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ABSTRACT

Self-generated magnetic fields effects, in an inhomogeneous laser produced
plasmas, are investigated by solving the slow coupled equations. It is found that
the Raman backscattering growth rate is increased while its threshold is decreased.
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THE EFFECTS OF SELF-GENERATED MAGNETIC FIELDS ON THE
CONVECTIVE RAMAN INSTABILITY

1. INTRODUCTION

The basic idea of the inertial confinement approach to fusion is to compress some fuel as much as possible
in order to ignite it and get more energy out than was used in the compression. For this process to succeed it
is vital to prevent preheating of the fuel [1-3]. In order to achieve this goal the fuel target is irradiated by an
intense electromagnetic wave (laser). The outer part of the target becomes plasma almost immediately. Near
the critical density (w, = wp, where w, is the frequency of the incident wave, and w, is the plasma frequency)
the electromagnetic wave may decay into an electron plasma wave (plasmon) and an ion wave (phonon) leading
to energy deposition into the plasma by resonance absorption. However, on its way to the critical density region,
the incident electromagnetic wave passes through a region of less density known as the underdense region or
corona. In this region the incident wave suffers from scattering and filamentation.

The stimulated Raman scattering (SRS) is the decay of the incident electromagnetic wave into a plasma wave
and a scattered electromagnetic wave, in accordance with the frequency and wave number matching conditions:

-

wo=w1+w2,ko=41+52, (1)

where w; and ws are the angular frequencies of the scattered electromagnetic wave and the electron plasma wave
respectively; ko, k1, and ko are the propagation wave numbers of the incident electromagnetic wave, the scattered
electromagnetic wave, and the electron plasma wave respectively. From the frequency matching condition it can
be easily shown that this process occurs near the quarter critical density (n./4, where n. is the critical density).
The terms backward and forward refer to the direction of the scattered electromagnetic wave.

The forward scattered wave still has a chance to reach the critical surface and subsequently be absorbed there
[4]. However, the plasma wave can generate hot electrons that may preheat the irradiated target and inhibit the
proper isentropic compression required for the success of laser fusion [5, 6].

SRS has been observed experimentally [7] and theoretically as well as in computer simulations [8].

Since the scattering process affects the amount of energy that will be absorbed by the target, it is necessary
to investigate the conditions which govern this scattering.

Forslund et al. [9] addressed this question and showed that for a large system, i.e. a long region of underdense
plasma, the ratio of backscattered to incident laser energy flux can be the ratio of their frequency.

Laham et al. {10] investigated the effect of collision on the convective amplification of Raman backscattering
in the underdense inhomogeneous plasma. They found that the collision damping reduces the growth rate and
increases the threshold intensity.

The effect of bandwidth on Raman backscattering in an inhomogeneous plasma was studied [11-13] and it

was shown that the amplification factor depends on the bandwidth but this dependence disappears if the collision
frequency is neglected. It was found as well that the growth rate is reduced in the existence of bandwidth.
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In an attempt to explain some physical phenomena in plasmas produced in laser fusion experiments, Stamper
et al. [14] proposed the presence of self-generated magnetic fields. Since then experimental work [15] has
confirmed the existence of such fields, and several theoretical reasons were given [16-18] to explain why these
fields might have an important effect on the plasma dynamics. The source of these fields has been attributed [19]
to the Vna VT, term, where T. is the temperature of the electrons. These fields peak at typically 2-3 megagauss
in the vicinity of the quarter-critical density of the plasma.

Few authors have addressed the scattering phenomena in the presence of self-generated magnetic fields. It
has been shown [20] that the Raman scattering by upper hybrid wave has a substantial growth rate because
of the reduction of linear damping, due to the self-generated magnetic fields. Barr et al [21] investigated the
Raman instability at the reflection point of the scattered extraordinary wave and they concluded that the red
shift of the backscattered radiation due to plasma temperature is reduced by any magnetic field present and can
be changed to a blue shift if the field is large enough.

In this paper we investigate theoretically the effects of self-generated magnetic fields on Raman backscattering
instability in inhomogeneous underdense laser produced plasmas. We use the momentum equation in addition
to the full set of Maxwell’s equations to derive the nonlinear coupled equations. By solving these equations we
obtain some expressions that govern the growth rate and the threshold of the instability in the presence of the
self-generated magnetic fields.

This paper has been structured as follows: in Section 2 we derive the nonlinear coupled equations, and in
Section 3 we develop a solution of these equations. In Section 4 we obtain and discuss our results. Finally in
Section 5 we present our conclusions.

2. NONLINEAR COUPLED EQUATIONS

Let us consider an intense extraordinary electromagnetic pump wave

E = (£Eos + §Esy) eFe®~) 4 cc. (2)

incident on an underdense plasma, where it decays into two waves, an extraordinary electromagnetic wave whose
dominant polarization will be the same as the incident pump wave

Ey = (§B1s + §Ey,) e R+t fce, (3)

and an upper hybrid electrostatic wave

Ey = §Eqget®2o-wal) L 00 4)

where w,,w1,ws, ko, k1 and ko are related by Equation (1).
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The self-generated (dc) magnetic field direction will be perpendicular to the polarization of the incident laser
radiation such that B = B,%. In addition, we will assume that E,; < E,y, implying that the pump wave is
almost perpendicular to the direction of propagation.

The peak (quiver) velocities of the electrons due to the above mentioned fields will be modified by the presence
of the magnetic field according to the momentum equation

72 B, (5)

where c is the speed of light.

Within the linear theory, the peak velocity of the electrons due to the pump field can be obtained as follows:

Let
To = (Voo ® + oy §) eiFoT e, (6)

then from Equation (5), we get for the z-component

Ovoy e e
o _%‘Eor - T_n_c'voyBo (7)
and for the y-component
Ovey € e
3t = —-EE y + EvoxBo . (8)

Taking the partial derivative of Equation (7) with respect to time, and using Equation (8), we obtain

8%v,p e OF, e
—a—t;— = _E a:’: + Qe-T;Eoy —_ ngoz y (9)

where Q, = eB,/m,e¢, is the cyclotron frequency of the electron. Using Equations (2) and (6), Equation (8)
becomes

w

2 o
—WoVop =1

o Eor + iQeEoy - Q‘jvom‘ ; (10)
m m
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rearranging, we get:

_de [weEo — i Eyy
Yoz = —— [ W = Q2 . (11)
Similarly, we can get
ie -lel —iQEEl
vie = —— —————w’} o . (12)
ie [woEoy + iQEy;
Voy = T W] (13)
_ __iE leEly + Q. Erg
Viy = m \- w% —Qg (14)
and
ie ngQ
Vg _Ew% — ;lg . (15)

To get the slow coupling equations for the interacting waves, we start by the generalized wave equation of
an inhomogeneous plasma slab with linearly increasing density such that n.(z) = n;(z) = n,(1 + «/L), where
ne(z) is the electron density, n;(z) is the ion density, L is the inhomogeneity scale length of the plasma and z is
the distance along the density gradient, namely [10]

- 1 0%E =\ 4me’n.(z) z 4men.(z) 3T ~
2 oz _ e . € —
V- 5s -V (v . E) - SE ST v (v . E)
190, - drene(z) [1_,. . dmen.(z) | ., . eB
=25 [v (VoE)] e QV(vov) i vz | Vai — > (16)

where T is the electron thermal energy and v is the electron—ion collision frequency.

The magnetic field in Equation (16) is composed of two parts, the oscillating magnetic field (B,,) and the
static field (B,) generated by the plasma itself.

In the limit when w > ., it can be easily shown that

(17)

and the generalized wave equation becomes:
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. 10%E 2\ Amelng(z) 5 4ment(x) 3T 5
2 Y= _ el _ el
VIE- =2 -V (Ve ) - T E - T iy S v (Ve )
107, _ 4mene(z) [1_ 4ren.(z)
_;a [’U (V.E)]+—_T-[§V(v.m] ——T’U.’L‘Qe. (18)

Separating this equation into its components, we get for the z-component

1 82E, 4me?n,(z) 4men.(z) 3T 8°E  4men.(z)
T2 02 me? Be -0Vt oG 2 T T @ Qevy
10 O0E.| 2men.(z) 8 , 4
=g | R g ) (19)
and for the y-component we get
0*E 10°E, 47rezne(:c)E _ 4men.(z) -
oz? 2 Ot? mc? v ¢ y
4mene(z 10 OF
- o = 32 W 5] 20)

where the linear terms appear on the left hand sides of Equation (19) and (20), whereas the nonlinear terms
appear on the right hand sides of these equations.

Noting that:

E, = Eypet®e + Eize'® + Eppet®? + coc.
E, = Eoye"o" + Elyem1 + c.c.
Vo = 0oz +v1,6" 4 vgpe? +cc.
vy = pye'? +uiye® e, (21)
where
0, = kop—wot
6 = —(kiz+wit)
b2 = kox—uwot, (22)

and using the slow coupling limit:
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5?
722 (Eozy Eiz, Epg) =0

52
6_t2' (Eoz'; Eyz, E2x) =0, (23)

we obtain:

OFo; + 1
3t Q’iwg

[w3 - wf,(:c) ~ 3v} k%] Byr +

2z

3vi ky OF;, 4 z_271'611,5(.1') -
wy Oz wo

2mene(z)

) * . * * *
= —§ (klvoxElw + lkoonle) + ko (v"xvlw + 'on'Uly) ’ (24)

W2

Using Equations (14) and (15) and the fact that E,y > E,; and Eiy > Ey., the product terms such as
Voz B, Eozv], and v,;v], can be ignored and Equation (24) takes the following form:

OF 1 3v% OF 27eln, L wiwikov
22 [w% —wg(:z:) —31),2hk§] Eop + vg), O0F2, me‘n.(z)v pW1K2Voy

o T 2iw, w2 8z m(w?-Q2) By - (25)

For E1, we have:

0FEy, 1 2 2 9 2 kic? O0Fy,  2menc(z)vvyy = .2men.(z) ks .
5 T [“’1 -wp(:::) —kic ] Eyy — T +1 o +1 o Vi = —2—voyE23 . (26)
Using Equations (12) and (14), Equation (26) takes the form:
OFE1y  kic? 8E;, 1 5 9 o 2mein,(z)v . 2men(z) ikq .
- - _ LR NIV gy, — i 2TC Rel®) M2 (2
ot w; Oz 24w, [wi wp(®) = kie | By + m(w? — Q?) By mel (w? — QQ)EI"’ 2 voy Bz - (27)
Using the dispersion relation for the electron plasma wave:
z z
wf —wl(0) (1+ F) - 303kf = 22 - w2(0) T,
and the relations:
2 2
Vi = kic and Vy = 3vd, k2 ,
(T3] Wao
Equations (25) and (27) become:
5~ 5y (0~ HO]) Bae + VeG4 (@) g e = i B (28)
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and
9By 9E1y g 2 _ 2 20 wp(@)Q v wz( )
0 o Ty | @) ke - e | Byt g Py = B 29
where:
= iwlk_zva?{_ nd b= k2voy .
2wy (w? — Q2) 2

3. SOLUTION OF THE COUPLED EQUATIONS

We now proceed to find a simultaneous solution for the system of the nonlinear coupled Equations (28) and
(29).

Since V| > V5, Equation (28) reduces to the form

0F% _ i (o3 z 1) L
o~ 5y (O —p(O7) B+ 5 gy B = i By 0
The solution of this equation is
t vwi(z) i z
2 I8 i ! _ P R 2 __ 2 dl .y
Eno(z,1) = ia /_ dt'Ex (2,1 )exp [2 ) (2 wP(O)L) (t —1t). (31)
Substituting from this equation into Equation (29), we get
By OE,, g 2 2 2.2 2 o Vw,?(w)
- - — - - E — e F
5t o amy [Y1 @R e () | Bt g ey P
! 7o ' V“"g i 2 2rmZ /
= ab dt Ely(x,t)exp— W+§Ld_2 (Q —wp([))z) (t*t). (32)
— .
Taking the complex conjugate of this equation we obtain:
OE} 8Er, i Q2 v L«F’(:v) .
"’8Ty_vl 5xy +§;‘ [ f —w (1‘)—]61(: —wz(m) 2 Qz Ely QgEly
v w2( ) vw? i

—q7 ——==FE7, = gb / dt'E7, (z,1') exp — [m % <92 _wg(O)%)] (t—t). (33)
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Multiplying Equation (32) by E7, (z,t) and Equation (33) by Eyy (z,t) and adding, we get:

615‘1“2 _ VlatElytz + sz(x)

2
at oz w? -2 2

I/wg(:r)

1 .
- / * et (o2 2y E 4
= ab /_wdt Eiy(z,4) B}, (2,1) exp [2(w3-92)+2w2 ( wP(O)L)} (t—1')

t/wg(z') i

+ab t dt'Ef,(z,t')Bry(z,t)exp — | gy — 5— Qz—wf,(())i (t—-t). (34)
-0 2((4)2 Q ) 2(4)2 L

Assuming that the phases on the right hand side of this equation change with respect to time much faster
than the change of amplitudes, then we get:

O|Ey|*  Vi0|Ey|* " w5 (0)

2
at L Oz wa - Q2 20
_ a bwl(z)/ (Wi — Q2) (35)
- 2 2 p)
(5585 + [ @ -w20%)]
changing to the variable u = 1 + z/L, this equation becomes:
J|Ey > Vi dlEy| wp(0)
aiy L 8uy + wap— Q2 By
_ a bvw?(0) v/ (w3 — Q%) . (36)

(229 + [ (20 - )]

Now, let
a buw?(0)
“uo= wi-Q2
B ng(O)
®2 = 3 (w2 — Q2)
o d o = w2(0)
* T g, M MT g

and, substituting into Equation (36), we get:
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O|E1y|? 4 O|E1y|? 4 v} (0)u

2
ot L Ou w?— 02 By

a1 u

= 37
o2 u? + [az — ag(u — 1)’ (37)
let
2
ay + azay 2 a3+ asg+ 20304 2
- ——7 d e —_ .
h a2 +o? and f, a2 +a? ‘fl
then Equation (37) can be written as:
O|Ey > Vi 0|Ey| ng(()) u 2
- 5 + 2 |E1y|
ot L Ou w? -2
a u
= . |Ery | (38)

o3 tol(u— 1)+ f2

Since we are interested in the convective instability i.e. the spatial variation (0/8t = 0) then Equation (38)
reduces to:

Vid|Ey|?  wvwi(0) a; u )
= - = Eyl*. 39
I du wl-2 W a§+ai(u-f1)2+f§| il (39

Assuming that the interaction region is symmetric and extends from —uy to +uy, then integrating Equation
(39), we obtain:

|E1y(”+)|2] ol fi 1 V4 1 V-
In = — |tan™" — —tan" " —| , 40
[ Vi@l +ad) f 2 3 (40)

where v+ = *(ur — fi1).

Extending the interaction region from —oo to 4+ 00, we can write

| Exy (00)I? ] sl  fi
1n : = =7. 41
reod b v
Writing this equation in a compact form, we get:
I = Ipe™™4, (42)
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where A is the amplification factor, given by:

o L f1
A=z . 43
2V (af + o) Jo 43)
Substituting for ay, a2, a4, f1, and fy in this equation, we get:
2, 2
A= 2|yo|*wawi L (44)

Vw3 (0) (wf - Q2) [1 + (“:i‘z::) ]

k3 |voy [*w; (0)

21Voy|"Wpll) . .

where |7o| = T, s the Raman homogeneous growth rate for the unmagnetized plasma.
1W2

4. RESULTS AND DISCUSSION

From Equation (44), we can see that there is an increase in scattering as the density scale length increases,
and collision suppression of the instability; a result that agrees with recent experiments [7, 22] and with our
previous work [10], which shows that collision provides another mechanism of energy absorption. However, in
collisionless plasmas (v = 0), Equation (44) reduces to:

2]70'2&)2@2%[/

= Vw? (@7 - 02) (45)

which shows that there is an increase in scattering with the increase of the self-generated magnetic fields. This
result can be explained on the basis that self-generated magnetic fields may rotate the heated electrons velocities
into the reverse direction where they cause less damping.

In collisionless inhomogeneous plasmas with self-generated magnetic fields, the threshold condition that we
obtain from Equation (45) is

27,2 2
V1w, (wl -Q )
Qwpwil

Ivol? > (46)

which shows that the Raman backscattering instability appears at lower intensities if the existence of self-
generated magnetic fields were taken into consideration. This result might help in bringing theory and experiment
into unison, since it has been commonly observed that thresholds are typically an order of magnitude lower than
those predicted by a long-accepted theory [23] which does not take these fields into account.

5. CONCLUSIONS
The effects of self-generated magnetic fields on the convective Raman instability have been investigated in
the quarter critical density region where the condition for the occurrence of this instability is satisfied. We have
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used the momentum equation in addition to the full set of Maxwell’s equations. We found that the Raman
backscattering growth rate is increased, while the instability threshold is decreased when the self-generated
magnetic fields were taken into consideration.
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