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[. INTRODUCTION

Since Tabak et al. presented an overview of the fast ignition (FI) szcenarthe theoretical models
that have been uséldn inertial confinement fusion (ICF), the idea of fast ignition stirred intertsesist
around the world with recent developments in high-intensity short pulses laser teghHolegver,
because FI concept is at an earlier stage of development than the main-line tyiitipotvith direct and
indirect drive approaches, Fl also brings some new major challenging pif{si@3 transport of the
short-pulse, high intensity laser through the under-dense plasma to the critied s(#f efficient
coupling of the laser light to relativistic electrons; and (3) transport of tiavistic electrons to the high
density compressed-fuel “ignition” region. In all FI schemes proposed in recest gekey element is the
conversion of the energy of a Petawatt laser pulse into a beam of stronglyste&latigctrons and the
transport of the latter into a overdense pld@nespeciallyenergy transport is the key area of physics
uncertainty. As there are greater uncertainties in the physics modeling, inlpattie main issues facing
the FI concept are in the area of transport and turbulence, the transport of thistielalictrons to the
pre-compressed dense fuel requires more theoretical and experimentahresea

[I. THE MHD TRANSPORT EQUATIONS

A. Relativistic electron beams fluid equations

The behavior of relativistic electrons in the presence of a nonrelativastiground plasma has been great
interest in many years because of its connection with nuclear fusion Stiidiesthe electron driven FI
scheme of ICF, the relativistic electron dynamics in overdense plasmaiel.CThe study of fast electron
transport in overdense cannot be presently performed with PIC codes, sinageda@setoo large
computing resources, especially when collisions or ionization processes adedndlberefore, there is a
growing attention on fluid and multi-fluid approaches rec&itty Here, it is the aim of this paper that the
full set of self-consistently MHD Egs. are given, which can be utilizetutty €nergy transport for fast
ignition scheme Relativistic electron beams fluid equations. The retatielectron beams fluid Eqs. come

from a set of equations developed by MoSher The continuity equation 9N ONU)=0> ()
at

where U s the relativistic electron-fluid velocity,j =< The momentum-balance equation
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ionization level in the plasmaz, is the full nuclear charge numbef, is the classical electron radius,

n, is the density of scattering ion$,, is the ionization of the most loosely bound electron, alhd is

I
the Debye-shielding length, and thg}:[“ p7 ]2 , <p> s determined from
mZ

2

< P >" . and the thermal pressure of relativistic electron beams, vigiabsumed to be
2

<y>2=1+ -
m*c

{< y s (- u*ctzu - 1} , The energy-balance equation

isotropic n = Nme 2
- 3<y >

EU = -4mrlca, ;L 3)

p>
e

Egs. (1)-(3) plus the defining equations in the above are the desired radtiigtrelations. To study
the transport mechanism for the intense relativistic electron beam gtings@ons must be coupled to

Maxwell’s equations through the electromagnetic field terms and to two-fluigndgal equations for the
background overdense plasma through the collision term.

6<y> .
— 7 +UM<y>+
ot 4 mc 2

B. Two-Fluid plasma dynamical equations for the background over-dense plasarand
Maxwell's equations

1. Relativistic generalized ohm’s law

Egs. (1)-(3) describe the dynamics and energy loss of the relativisticflogdim terms of background
plasma fluid and Maxwell's equations. The behavior of relativistic electrendedermined the nonrelativis
-tic background plasma two-fluid equations and Maxwell’s equations. To delatieistic generalized
ohm’s law, we start with the background two-fluid description. The backgroaotta momentum
balance equation is

m.n dde Op, = —enE —end_ x B - men (U, —0,) + 07In0T, + 47Nm_n, rozc(Zae)&v (4
<

ot Ty ' P >7

The background ion momentum balance equation is

U, _ _ <y>U
min%+ﬂpi =enE-enG, xB+ MmN (U, —0;) = 0.71n0T, + 47Nm_n;r’ca; y>v_. ®

T, <p>°
mZc®

With Eq. (2) plus Egs. (4)-(5), we can get
Nm<y>67U+Dr|+N E[{T—%)ﬂixl?, +nmedu +nmidui
ot c dt dt

+0(p, + p) =en(u, ~a,)xB>  (6)
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Because the total current is satisfied witj, = J, + ], = —)eNU +en(d, —0,), (7)

taking a multiplication cross with magnetic fielB to Eq. (7), we can get

j, xB=—)eNU xB+en(, —0,)xB. (8) After arranging Eq. (8), it takes the form

_ 1 _ N - -
U, xB=0xB-— ], xB-y—UxB. (9) The inertial term is ignored in Eqg. (4), one obtains
en n

(10

N G, ~0) + 0720, + 4rNmyny rc(2a,)— Y >V
Ta <p>

and substituting Eqgs. (7) and (9) into Eq. (10) then gives

Op, =—enE —end, xB -

(p, =—erE—ert) xB+ j xB+ NI B+ 0 (N U+ ) + 07T, + Nmprfe(@a) % P (1)
T, n en

. p%ﬁ@

After arranging Eq. (11), and remembering tr@t:”iez, where vV is the momentum exchange
m.V

collision frequency of electron-ion, one derives the relativistic genedahm’s law

j, ZO[(E+0, xB)+ = ], xB+2 Op, -y VU x B+ Nel - 47> myrZe(2a,) Y29, (12)
en en n e <

p 9/
mec®

Because electron mass is very smaller than ion mass, the inertiad igmared in Eq. (4) in background
plasma. So the full derivativedl / dt is always relative to ions in two species MHD equations. With Eq.(4)
plus Eg. (5) and ignoring the inertial term of electron, one derives the background i@mtmonbalance

2. Background overdense plasma dynamical equations

Ed- mn, %+ Op' = j, xB+eNU x B + 4z7Mm n,ric(a; + Zae)&i (13)

<p>7
3.3
mc

where Eg. (9) is used to obtain the form shown.ggoration equation for ion and energy densities are

on <y>Nmé

a (<p>? i

+D[(n\7) =0, (14 (3‘:+D[[Ig+ p')ui]+D[®=jt [ITE—PR +4mrozcae (15)

In the above,V is the plasma fluid velocityP' is the plasma pressur@’ = (1+Z)nKT, Q is the
heat conduction vector, and is the total plasma energy density which incluthese parts: kinetic
energy + random thermal energy + other energydtar®nization and excited bound-electron states

£= %miniV 2 4 g(“ Z)n kT + ¢, - The right-hand side of Eq. (15) consists of Oteatimg, radiation-

dissipation terms and a collision term which repnés heating due to relativistic beam electrorisiolis
with background plasma electrons. The collisiomtér just the right-hand side of Eq. (3) multiplied

by Nmc?.

3. Maxwell's equations
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In the problem to study energy transport for fgaition, the relativistic forward electron beamIwil
transport in background pre-compressed dense plasrdaso the total fluid system isn’t quasineutral
plasma. Then electrostatic field effects shouldr’ignored. And that the characteristic time soéle
interest is very fast (no more than 10 psec), dgyhent-current effects need be considered, sthiat
electric and magnetic fields are determined froenfthl Maxwell’s equations

_ oB _ . dE
OxE=-—2, (16) 0B = o + Hofo (17
OCE = - Ne, (18) OB =0. (19)
€o
Il SUMMARY

So far it has been presented that the full sBtHD Eqgs. (1)-(3), (12), (13)-(15), and (16)-(28hich
may be used to study the energy transport mechdnistine intense relativistic Electron beams (cuirre
intensity 100~1000MA, electron energy ~ MeV) getenidby the petawatt laser in a background overdense
plasma for FI scheme. The full set of equationsistiof the relativistic beam transport equatiohéciv
are coupled to Maxwell’s equations through theted@cagnetic-field terms and to two-fluid plasma
dynamical equations for the background overderssmm through the collision term, so it can desdtibe
dynamic, self consistent collisional and electronsig inter- action of relativistic electron bearithw
hydrogenic overdense plasmas or arbitrary atomiobar plasmas. The full set of MHD Egs. can be
potentially important to study energy transportfést ignition and high energy density plasma pig/si
Because of complexity of the MHD Egs., thean be only self-consistently solved with numerical
simulation in principle.
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