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The modification of the density profile caused by the ponderomotive force in a laser plasma is fur-
ther studied. A completely self-consistent three-parameter family of solutions for the
ponderomotive-force potential and density scale length in a steady-state laser plasma is first derived.
The boundary and junction conditions are given by the self-similar solution. The obtained results
are more accurate and rigorous than the previous results.

I. INTRODUCTION

The electric field structure and density profile in a laser
plasma are one of the important research subjects for
laser fusion. As is well known, the absorption and
scattering of the laser and other physical processes in
laser-irradiated targets are closely related to the specific
form of the laser-induced density profile, which must be
quantitatively studied to acquire a deeper understanding
of the laser-plasma interaction.

The modification of the density profile and four possi-
ble types of density-profile structures caused by the pon-
deromotive force have been extensively investigated.! In
particular, a plateaulike density profile has been analyzed
in many works. Lee et al. first established self-consistent
relations between N,, V,, Ny, V;, and | 4, |? and the re-
lation between 42 and | A4, |2, but the latter is derived
with the approximation that the density in the under-
dense region equals the average of the upper and lower
shelf densities.> They have not found the characteristic
parameter L. at the critical density surface which is of
significance in the laser-plasma interaction. Estabrook
et al. further derived a scaling law for the local scale
length at the critical density surface on the assumption
that the density profile between the critical and sonic
points is locally linear.? In their treatment, the solution in
the form of an Airy function is extended to the vacuum
boundary so as to join the field at the sonic point to the
incident laser field. Such a procedure is feasible for
lower-intensity incident light. In this case the density
profile is still gentle near the critical density region, and
its density scale length is close to that in the underdense
region. Under higher-intensity incident light, the density
gradient near the critical density region obviously
steepens, and the modified density should be approxi-
mately replaced by a doubly linear distribution with
different density scale lengths. Then the above procedure
is no longer useful for higher-intensity incident light. As
Estabrook et al. have mentioned, their results are only
valid for 0.1 < v /v, < 1. Besides, the conclusion in Refs.
2 and 3 that the oscillation in the underdense region is
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characterized by equal amplitude and equal wavelength is
unrealistic.

Recently, Xu et al. have tried to improve these results
without using the above assumption for the linear critical
density profile.* However, their analysis is only valid for
real field because |dA /dx |sd | A | /dx for a complex
field. For a real-field amplitude A4, the stationary-wave
field function

/ /4

in the underdense region given in Ref. 4 cannot be practi-
cally matched with a plane electromagnetic wave in a
vacuum. In other words, 4 is not the true real-field am-
plitude in a vacuum because
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Moreover, in the underdense region d | A |%/d& does
not vanish everywhere, and it is unreasonable to assume
that the density in this region is not modified by the pon-
deromotive force. Therefore their treatment is not com-
pletely self-consistent. In this paper we will give the ex-
act analytical derivation of the density scale length for a
complex field and establish the connection between A}
and | 4, | 2 on the basis of the steady-state model.

II. FUNDAMENTAL EQUATIONS
AND SELF-CONSISTENT GENERAL SOLUTION

When an s-polarized plane electromagnetic wave
E=E exp(—iwt +ikx cos@+iky sinf)e, obliquely im-
pinges onto an isothermal plasma which is freely expand-
ing along the x direction, a one-dimensional isothermal
plasma flow is developed under the action of the pondero-
motive force, and its behavior is governed by the hydro-
dynamic equations for ions and the wave equations for
the electric field E,
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where C,=(ZTo/M)'/? is the sound speed,
e=1—4me’n /mao?’ is the dielectric constant of the plas-
ma, v is the flow velocity, m (M) is the electron (ion)
mass, Z is the charge state, n is the plasma density, e and
T, are the electron charge and temperature, and o and k
are the frequency and wave number of the incident light.
Here we have taken no account of the effects of the ion-
ization dynamics in the corona, the ablation dynamics in
the target interior, and the electron-electron and
electron-ion collisions for simplicity.

Inspection of Egs. (1)-(3) shows that these equations
have a steady-state solution. We are now in a position to
derive an exact self-consistent solution for a complex
field. In the frame of reference moving with the density
jump, Egs. (1)-(3) can be rewritten as

d(¥VN)
o =0 or VN=N,, 4)
2
V_E)_K+16N _19]4 ’ (5)
o  NO& 4 3
aZ
(1-N)4 =0, (6)
ag? +
where V=v/C,, N=n/n,cos’8, A=eE/mov,,

E=kx cosf, v,=(T,/m)""? is the electron thermal speed,
and 1 | 4 | 2 is the ponderomotive-force potential.
Substituting Eq. (4) into Eq. (5) yields

1aV __193]4]? o
- 4 B

Multiplying Eq. (6) and its conjugate equation by 4 * and
A, respectively, and adding the obtained equations, we
get

2 2
B_JET;_L,Z %2_‘ +2(1—N)iA 12=0.. (8)
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Multiplying Eq. (6) and its conjugate equation by
dA*/9€ and 04 /JE, respectively, and adding the ob-
tained equations, we get

9 |94 dl A |2
+(1—N) =0. 9
3 | 9 a&

Integrating Eq. (7) and using the condition of the sonic
point that V=1, N=N,, |A4A|=|4],, and
|04 /03&| = |34 /3§ |, we obtain

| 4 |%2=] 4, |*=2(V?=2InV —1), (10)
| A|*=| A, |*=2(N}/N*—2InN,+2InN —1) . (11)

Integrating Eq. (9) yields

2
84| _, 2 1 1
3¢ | =2VI-2InV — =N, |V 4o 2]
aA
% . (12)

Inserting Egs. (7), (10), and (12) into Eq. (8), we obtain
the differential equations for the velocity,

v v
+1P(V) =10(V) (V#1), (13)
a§2 g 2Q #
v |’ 134
T H1=N) A4 |= 3 |. (Vv=1), (14
with
P(V)=2014+1/V)(V —-1/V)" !, (15)
QW)= |(1=N,/V)[ | 4, |*=2(V*=2InV —1)]
—2(V?—2InV —1)+4N,(V +1/V —2)
94 -1
T V—1/v)~'. (16)
Let 3V /36=Y'/2, then Eq. (13) becomes
dy
2y FENY=0(1). a7

The solution of Eq. (17) is

e |- [ Pav||[ e |[ Pav]av+c|

V4—4(InV)*+4V?InV

(18)

where C is the constant of integration. The requirement that the above equation should be identical with Eq. (14) as

V—1 gives
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Then Eq. (18) can be rewritten in the form
114 V |As|2
YV2=—=+ —(V2—2In¥V—-1)—
aE 721 5 (V*—2In 1)
N, (VL2 4,
s |4 2
N _Nav
9o V of

The choice of signs in Eq. (18a) depends on the direction
of plasma flow.

Given the boundary conditions, the self-consistent
profile of V between ¥, and ¥, can be found from Eq.
(18a), and the corresponding profiles of N and | A |2 can
be obtained from Eqs. (4) and (5). The density scale
length of plasma is determined by

kL= |N /(3N /3E)| = | V/(3V /3E)| . (18¢)

III. THREE-PARAMETER FAMILY OF SOLUTIONS

The preceding derivation has established the self-
consistent connections between V, N, | 4 |2, 9V /3¢,
3| A|%/0& N,, | A;|? and |04 /9|2 for a complex
field. In order to correctly describe the related physical
phenomena, it is necessary to further derive the relation
between A3 and | 4, |2 As it is noted, ¥ and N cannot
equal zero, otherwise InV and InN become divergent, and
the self-consistent relation cannot be smoothly matched
with a rest upstream of plasma (¥ =0) and a plane elec-
tromagnetic wave in a vacuum (N =0). This means that
the velocity is limited between the maximum ¥, and the
minimum V,. Substituting

2 2
34 94
V=V,, |A|=|4,|, |57 | =% (19)
g a& & |,
into Egs. (10), (12), (18a), and (16), we obtain
| 4, 12— | 45 |*=2(Vi -2V, 1), (20)
2 2
ZRERS R -t ) L
N. = % . 9% I, Q1)
s HV,+1/V,=2) ’
2
A 4
| 4,2+ 26 | "l ae — | 4,1?
|, |9 |,
N,= > , (22)
4V,—1)
2
v V, 94
Sl = —— |14, |2 ==
3 |, T |Vi-1] [" %% |,
aA 2311/2
—%IASIZ-B? ] . (23)

4389
1]aal’
— c— 2, ——
2 o |, (V<=2InV —1)
172
—(V2—21nV—1)H , (18a)
(18b)
[
and
(1—=N,) | 4,2 — %—g—
2
V e
Q¥ Ty 4

From Egs. (23) and (24) and the condition that V, is
the minimum velocity, namely, (¥ /3£),=0 and
(3?V /3€%), >0, we can obtain

2 2
94 94
AN =55 =4 S5 25
lzlagzislags (25)
and
1 a4 |’
———————— [(1=N,)| 4, |2— |== 0. 26
TSV AN I F N (26)
Using Egs. (20), (21), and (25), we obtain
1
oA 2 2
| =|1- 2 |Asi
3 |, 2AV3i—2InV,—1)
—2AVI—2InV,—1)+4N,V, V2+—VI,——2
2
27
Substituting V=V, |4 |=]|A4,|, and |34 /0&|*

= |34 /3¢ | % into Egs. (10), (12), (18a), and (16), we ob-
tain

| Ay 2= | 4, |2+2(V2—2InV,—1), (28)
2 2
94 34
== | == 42V} -2mInV,-—-1)
8§ . é— . 1 1
—4N,V, V,+71——2 : (29)
1
) v 2
3 | =E T [ A 5
9 | |Vi—1] & |,
aA 23)1/2
-1 2 742
il A4y a§2J , (30
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and 1 34
———— [(1-N)| 4, |*= |==
2 TSV AR L PV MR
(1—N,) | 4,]2— |24
! ! A |, Using Egs. (28), (29), and (30), we get
V)= (31)
Q) (V,—1/V)) 1
From Egs. (30) and (31) and the condition that V| is 94 - 1= ! | 4, |2
the maximum velocity, namely, (8V/9£);=0 and & |, 2(Vi—2InV,—1) :
<a2V/a§2), <0, we obtain
1
2 2 — 2_ — —
NE a4 4 a4 ) 2(Vi—=2InV,—1)+4N,V, V1-1~Vl 2
a |, s o |,
(34)
and The combination of Egs. (27) and (34) gives
J
| A, |*= {4N,V, V2+—i/l———2;—— V,+VL——2 +2[(V%—-21nV1—1)—(V§—-21nV2—1)]}
2 1
—1
v +L—2 vV +"1~——2
X |4N,V, (35)

2AVi-2lnV,—1) 2VI—2InV,—1)

Equation (35) gives the connection among the four quantities N,, V,, ¥, and | 4, | 2. If three of the quantities are
given, the other quantity is determined. However, the quantities obtained in this way are not necessarily reasonable.
The requirements that | 4,[2>0, | 4,|%>0, |(8A4/36|3>0, |(d3A/3E)|%3>0, (1—N,)| A, |*> | (A4 /dE) |2,
(1—N) | A, |? < | (34 /3&) |3, and (1—N,) | A, | %< | (34 /3E) |3 give the following additional limitations:

| 4, |2>2(V}—2InV,—1), (36)
| 4, |*>2(Vi—2lV,—1), 37
1
4NV | Vit 52
1
1—- 2 | 4,120, (38)
2V} —2In¥V,—1)
1
2
1- 3 | 4,]%>0, (39)
2Vi—2In¥V,—1)
1
2 1
N,V,— A, |2<2Vi—2InV,—1)—4N,V, |V, + =2, (40)
272 2(V§—21nV2~1) ] si = 2 2 272 2 Vz
ANV, [V, +-1 2
i NV, || 4, |2<2(V2 =2V, —1) |1 NaVs 41)
— < —2InV,— -,
2AV: 2V, —1) S R : v,
1
2AN,—1)(Vi—2InV,—1)< |N,— | 4,12 . (42)

2Vi—2InV,—1)
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Choosing three quantities satisfying conditions (36)-(42),
we can find the fourth quantity from Eq. (35) and obtain
other quantities from Egs. (34), (28), (20), (29), (21), and
(4). It means that a self-consistent steady-state structure
between ¥V, and V, is determined by three parameters.
For example, if N;=0.04, V,=2.5, and V,=0.15, and if
(1—=N,)| 4,|%< | (34 /3€) |} is satisfied, then we ob-
tain N,=0.6667, N,=0.1, | A,|2=9.5672, |4, |?
=6.1498, | 4,]?=3.93372, |(3A/3&)|3=6.8348,
| (34 /3£)|3=6.6594, and | (34 /3E)|2=2.9524. Such
a structure has the velocity and density profiles which
spatially oscillate with equal amplitude and equal wave-
length. If (1—N,)| A, |*=|(3A /3€) |2, the calculation
yields N,>1, | 4, |%*=0, and | (34 /3€)|3=0. This is
practically a one-parameter family of solutions. If
(1—N,)| 4, |*=|(3A4/3E)|%, we obtain V,=V,=1,
| Ay 1?|=14,]|°=]4,|* N, =N,=N,, and

|(3A /3E)|3=|(3A4/3E) | 3= |(3A/3¢E)|?
':(l'“Ns)l Aslz .

This is a two-parameter family of solutions. Therefore
the obtained self-consistent relations are more general.

IV. BOUNDARY AND JUNCTION CONDITIONS

Our discussion here is confined to the plateau structure
which corresponds to

| A, |2=2(V2—2InV,—)=2V?—2InV,—1), (43)

2 2
a4 04
N S= _.g._ 2=o, (44)
| A, |*=]4,|*=0, (45)
94 2=2(V2—21nV ANV, |V 2
% |, 1 1 2V |\ )
(46)
Ny= 2 V%—Zanzz—l) ’ @
4V,—1)
and
N,=N,V,=N,V, . (48)
The practical boundary conditions are
A=Aye*+ Age %, N=0 as E— (49)
and
14| = %g— —0, N=N,, V=0 asé——o , (50

where A, and A4, are the incident and reflected light in-
tensities, NV, is the plasma density at rest upstream. Obvi-
ously, the steady-state plateau structure cannot be natu-
rally joined to such a boundary. This is because the
laser-plasma interaction occurs in limited time, and it
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takes unlimited time to reach an exact steady state. A
reasonable treatment scenario is that the upper and lower
density shelves are joined to an isothermal rarefaction
wave, respectively.

In the region where the ponderomotive force vanishes,
the density is independent of the field 4 and the plasm
expands self-similarly. Solving Egs. (1)-(2) in the absence
of an electromagnetic wave, we readily obtain the self-
similar solution

Vo=1+E&/KL, (51)

No=N,exp(—1—£/kL,) , (52)

where L,=Ct cosf. Because N is related to ¢, besides
having the high-frequency dependence, the amplitude
E(x,t) of the field E =E (x,t)e'“" will slowly vary with ¢.
Therefore Eq. (3) can be written as

IE(x,t)  o*

3x? +-C°2*€E(x,t)
.0 0€ 2 Oe JE(x,1)
—ZIC atE(x,t) o £y
1 3% € 9*E(x,1)
=g, 2END o
2l ¢t a2
Since |de/€dt| <<w, |dE/Edt| <<w, |d%/€dt?]

<«<w? and | 9’E /Edt?| <<w?, as a reasonable approxi-
mation, the terms associated with them are omitted.
Equation (6) still holds for the region where
d|A|%2/dé=0 and N =Ny=N,exp(—1—E&/kL,).
Then the time ¢ may be regarded as a parameter. Insert-
ing Eq. (52) into Eq. (6), we can find the electric field cor-
responding to the density N, at any time ¢,

Ag=CHV(WNY?)+C,HP(vN}?), (53)

where H'V(vN!’?) and H»(vN}/?) are the Hankel
functions of order v, and v=i2kL,. We use the uniform
asymptotic expansions for the Hankel functions with
|v| >>1 and only retain the dominant terms. The ex-
pression for the electric field (53) reduces to
(46/1=No '™ {[(2b —d)+i(c —2a)]Ai(—2)
= —d)+i(c —2a)]Ai(—z
7 (2kL,)\

+(c +id)Bi(—2)} , (54)

with

28372 =1n[14(1—=Ng)'2—1InNy—(1—N,y)'"?]
(No<1),

2(—£P?=(Ny—1)""?*—arccos(1/N}?) (Ny>1).

Here C,=a +ib, C,=c +id, z=(2kL, )2/3§, and a, b, c,
and d are four real constants to be determined. Ai(—z)
and Bi(—z) are Airy functions. In the underdense re-
gion, using the asymptotic expansions of Airy functions
for kL, >>1, we obtain
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(C2+d2) 1 2 2 s 2 4 3/2 T
Ay | 2= + 4(a’+b?)—4(ac +bd)]sin® | —kL +—
[ o] wkL,(1—Ny)'/? ka,(l—No)'/z[ ] gLy
2 . |8 T
———=——(bc —ad)sin | —kL,£**+— |, (55)
KL (1— N2 Tt
2
34y T (1—Ny)'”? y 2 4 ™
— —4 2 Z kL 372, 1 2 d2
3 kL, [4(a*+b°)—4(ac +bd)]cos 3 &+ " +(c“+d”°)
—2(be —ad)sin %kL,ngrg , (56)
and
[d | AO | 2 2 * = 2 . . 20 o
7"—:(—16]6‘1 | +8C1C2+8C1C2 “‘4' C2 | )Al(—Z)Al (—Z)—4|C2 | Bl("Z)Bl ('-—2)
—i4(CTC,—C,C3)[AI'(—2)Bi( —z)+ Ai( —z)Bi'(—2)] , (57
f
where Then we have
Ai(—2z)Ai'(—z)=—Bi(—2z)Bi'(—z2) 8C*C,+8C,C2 =16|C, |2
= — 4w~ lsin [$KL,E2+ T | and
Ai'(—z)Bi(—z)+Ai(—2z)Bi'( —z) ciCc,=C,C3 ,
=—7"!cos %kL,g”M-% . ie.,
2 B2
In order to guarantee the validity of the self-similar ac +bd=a"+b", (58)
solution in the range £, <& < «, we demand that
bc =ad . (59)
d|4,]* o f
d¢ or §y << . As £— «, Eq. (54) gives
1
A= ! (¢ —a)cos |2kL,(In2— 1)+ T | +(b —d)sin |2kL,(In2— 1)+
7 (kL)1 —No)'* ' 4 ’ 4
+i(c —a)sin 2kL,(ln2—l)+g-]—i(b——d)cos 2kL,(1n2—1)+—;1 e's
+ 1 a cos |2kL,(In2— 1)+ | + b sin |2kL,(In2— 1)+ T
(mkL,)V2(1— Ny ' 4 ! 4
+ib cos 2kL,(ln2—1)+%
—ia sin 2kL,(1n2—1)+% e i (60)
f
The vacuum boundary condition (49) and Egs. (58) and , (a?+4b?)
(59) give | 4o, | ="kl (62)
12— 24 d%)—(a?+ b2
| Agi | kL, [(c*+d?)—(a*+b*)]
_A2dh) e (61)  Substituting Egs. (59), (61), and (62) into Egs. (55) and

wkL, (56), we obtain, in the range £, < £ < «,



|4y 2= (c2+d?) (4B 44 * 3
o0 T mkL(1—Ng)'? ~ (1—N)'2 ’
2
a4
a§° =(1=N)X(1+B8)| Ay |?, (64)

where B= | A, |2/ | Ag; | ? is the reflection coefficient.
Now we consider the junction conditions. Let &, be

the joint point of the rarefaction wave with the lower

density shelf. Then in the range £, <§ < «© we have

oN, v,
[ [ ) e (65)
N() V. gt kLr
07 kL,
d| 4|’
——75———20, (66)
and for — o <£<§y,
AN vl 14|34
95 95
=|— = (V#£1), (67)
N V 2| V21| #1
aN
9 |_ |9V | _i_n 2 _
N =13 =L(1-N)*| 4| (V=1). (68)
The equalities
Ny, =N, , (69)
Vo=V, (70)
N I - | (71)
ag t ag p,
% } - | (72)
o |, |9 |,
and
d|Ay|? 2
| Aol” _d|4] —0 (73)
dg dg
all hold only if
§,=0 (74)
and
N2
Thus the junction conditions should be
No,=N; , (76)
Voe=V,=1, a7
| doli=14,1%, (78)

1
kL,

=%(1—Ns)l/zl As ‘ ’
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where

(14B)] Ay, |
Aog|i=——————, (79)

i O\I (I—Not)l/z
| 4, |*=2(Vi—-2InV,—1), (80)
NS=N2V2 y (81)
Ny=| A4, |%/4V,—1)*, (82)

£
Ny, =Ngexp |—1— =Ngexp(—1). (83)

kL,

There are ten equations (76)-(83) and twelve quantities:
NOtv Ns’ VOn Vs’ | A(O) l t ' As I ’ kLzr B» AOi’ VZ’ NZ’
and Ny,. Therefore this is a two-parameter family of
solutions. Generally speaking, | 4,; | 2 and B are given
as known measurable quantities. The previous results are
only the special cases for =0 (Ref. 2) or f=1.*

In order to match the steady-state structure with the
rest upstream, we consider the junction conditions at the
upper density shelf. Let £, be the joint point of the rare-
faction wave with the upper density shelf. Then the junc-
tion conditions should be

2
34 d|4]?
2_ |04 ) _ =0, 84
| 4] T dE 0 (84)
En
Vo=V =1+ kLI, ) (85)
and
§ht
N,=N,exp —l—kLt (86)
Equation (85) gives
Sn=kL,(V,—1) (87)
and Eq. (86) gives
N,=N,exp(V,) . (88)

Here 0V /0§ and ON /3¢ are not continuous at £=§,,,
and &, is a weakly discontinuous point. From the above
results, the spatial distributions of N and | 4 2 for
— o < & < o can completely be determined.

V. COMPARISON WITH PREVIOUS RESULTS
AND EXPERIMENTS

In order to directly perceive the characteristics of the
field structure and density profile in the plasma and judge
accuracy of our treatment, we show the preceding results
in Figs. 1-3. The ponderomotive-force potential and
density profile in the plasma are shown in Fig. 1. The
dot-dashed curve indicates the spatial distribution of
| A|? at Ay;=0.62 and B=1. The dashed curve indi-
cates the self-consistent density profile N under the action
of the ponderomotive force. The result is closer to the
rarefaction wave plateaus given in Ref. 1: The density
profile developed under the action of the ponderomotive
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—-2.0 —-1.6 —1.2 -—-0.8 —04 0 0.4¢

FIG. 1. | A4 |?and N vs £. Dot-dashed curve, | A |2 versus
& at A4y,,=0.62 and B=1; Dashed curve, N versus £ at
Ap;=0.62 and B=1 under the action of the ponderomotive
force.

force consists of a modulated lower density, a linear dis-
tribution with a steep rise near the critical density region,
and an upper-density shelf where it is attached to the
extra-high-density region by a rarefaction wave. The
lower-density shelf is connected with a rarefaction wave
at £=¢£,. The upper-density shelf is connected with a
rarefaction wave at §=¢,,. The spatial distribution of ¥
in the region &, >&>¢&,, is obtained by integrating Eq.
(18b). The number of extreme points depends on the dis-
tance between the upper and lower limits of integration
and the value of N, (| 4, |?). The positive and negative
signs in front of Eq. (18a) lead to the appearance of cusps
in the lower-density shelf. The spatial distribution of
| 4 |%* is obtained by integrating Eq. (7), and
d | A|?/dE=0, which is determined by ¥V =1, is in-
dependent of the signs of dV /d§. Therefore, in contrast
to the density N, the distribution of | 4 |2 has the ex-
treme values rather than the cusps.

Figure 2 shows the variation of the density step height
N, with I;A%. The curve 4 is a plot of experimental re-
sult in Ref. 5, and the curves B, C, and D correspond to
the results of Lee et al.,? Estabrook and Kruer,’ and Xu
et al.* respectively. The curve E corresponds to our re-
sult. As seen, curve E lies between curves B and D, and
curve C is only in agreement with curve E for the lower
incident light intensity.

The values N, given by the curves B, C, D, and E are
lower than the experimental value. The diversity of
curves B, C, D, and E comes from the different connec-
tion conditions and treatment methods used. Their devi-
ation from the experiment (curve A) is caused by the iso-
thermal model.

Figure 3 shows the dependence of the density scale
lengths L. (curves 4 and B) and L, (curve C) on the in-
cident intensity I, and the reflection coefficient B. As is
seen from curves 4 and B in Fig. 3, the value of L, for
=0 (curve B) is greater than that at the same intensity
for B=1 (curve A). If B is different in the discussed den-
sity region, then the value of L, will scatter. If B takes a
smaller value in the higher-intensity region, then the
value of L, may increase. We also see that the value of
L, reduces with the rise of I at the different rates in the
lower- and higher-intensity regions. The calculation
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FIG. 2. I,A? dependence of density step height N,. Curve 4,
the values measured in Ref. 5; curve B, the values predicted in
Ref. 2 (T,=250 eV); curve C, the values predicted in Ref. 3
(T,=250eV); curve D, the values predicted in Ref. 4
(T,=250 eV); curve E, the values predicted in our model
(T,=250 eV).

shows that L, ~I5"* for I,<10"® Wem™? and B=1,
which is steeper than the scaling law L. ~I; ' predicted
by Lee et al., and that L, ~15%% for I,> 10" Wem—2
and =1, which is gentler than Lee et al.’s. In particu-
lar, we find that the value of L, at I;=10'> Wcm ™2 and
B=11is 3 um. The above results are in good agreement
with the experiment.’ As we see from the curves 4 and
C (B=1) in Fig. 3, L, <L, for lower I,, L <L, for
higher 1), and both are close to each other for higher I,.

L (um ) [T =TT
E
E
10.1 s a el PSR | v gy
1012 1013 1014 1015
-2
I, (Wem™ <)

FIG. 3. Variations of density scale lengths with I, at
T,=250eV and A=10.6 um. Curve A, the variation of L. with
Iy (B=1); curve B, the variation of L, with I, (8=0); curve C,
the variation of L; with I, (B=1).
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VI. SUMMARY

We have derived the self-consistent relations between
V, N, | A|? | A,|?% and 8V /3¢ for a complex field.
The relation between | 4y | and | 4, | has also been es-
tablished in our steady-state model. Although the ex-
pression for d¥ /3¢ in the steady-state model is formally
identical with Xu et al’s for the plateau structure, the
boundary condition in a vacuum and the junction condi-
tion of AN /9 at the joint point cannot be satisfied in

their treatment limited to a real field. For a complex field
the required boundary and junction conditions should be
the continuity of A4, A*, 04 /3£, and dA4* /9§ rather
than | 4| and |34 /9&| at the boundary and joint
points. For lack of the information on (34 /9§), in the
self-consistent treatment, we find the relation between
| Ag; | and | 4, |? from the requirement of the con-
tinuity of d | 4 |%2/d€, 3V /€, and ON /d&. Our treat-
ment is completely self-consistent because
d|A|*dE=0for o &, >0.
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