x, (s) are directly related to the basic transport
cross sections [2]. Equations (2) and (3) are coupled to adjacent orders in », and are solved

with  the boundary condition F, (s)= (2£+1)/47z5m05n0exp(—josxz(s')ds') ,

where F,, (0) =0 for n=0. Solving for «; and «,

2
4y +1)
=4 Z2InAY + ZInA“ | : 5
ﬂn[w]l i ©)

2
i 1Y) Ay +1) 1
=12m,| —2 | | Z*| InA" - = ZlInAc—=11. 6
" ml(yﬂZM (n 2)+(2W1>/2)7 T2 ©

K, 1s related to the slowing-down cross section [2], which characterizes the loss of directed
velocity in the scattering; and «, is related to the deflection cross section which represents

and



the mean-square increment in the transverse electron velocity during the scattering process

[2]. B=v/c and y= (1-B)"?; ry= e’/myc’ is the classical electron radius. The arguments of
the Coulomb logarithm are: A“ = A, /b, and A =4, /b, , where Ay is the Debye
length, and by, ( by, ) is the larger of b (b:°) and bY (b5°) [14]. b and b;' are

approximately  the electron deBroglie  wavelength, and bj":ZrO/y/,b’2 and

b = 2(y +Dry I[(2" ()] 2y2 7B%] are the impact parameters for 90° scattering of electrons
off ions or electrons off electrons [14]. The angular distribution function is obtained

£(6.E) == (20 +1)P, (cosB) exp| - TK (£ 9 ' @)
’ Ar =3 ! i ! ds ’
from which (P, (cos#)) is calculated
E (dE' -1
(P, (c0s0)) = exp{— [xi(E )(—j dE} ; ®)
i ds

where dE/ds is plasma stopping power taken from Ref. [14],
2 2 2
dE  2mimcnZ|, [ (y=DA 1 ( 7 —1] (27 —1] 1.12383
= ! In D +1+= — |n2+|n T y (9)
ds s 2 2yr, 8\ ¥ 4 \2kT. [ myc®

which consists of contributions from binary interactions with plasma electrons and from
plasma oscillations. From these results, we solve Egs. (2) and (3), and evaluate basic
moments required for the calculation of the longitudinal and lateral distributions:

£ dE"
<x>=}5{<a(cose)>(g] dE', (10)

which was evaluated in previous work for the case of 1-MeV electron stopping ina DT 300 g
/cm?® plasma at 5 keV. This results in a penetration (<x>) of 13.9 um [14]. However, for
astrophysical jets, for which ne ~ 10/cm®, the penetration is ~ 10* light years.

N\ 1 ' w1
2, _ 2 T dE 1+ 2(P,(cos8)) ( dE ol
(x*) =3 bj <Pl(cos€)>£ ds} [ é[ (7 (o058 ( " J dE JdE , (11)
Because of azimuthally symmetry, (y) =(z) =0, and

2o 27 dE Y [ E1—(py(cosO) (aE" " ] .
(y)=(z >—31£<Pl(cos0)>( ds] bj (P (cos0)) | ds dE |dE . (12)

In evaluating Egs. (10), (11) and (12), one needs to evaluate (P, (cosd)) and (P, (coséd)), the

first and second order mean Legendre polynomials. Substituting Egs. (5) or (6), respectively,
into Eq. (8), and using the stopping power [Eq. (9)], both quantities are readily calculated.

Range straggling is defined by

Sq () = (x?) — ()2 . (13)




Beam blooming is defined by

Zg(E) =\ (%) . (14)

Both Xr and Xg are evaluated numerically using Egs. (10), (11), and (12). Although the focus
of this Letter is on hydrogenic plasmas (Z=1), the strong Z-dependence of scattering is
directly reflected in the penetration, straggling and blooming (Table 1). In particular, with

~ -1
increasing Z the penetration <x>, but not the total path length (R = J.EC(dE/ds) dE), rapidly

drops and blooming effects (Zg/<x>) notably increase. (The constancy in R is a result of the
fixed n, used for the calculations of Table 1.) Figure 1 illustrates further details of Zr and Xg
as 1-MeV electrons slow in a DT plasma, which demonstrates the importance of these effects
as the electron energy degrades. As a consequence, an extended region of energy deposition
occurs longitudinally (= ~3 um) and laterally (+ ~5 um) about the mean penetration, 13.9 um
for this case.

Z p R <x> p<x> 2r 2B r Zg
(x) (%)

(g/em?) (um) (um) (g/cm?) (um) (um)

1 300 179 139 042 27 47 0.19 0.33
4 271 179 106 0.29 38 54 036 051
13 249 179 63 0.16 42 51 0.67 081
29 265 179 3.7 010 3.7 42 10 114

TABLE 1. Interactions of 1 MeV electrons with DT, beryllium, aluminum and copper
plasmas, assuming plasma Te= 5 keV and n,=7.2x10% in every cases. For Cu plasma,
bremsstrahlung loses are about 5%, and are ignored.

STDV (um)

FIG. 1. Xr and Xg are plotted as a function of square root of the penetration for a 1-MeV
electron beam in a DT plasma of 300g/cm?® at 5 keV. When the electrons have lost more than

~40% of their initial energy, both X and Zg are approximately proportional to/p(x) .




From a different point of view, Figure 2 shows the effective enhancement of the
stopping power in the extended region in which straggling and blooming are important. The
combined effects of g and Zg will result in an asymmetric energy deposition region about
the mean penetration. In contrast to earlier work [10] these calculations inextricably link
energy loss, straggling, and blooming. Thus the assumption of uniform energy deposition
over the entire path length of the electron’s trajectory [11] has only approximate justification.

<X > (um)
0 5 10 15 20

[Eny
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o
o
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o©
[

dE/d(pR) (MeV g™ cm?)

0 0.2 0.4 0.6

p<x> (g/lcm?)

FIG. 2. The stopping power is plotted as a function of the electron penetration for 1-MeV
electrons in a DT plasma (p=300g/cm® and T.=5 keV). The heavy solid line represents the
mean energy loss, while the two dashed lines indicate the straggling range over which energy
is effectively spread. (In this plot, important contributions from blooming are not included;
see text) The thin line illustrates the continuous slowing-down approximation [14], and is
directly related to R, the total path length.

The insensitivity of scattering effects (Zr/<x> and Zg/<x>) and p<x> upon p is
illustrated in Table 2. This shows that density gradients, such as would occur towards the
core region of an actual FI experiment, will not impact the general scope of these calculations.
The slight increase in p<x> with p simply reflects the slight decrease in Coulomb logarithm
of the stopping power [Eq. (9)] as p increases. Furthermore, these results are quite insensitive
over a wide range in temperature [14].

p <x> p<x> >R 2B SR ZB
(x) (%)

(g/cm®) (um) (g/cm®) (um) (um)

100 39.7 040 8.0 134 0.20 0.34
300 139 042 27 47 0.19 0.33
1000 45 045 09 15 0.20 033

TABLE 2. Interactions of 1 MeV electrons with DT plasmas of various densities.




E; AE <x> p<x> 3Xg g Z=r 28
(x) (%)

(MeV) (%) (um) (glem?) (um) (um)
0.1 25 045 0.013 0.12 0.17 0.27 0.38
1.0 40 139 042 2.7 4.7 0.19 0.33

50 50 941 282 108 20.8 0.12 0.22
10 65 201 6.04 15.7 33.2 0.08 0.17

TABLE 3. Interactions of 0.1-10 MeV electrons with DT plasma of 300g/cm®. AE is the
percentage of energy loss when Xg and Xg are starting to become significant, as illustrated in
Fig. 1.

E, p R <x> p<x> g ¥ Zr Zs
(x) (%)

(keV)  (g/em®) (um) (um) (g/em?) (um) (um)

10 DT 025 6.0 472 1.2x10* 1.09 1.60 0.23 0.33
1.0 167 1.35 1.4x10* 031 0.44 023 0.32

Be 1.85 0.84 057 1.1x10“ 0.18 0.24 0.31 0.42

74 023 0.16 1.2x10* 0.05 0.067 0.31 0.42

CH 1.0 1.16 072 7.2x10° 0.26 0.35 0.36 0.48

40 032 021 8.4x10° 0.076 0.10 0.36 0.48

100 DT 025 330 283 7.1x10° 428 754 0.15 0.27
1.0 86.0 750 7.5x10° 11.1 19.1 0.15 0.26

Be 1.85 43.0 31.0 57x10° 817 12.1 0.26 0.39

74 113 85 6.2x10° 220 3.27 0.26 0.38

CH 1.0 59.7 424 42x10° 136 17.2 0.32 0.41

40 156 11.0 4.4x10° 357 4.49 0.32 0.41

TABLE 4. Interactions of 10-keV and 100-keV electrons with DT, Be and plastic CH
plasmas, common ablator or fuel materials of ICF. The plasma T ~10eV. (For CH, the
scattering effects are calculated for carbon ions and all plasma electrons).

Table 3 illustrates the enhancement of scattering effects (Xr/<x> and Zg/<x>) as the
electron energy decreases from 10 to 0.1 MeV. These effects are also important for the
electron preheat problem [14], as shown in Tables 4, but for regimes of lower energy (10 to
100 keV) and much lower density. Similar to Table 1, Zg/<x> and XZg/<x> are seen to
increase with the Z of the plasma, where the selected materials are common to those used, or
contemplated for use at either OMEGA or the National Ignition Facility (NIF), for ablators
and/or the fuel [4]. Focusing on the NIF, and direct drive scenarios, the DT ice thickness for
the capsule is approximately 300 um, which is very comparable to the penetration of 100



keV electrons. For present NIF indirect drive scenarios, the Be ablator of the capsule is ~
150 um thick, which is ~ 5 times larger than the penetration of 100 keV electrons. Finally the
density jump assumed in the Tables (~4) could, for example, reflect the effects of the passage
of a strong shock. As illustrated in Table 2 for very different conditions, p<x> is again
insensitive to the change in p, but <x> is notably affected.

e beam

High-intensity,
shot pulse

v
Critical
surface

Np/No~10"

nb/ne~1o'2 Ne
Np/Ne~1 2

«— y—>

FIG. 3. Schematic illustration of beam blooming in a pre-compressed FI capsule. Two
distinct regions for electron transport are illustrated: First, when ny/ne > 107, the electron
transport is highly filamented due to Weibel-like instabilities which dominate energy loss and
beam blooming; however, for ny/ne < 1074, for which Ay is clearly smaller than the energetic
electron gyro radius associated with the beam current, the Weibel-like instabilities are
stabilized and the electrons are then subject to the scattering, straggling, and blooming
processes described herein.  The dashed lines schematically indicate electron beam
trajectories without the effects of blooming and straggling (see text).

Figure 3 shows a schematic representation of FI capsule. The relativistic electrons are
generated by an intense laser interacting at the critical surface. As the electrons are initially
transported, they are subject to Weibel-like instabilities [20,21] which can cause both
spreading and energy loss in this region. However, for electrons that transport farther into
the increased density portions of the capsule (np/ne < 102), Weibel-like instabilities are
stabilized and the electrons then become subject to the scattering processes described herein.
This stabilization can be understood since the gyro radius associated with the self-generated
fields of the beam current is much larger than Ap . This indicates the dominance of the binary
interactions, and the motivation for exploring these processes in this paper. Thus in this
regime, the interaction can be envisioned as the linear superposition of individual, isolated
electrons interacting with plasma. Hence these scattering processes, which involve energy
loss, straggling and beam blooming become the ultimate mechanism that determines the
details of energy deposition, whether in the dense core or outside, and therefore ultimately
determine the effectiveness of capsule ignition. From a different point of view, the extent of




beam blooming and straggling is critical for FI target design since the finite size of the highly
compressed core requires accurate understanding and control of beam divergence which, if
too severe, will preclude ignition.

In summary, from fundamental principles the interaction of directed energetic
electrons with hydrogenic and arbitrary-Z plasmas is analytically modeled. For the first time,
the effects of stopping, straggling, and beam blooming, a consequence of multiple scattering
and energy loss, are rigorously treated from a unified approach. The sensitivity of these
scattering effects, or the lack thereof, has been illustrated for several cases of different Z,
densities, and initial electron energies, all of which span the range of relevance to many
present and planned experiments. For Fast Ignition or electron preheat, enhanced energy
deposition is found to be inextricably linked to beam blooming and straggling. These effects
will therefore be important for evaluating the requirements of fast ignition and tolerable
levels of electron preheat.

This work was supported in part by U.S. Department of Energy Contract #DE-FGO03-
99SF21782, LLE subcontract #P0410025G, LLNL subcontract #B313975, and the Fusion
Science Center for Extreme States of Matter and Fast Ignition Physics at University of
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ABSTRACT

Energy deposition of MeV electrons in dense plasmas, critical for fast ignition in
inertial confinement fusion (ICF), is modeled analytically. It is shown that classical
stopping and scattering dominate electron transport and energy deposition when the
electrons reach the dense plasmas in the cores of compressed targets, while “anomalous”
stopping associated with self-generated fields and micro instabilities (suggested by
previous simulations) might initially play an important role in the lower-density plasmas
outside the dense core. For MeV electrons in pre-compressed deuterium-tritium (DT)
fast-ignition targets, while the initial penetration results in approximately uniform energy
deposition, the latter stages involve mutual couplings of energy loss, straggling, and
blooming that lead to enhanced, non-uniform energy deposition. This model can be used
for quantitatively assessing ignition requirements for fast ignition.

L. INTRODUCTION

Fast ignition,' an alternative approach to inertial confinement fusion (ICF), has
recently attracted significant attention. In this scheme, different from the conventional
approach to central hot-spot ignition, a pre-compressed deuterium-tritium (DT) target
will be ignited by an external “spark™. Since it separates capsule compression from hot
spot formation, fast ignition may potentially relax the conditions on target compression
and reduce the total energy requirements for ICF ignition, leading to higher target gain.'”

Successful realization of fast ignition requires understanding and controlling of
the transport and energy deposition of MeV electrons in the target. Energetic electrons
are generated by an ultrahigh-intensity (~ 10*° W/cm?), short-pulse (~10 ps) laser
interacting at the critical surface of a pre-compressed target. During a time period of ~10
ps, a total energy ~ 10 kJ needs to be delivered to the compressed core; fast ignition then
occurs in response to electron energy deposition, with DT alphas bootstrapping a fusion
burn wave that propagates to the surrounding dense fuel. '



As illustrated schematically in Fig. 1, the generated electron beam is typically
characterized by a radius ~10 um and current >3x10® A. As it propagates over a distance
~ 100 pum to the core, such an electron beam experiences a tremendous dynamic range of
plasma conditions, from the initial critical surface (7. ~ 10°'/cm’) to the highly
compressed core (17,~10?°/cm’). Return currents and associated self fields are generated.
' Numerical simulations *° suggest that the electron transport is highly filamented due
to self fields and microscopic instabilities,’ which occur at early times when beam
density, n;,, is comparable to or larger than the critical density n.. In these simulations
plasma heating is dominated by ‘“anomalous” stopping which may be largely
characterized by collective beam stopping, possibly due to coalescence of current
filaments and related ion dynamics. Return-current Ohmic heating also plays an
important role due to the relatively low plasma temperature.’ Subsequently, however, as
these electrons enter the dense plasma region where ny/n, << 1 and plasma T. ~ keV,
classical Coulomb collisions will dominate electron transport and energy deposition (as
will be discussed in the next section).

1-MeV electro
t,~10ps

rb~1 0 pm

FIG. 1. The fast ignition scheme is schematically illustrated in this diagram: ~MeV
electrons generated by high intensity, shot-pulse laser at the critical surface need to
transport to the pre-compressed target core. These electrons interact with, and deposit
energy to, the background plasma whose density evolves from 10*' to 10*° /cm’.
Typically, the electron beam has a pulse length ~10 ps and beam radius ~10 pm.

This paper is organized as follows. Section II discusses interaction regimes for
MeV electrons in dense plasmas. An analytic model, which links electron energy loss
with range straggling and beam blooming, is presented in Section III. Section IV
discusses some fundamental dependences and consequences of these calculations, while
Section V summarizes our major results.

. ELECTRON TRANSPORT AND ENERGY DEPOSITION IN THE DENSE
CORE

While numerical simulations have suggested that microscopic instabilities and
anomalous stopping might initially play an important role in the outer region of low-
density plasma, we argue that the interaction of the electrons with dense plasma in the




core is dominated by classical Coulomb collisions and that the effects of scattering will
ultimately determine the electron transport and energy deposition. To illustrate this, we
consider a 1-MeV electron beam (beam radius 7,=10 um) in a compressed DT target
(p=300 g/crn3 and T.=5 keV). The maximum field Bn.x= wolp/(21rp) occurs at the beam
surface, where
I, = nbewzrbz = £ (k)

EMeV)ty(ps)
is the beam current calculated in terms of electron energy E, beam energy &, and the
beam pulse duration

x10° (Amp) (1)
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FIG. 2. The beam current /, and associated Bn.x are plotted as a function of the beam
energy &, for E=1 MeV and #, =10 ps, a typical case relevant to fast ignition.

Relevant to fast ignition (E=1 MeV and 7, =10 ps), Fig. 2 plots the [, and
associated Bmax as a function of the beam energy. For example, for ignition energy &=15
kJ, Iy~ 10° A and By ~ 10" Gauss are expected. The maximum electron gyro radius
(rg) associated to Bmax is r, (cm):vmec/eB=2.38x103,/E(MeV)/B(Gauss) . Figure 3

shows 7, as a function of beam energy for different beam radii; it is consistently larger
than plasma Debye length Ap. This suggests that an electron does not feel the magnetic
field locally but is subjected to Coulomb collisions. In addition, while ..z >>1 in this

region, one has Lj| >> Land L, >>/Ar_ (. is the electron gyro frequency; A=vt is the

mean free path and 7t is the collision time; Zj| is the longitudinal plasma scale length and
L, lateral scale length). This is the typical collisional transport regime. '*'* Furthermore,
as is illustrated in Fig. 4, the resistivity of a compressed core is shown to be very small'?
due to the relative high plasma temperature '° resulting from shock heating and capsule
compression. For a typical case of fast ignition, the density of return current j~10"* A/cm?
(which is approximately equal to the forward current density) and electron penetration
<x> ~10 pm (p=300g/cm; and Te = 5 keV), the resistivity (n~10" Qcm) would lead the
heating intensity <x>nj* ~10"® W/cm?, which is much smaller than the intensity for an




ignition® (Ij; =2.4x10" x(300g cm™/100g cm>)"* ~ 7.6x10"” W/cm®. This clearly
suggests that Joule heating is not a major mechanism for heating the core plasmas
although this does not necessarily mean that it is completely negligible. Consequently,
the interaction of the electron with dense plasma is well characterized by classical
Coulomb collisions and the effects of the scattering will dominate the electron transport
and energy deposition.
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FIG. 3. The maximum electron gyroradius 7, as a function of beam energy for the cases
where beam radius 7,=10, 20, 30, 40 um, and the plasma Debye length Ap in the
compressed target (a DT plasma with p=300 g/cm’ and T.=5 keV). It is seen that for the
cases we are considering 7,’s are all consistently larger than the Ap. Only for very large
energy deposition and very small deposition regions does 7, approach Ap.
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FIG. 4. The resistivity of a compressed core is shown to be several orders of magnitude
smaller than that of a plasma generated by a short pulse laser on a solid target such as Al
(for which case the resistivity plays an important role in plasma heating)."




Thus a criterion for distinguishing the interaction regimes and for illustrating their
relative importance is approximately established based on above physics arguments as

2 3
;= ny _ Aty 2m E )

2
e r,=4, Ho rOTe‘c"b
where 7y is the classic electron radius. Figure 5 shows this ratio as a function of the beam

energy for the case of 1 MeV electrons with #=10 ps in a DT plasma at 5 keV: when
ny /n, > ¢ the effects of self fields and associated instabilities are important, while when

n, /n, < ¢ the effects of classical Coulomb scattering are dominant.
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FIG. 5. The ratio defined by Eq. (2) is plotted as a function of the beam energy for the
case of 1-MeV electrons with #=10 ps in plasma at 5 keV: when n; /n, > { the effects

of self fields and associated instabilities are important while when n, /n_ < ¢ the effects of

classical Coulomb scattering are dominant. It is the later that the ignition occurs and the
ignition conditions are determined.

We summarize and restate the above discussions from a different point of view in
Fig. 6: when energetic electrons travel farther into the rapidly increased density portions
of the capsule (ny/ne < 10'2), Weibel-like instabilities’ are stabilized and the electrons are
subject primarily to scattering processes. This stabilization can be understood since the
gyro radius associated with the self-generated fields of the beam current is much larger
than Ap . Thus in this regime, the interaction can be envisioned as the linear superposition
of individual, isolated electrons interacting with plasma. Hence these scattering
processes, which involve energy loss, straggling and beam blooming, become the
dominant mechanism that determines the details of energy deposition, whether in the
dense core or outside, and therefore ultimately determine the effectiveness of capsule
ignition.
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FIG. 6. Schematic illustration of MeV electron transport and energy deposition in a pre-
compressed target. Two distinct regions for electron transport are illustrated: First, when
ny/ne> 1072, electron transport is highly filamented due to Weibel-like instabilities which
dominate energy loss and beam blooming; however, for ny/n. < 10'2, for which Ap is
clearly smaller than the energetic electron gyro radius associated with the beam current,
the Weibel-like instabilities’ are stabilized and the electrons are then subject to the
scattering, straggling, and blooming processes described herein.

lll. THE MODEL OF ELECTRON ENERGY DEPOSITION

In the context of fast ignition, an analytic model®’ has recently been developed to
address the energy deposition of energetic electrons in the dense core. Contrary to
previous work,'* this model rigorously treats the effects of the energy loss due to electron
scattering and delineates the inextricable relationship of straggling and blooming with
enhanced electron energy deposition. Specifically, the linear energy stopping power is
given

dE L dE
—=<cosf> — . 3)
dx ds

where dE/ds is plasma stopping power (continuous slowing down)

2 2 2 2 2
dE _ =21 myc’nZ h{(y mDJ +1+1(y—1j (ZYIJIHZHn{ 1.1238 J

ds B> 252y 8L v Y 2T, | myc?

(4)

taken from Ref. 8, and




E fl -1
< cosf >=exp| — J‘/q(E{di] dE' |. (5)

i ds

The effects of the scattering are manifested by the macroscopic transport cross sections of
various orders (¢) which are all a function of the energy loss,

x,(E)=n, j (j—gj[l — P, (cos 0)]dQy . (6)

In particular, when ¢=1,

2 2

ki (E) = 4m,| —_ | | 2% In A +4(L1)421n/\“ : (7)
7 (21/(7+1)/2)

which relates to the slowing down cross section and characterizes the loss of directed

velocity (momentum) in the scattering ''; and when £=2,

2 2
K, (E) = 12m, [7—02] zz(m AC —lj +Mz(m A% —lJ . ®)
18 2) [l f 2

which relates to the deflection cross section and represents mean-square increment in the

transverse electron velocity during the scattering process.'' From Eq. (3), dE/dx is

effectively enhanced over dE/ds due to the effects of the scattering (<cos&> < 1).
Furthermore, in our calculations, the longitudinal straggling is

ZR(E)=(x")—(x)?, 9
Z(E)=(") . (10)

(because of azimuthally symmetry, one has <y> = <z>= 0). Both Xx(E) and Zp(E) are
calculated by evaluating basic moments required for the calculation of the longitudinal
and lateral distributions:

and the beam blooming is

£ dE'Y " .
<x>—}£<e<cose)>(g] dE (11)
2k dE' ) [ E1+2(P, (cos0)) (dE" "
20 _ 2 dE- , (cos " "
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where
E N
(P((c056’)>=exp{— j Kk(Ey)(d—EJ dE}. (14)
i ds
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FIG. 7. The calculated range straggling Xr(E) and beam blooming ¥5(E) as a function of
electron residual energy for 1-MeV electrons in a DT plasma (p=300/cm’, T.=5 keV).

Distance (um)

0 5 10 15 20
&.\100005....:....
£ F ]
° 1000 ¢ Effective T
‘o ; Bragg peak "
% 100 ¢ ]
= -
E 10 -E
(= S 1
3 1+ Traditional
'-"é E Bragg peak

0.1 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 0.2 0.4 0.6
PR (g/cm?)

FIG. 8. The stopping power plotted as a function of the electron penetration for 1-MeV
electrons in a DT plasma (p=300g/cm’ and T.=5 keV). The heavy solid line represents
the mean energy loss, while the two dashed lines schematically indicate the straggling
range over which energy is effectively spread. The thin line illustrates the continuous
slowing-down approximation, > and is directly related to R, the total path length.

Figure 7 shows both Xr(E) and Xp(E) as a function of electron energy loss
[AE=(E¢-E)/E¢] for 1-MeV electrons in a DT plasma (p=300/cm’, T.=5 keV). As a
consequence of the effects of energy loss upon the scattering, it is shown that the energy
deposition, towards the end of the penetration, is transferred to an extended region about
the mean penetration of 13.9 um, specifically ~ £3 um longitudinally and ~ £5 um




laterally. Further illustrated in Fig. 8, the stopping power is now seen effectively
enhanced in the extended region in which straggling and blooming are important. Such
enhancement forms an effective “Bragg peak”. In contrast, the traditional electron
stopping Bragg peak'>'® occurs at energies ~ 50 eV or less for Z=1, which results solely
from the velocity match between the incident electron and plasma electrons and included
no scattering at all.'” The combined effects of blooming and straggling will result in an
asymmetric energy deposition region about the mean penetration.

Figure 9 further shows the details of the energy deposition in a compressed target.
Notable is the fact that little straggling or blooming occurs until the 1-MeV electrons
have traversed a significant portion of the final penetration (~ 60%, corresponding to only
~ 40% energy loss). We can see that the assumption of uniform energy deposition, used
in some previous calculations and also plotted in Fig. 9, has some approximate
justification only for the first ~ 40% of the energy loss. For energy loss greater than 40%,
both straggling and blooming expand linearly with the square root of the penetration, an
effect associated with the enhanced energy loss of the effective Bragg peak. As a direct
consequence of these multiple scattering effects, these results demonstrate the
inextricably linkage between enhanced energy loss, straggling, and blooming.

This model

1 MeV e

enerav dedq p =300 g/cm®

Te=5keV

Region of enhanced
energy deposition

FIG. 9. Schematic illustration of the energy deposition profile for 1-MeV electrons in a
DT plasma of 300g/cm’ at 5 keV. After considering the mutual coupling between
stopping, straggling and blooming, we find that the energy deposition towards the end of
the penetration occurs in an extended, non-uniform region about the mean penetration of
13.8 pum, specifically~ +5 pum laterally, and longitudinally > 3 pum in the backward
direction and < 3 um in the forward direction.

IV. DISCUSSIONS

To further delineate the basic features and applications of this model, the
fundamental dependence of the scattering effects on plasma Z, density, temperature, and
electron energy are discussed in this section. However, because of the non-linear




coupling of energy loss, straggling, and blooming, as is reflected in the complex
integrands and limits in the double and triple integrals [for example, Eqgs. (11) - (14)],
there is no simple analytic reduction for these results. Thus, we will evaluate these effects
and their dependences, albeit numerically, in the context of the fast ignition.

20
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FIG. 10. The total path length (R), penetration (<x>) and blooming (g / <x>) are
evaluated for interactions of 1 MeV electrons with DT, beryllium, aluminum and copper
plasmas, assuming plasma T.= 5 keV and n.~7.2x10* in every cases. For Cu plasma,
bremsstrahlung loses are about 5%, and are ignored.

A. Dependence of scattering on plasma Z

The strong Z—dependence of scattering is directly reflected in the penetration,
blooming and straggling. To explicitly illustrate this, both <x> and X (Zg / <x>) are
evaluated numerically for Z=1, 4, 13, and 29, and the results are plotted in Fig. 10. For
facilitating the comparison, we have assumed that these plasmas all have the same
electron density (7.=7.2x10*° and T.= 5 keV). With this assumption, the total path length

~ -1
(R= J'ETE (dE / ds) dE ),"® which doesn’t include at all the effects of scattering, should be

identical for all these plasmas because energy loss to plasma electrons is the only
mechanism for electron stopping. However, as shown in Fig. 10(a), including the effects
of scattering significantly decreases the penetration. In particular, with increasing Z, the
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penetration, but not the total path length, rapidly drops and blooming effects (Xp/<x>)
notably increase [Fig. 10(a) and 10(b)]. This strong Z-dependence results directly from
the macroscopic transport cross sections, Egs. (7) and (8), where the scattering scale as Z*
and will play an overwhelmingly dominant role for higher Z plasmas.

B. Dependence of scattering on plasma density

As illustrated in Fig. 11, the scattering effects (Zr/<x> and Xp/<x>) and p<x> are
insensitive to the plasma density. This insensitivity results from the effective cancellation
of the density in these calculations. (For example, p oc n; while <x>oc n;'. The slight
increase in p<x> with density simply reflects the slight decrease in the Coulomb
logarithm of the stopping power as the density increases). The significance of these
results is that the overall effect of the scattering is solely determined by the areal density
that these electron travel through. Consequently, the plasma density gradients, such as
would occur towards the core region of an actual fast ignition experiment, will not impact
the general scope or the final results of these calculations.
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FIG.11. The scattering effects (Xg/<x> and Zp/<x>) and the areal density (p<x>) for 1
MeV electrons in DT plasmas, plotted as a function of the plasma density. The
dependence of scattering are shown to be relative insensitive to the densities in this
regime.

C. Dependence of scattering on plasma temperature

The temperature dependence is shown to be weak; As illustrated in Fig. 12, a
factor of 10 reduction in temperature results in only a ~ 10% reduction in the penetration.
This is because the projectile electrons are so energetic compared to the background
plasmas that plasma temperature dependence is weak. However, as the initial electron
energy decreases, the effect of scattering becomes more pronounced (this is similar to
what is seen in the scattering of energetic electrons in metals'®). For a given electron
energy, scattering effects slightly decrease as the target plasma temperature decreases, i.e.
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the path of an electron slightly straightens as the target plasma temperature drops. For
example, when the target plasma temperature changes from 5.0 to 0.5 keV (p=300
g/em’), the ratio R/<X,> is reduced by ~ 5% for 1-MeV electrons.
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FIG. 12 The calculated penetration of 1-MeV electrons as a function of plasma
temperature in a DT plasmas with p=300g/cm’. It is seen that p<x> is relatively
insensitive to plasma temperature.
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FIG. 13. Illustration of the enhancement of scattering effects (Xr/<x> and Xp/<x>), as
well as the electron penetration, as the electron energy decreases from 10 to 0.1 MeV in a
DT plasma of 300g/cm’ at 5 keV.
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D. Dependence of scattering on electron energy

Finally, the dependence of scattering on projectile electron energy is explicitly
illustrated in Fig. 13: while electrons with higher energy penetrate farther, the scattering
effects (Xr/<x> and Xp/<x>) are significantly enhanced as the electron energy decreases
from 10 to 0.1 MeV. These effects are also important for the electron preheat
problem,”™*! even for regimes of lower energy and much lower density.

V. SUMMARY

In summary, we have analytically modeled the energy deposition of MeV
electrons in dense plasmas in the context of ICF fast ignition. It is found that the effects
of classical stopping and scattering dominate the electron transport and energy deposition
in the region of dense plasmas. The calculations presented in this article rigorously treat
the effects of the energy loss due to multiple electron scattering, as well as the effects of
longitudinal straggling and transverse blooming, and their inextricable relationship with
enhanced electron energy deposition. The penetration of 1-MeV electrons is reduced
from 0.54 to 0.41 g/cm’. In particular, it has been demonstrated that, while the initial
penetration results in approximately uniform energy deposition, the latter penetration has
mutual couplings of energy loss, straggling, and blooming that lead to an extended region
of enhanced, non-uniform energy deposition. This model can be used for quantitatively
assessing ignition requirements of fast ignition.
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