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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 bloom-
ing. This problem has traditionally focused on ions (i.e., pro-
tons, alphas, 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 dynam-
ics.8 More recently, prompted in part by the concept of fast
ignition (FI) for ICF,9 studies have begun to consider energy
deposition from relativistic fast electrons in deuterium–tritium
(DT) plasmas.9–14 In this context, the mean penetration and
stopping power for energetic electrons interacting with a
uniform hydrogenic plasma of arbitrary density and tempera-
ture were recently calculated. Therein, the randomizing effect
of electron scattering, which has a cumulative effect of bend-
ing the path of the electrons away from their initial direction,
was linked to energy loss.14 This article presents calculations
that show, for the first time, the effects of longitudinal strag-
gling and transverse blooming and their inextricable relation-
ship with enhanced electron energy deposition. It is demon-
strated 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, nonuniform energy deposi-
tion. This present work is important for quantitatively evaluat-
ing the energy deposition in several current problems. In the
case of FI, for example, no evaluations have treated either
straggling or blooming upon the energy deposition; without
evaluation no confident assessment of ignition requirements
can be made. Therefore, the calculations in this article 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 fast ignition. In addition to FI, these calculations are, in
general, sufficient to be of relevance to other current problems,
such as fast-electron preheat15 in ICF, or to energy deposition
of relativistic electrons in astrophysical jets.16

Stopping, Straggling, and Blooming of Directed Energetic Electrons
in Hydrogenic Plasmas

To delineate these processes, we calculate the different
moments by analytically solving an integro-differential diffu-
sion equation,17 thereby rigorously determining the angular
and spatial distributions of the scattered electrons:
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where f(x, v, s) is the distribution function, ni is the number
density of fully ionized plasma ions of charge Z, x is the
position where scattering occurs, σ = σei + Zσee is the total
scattering cross section with σei the Rutherford e-ion cross
section18 and σee the Møller 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
Eq. (1), two differential equations for the longitudinal and
lateral distributions are obtained. For the longitudinal distribu-
tion,
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and for the lateral distribution,
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where the moments are defined as
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and j =1, 2, 3 represents x, y, z, respectively.
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where P�(cosθ) is the Legendre polynomial and κ�(s) is directly
related to the basic transport cross section.2 Equations (2) and
(3) are coupled to adjacent orders in n and are solved with the
boundary condition
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κ1 is related to the slowing-down cross section,2 which char-
acterizes the loss of directed velocity in the scattering, and κ2
is related to the deflection cross section, which represents the
mean-square increment in the transverse electron velocity
during the scattering process.2 β = v/c and γ β= −( )−1 2 1 2

;
r e m c0

2
0

2=  is the classical electron radius. The appropriate
Coulomb logarithms are evaluated in an earlier paper.14 The
angular distribution function is obtained from
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from which �P�(cosθ)� is calculated:
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where dE/ds is plasma stopping power taken from Ref. 14.
From these results, Eqs. (2) and (3) are solved, and basic
moments required for the calculation of the longitudinal and
lateral distributions are evaluated:
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which was evaluated in previous work for the case of 1-MeV
electron stopping in a 300-g/cm3 DT plasma at 5 keV. This
results in a penetration of 13.9 µm (Ref. 14). For astrophysical
jets, however, for which ne ~ 10/cm3, the penetration is ~104

light years:
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because of azimuthal symmetry,

y z= = 0, (13)
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Range or longitudinal straggling is defined by

E x x( ) = −∑R
2 2 . (15)

Beam blooming is defined by

E y( ) =∑B
2 . (16)

Figure 102.30 shows the calculated straggling [Fig. 102.30(a)]
and blooming [Fig. 102.30(b)] that result from the effects of
scattering off electrons alone and off electrons plus ions.
Energy deposition, toward the end of the penetration, is trans-
ferred to an extended region about the mean penetration of
13.8 µm, specifically ~±3 µm longitudinally and ~±5 µm
laterally. From a different point of view, Fig. 102.31 shows the

Figure 102.30
For 1-MeV electrons in a DT plasma (ρ = 300 g/cm3, Te = 5 keV): (a) The
calculated range straggling ΣR(E) and (b) lateral blooming ΣB(E) are plotted
as functions of electron residual energy. For this case, the penetration �x� is
13.9 µm (Ref. 14).
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enhancement of the stopping power in the extended region in
which longitudinal straggling is important. Including the ef-
fects of blooming would effectively increase (decrease) ΣR for
values less (greater) than the mean penetration.
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Figure 102.31
The stopping power, plotted as a function of the electron penetration. The
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). As a result
of the scattering, the energy transfer increases notably near the end of the
penetration (i.e., an effective Bragg peak).

Figure 102.32 shows the effects of both straggling and
blooming as a function of the square root of the penetration.
Note that little straggling or blooming occurs until the 1-MeV
electrons have traversed a significant portion of the final pen-
etration (~60%, corresponding to only ~40% energy loss).
Therefore, the assumption of uniform energy deposition, used
in some previous calculations,11 has some approximate justi-
fication for only 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 (Fig. 102.31). As a direct consequence of these
multiple scattering effects, these results demonstrate the inex-
tricable linkage between enhanced energy loss, straggling,
and blooming.

Figure 102.33 shows a schematic representation of an FI
capsule. The relativistic electrons are generated by an intense
laser interacting at the critical surface. As the electrons are
initially generated and transported, they are subject to Weibel-
like instabilities,20,21 which can cause both spreading and

Figure 102.32
The longitudinal range straggling and lateral blooming of a 1-MeV electron
beam, plotted as a function of the square root of the penetration x( ),  for
conditions of Fig. 102.30. Note that when the electrons have lost more than
~40% of their energy, both ΣR and ΣB are approximately proportional to

x .  Equations listed in the figure are the results of fitting only this final
portion of the penetration.

Figure 102.33
Schematic illustration of beam blooming in a precompressed FI capsule.
Two distinct regions for electron transport are illustrated: first, when
n nb e >

−10 2,  the electron transport is highly filamented due to Weibel-like
instabilities that dominate energy loss and beam blooming; however, for
n nb e <

−10 2,  which occurs as the beam penetrates farther into the denser
portion of the capsule, Weibel-like instabilities are stabilized and the elec-
trons are then subject to the multiple scattering, straggling, and blooming
processes described herein. The dashed lines schematically indicate electron-
beam trajectories without the effects of multiple scattering blooming and
straggling (see text).
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energy loss in this region. However, for electrons that transport
farther into the increased-density portions of the capsule
n nb e <

−10 2,  Weibel-like instabilities are stabilized and the
electrons then become subject to the multiple scattering pro-
cesses described herein. In this regime, the interaction can be
envisioned as the linear superposition of individual, isolated
electrons interacting with plasma. Therefore, 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 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 plasmas is ana-
lytically 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. For fast ignition, enhanced energy deposi-
tion is found to be inextricably linked to beam blooming and
straggling. We demonstrate that the mutual interaction of these
effects will lead to an enhanced nonuniform region of energy
deposition. Blooming and straggling effects will eventually domi-
nate over all other sources of beam divergence and are therefore
critical for evaluating the requirements of fast ignition.
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