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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.
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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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' FIG._ 1. The Coulomb logarithms for incident 1 MeV electrons  F|G. 2. The mean deflection angleosé) is plotted against the
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
d_"ZZLOZ<£2+ 1 2+<7’_1) __%y-1 ) 0 0.4 0.8 1.2
de (y-1)pB°\e" (1-¢) Y 728(1 —e) Electron energy (MeV)
(10)

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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electrons(a) and for 1-10 MeV electrong) in a DT plasmal(p

=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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