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Effect of smoothing by spectral dispersion on flow induced laser beam
deflection: The random phase modulation scheme
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Analytical results are presented for the effect of random phase modulated smoothing by spectral
dispersion on flow induced laser beam deflection. It is shown that in the limit of a large number of
color cycles,N., the effect is identical to that of the induced spatial incoherence method of
temporal smoothing. For smal.., the beam deflection rate may be significantly larger in the
direction perpendicular to the dispersion, than in the parallel direction19@8 American Institute

of Physics[S1070-664X98)02503-9

I. INTRODUCTION large bandwidth limit specific scaling and numerical results

. . ) . are obtained in Sec. V.
Accurate pointing of high power laser beams is required

to achieve high gain implosions of capsules in inertial con-

finement fusiort. To the extent that laser ray trajectories are

calculated on the basis of macroscopic refractive effects A simplified model of SSD is obtained by assigning a

alone, this pointing may be in error, as has been observed iphase,¢(k,t), to each Fourier mode of the laser light elec-

various experiments.> This nonclassical beam deflection tric field, E (in a particular planez=constant of the optic

has been attributéd to the combined effect of flow trans- focal region, which is the sum of two parts: a static compo-

verse to the laser beam and diffraction by microscopic dennent owing to the RPR(k), which for eachk = (k, Ky), is

sity fluctuations induced by laser speckles or “hot spots.” a statistically independent random variable, such that
Previous closed form analytical results for beam deflec- . ,

tion by flow have been obtain&8for a model which allows (expild(k) = (k') 1) 4= i @

only spatial incoherence as induced by a random phasehere( ), means ensemble average with respect to the RPP

plate¢® (RPP, and for a model of induced spatial phases; and an independent, time varying part owing to spec-

incoherenct (ISI) where there is also temporal smoothing. tral dispersion in the %" direction, 6(8k,—t),

The key simplification of these models is the assumption that

Il. THE SSD MODEL

the laser intensity pattern is that obtained in a quiescent E=e Refe(x,)exp—iwol)}, @

plasma, which requires at the least that self-focusing be ig- .

norable, as discussed in Ref. 9. G(X:t):; le(k)[expi[k-x+ ¢(k,1)], 3
In this paper the first analytic theory of beam deflection

by flow is presented for the case of a laser beam which is  ¢(K,t)=¢(K) + 6(Bk,—t). (4)

spatially smoothed by a RPP and temporally smoothed b
the random phase modulation variety of smoothing by spe

tral dispersioff (SSD). It is shown that in the limit of a large distribution across the RPP| is a constant for|k|

number of color _cyc_lesl,\lcc, the effect is identical to that of <ko/(2F), and vanishes otherwise, whekg is the laser
the induced spatial incoherence method of temporal smooth-

. . ; wave number andr is the optic “F” number. B=sf/k,,
ing. For smallN.., and general flow direction, the beam P B 0

deflecti be sianif vl in the directi wheres is the temporal “skew” of the diffraction grating
eflection rate may be significantly larger in the direction, ¢ is the optic focal length.

perpendicular to the dispersion, than in the parallel direction. The functional form of @ is often chosen asi(t)

Since by symmetry considerations, one expects little azi, sin(u), i.e., frequency modulatiofFM), as in Ref. 12, but

muthal plasma flgw in a hohlraum, this result |mp!|es that th.eI this paper it will be chosen to be random, in a sense made
dispersive direction for each beam be chosen in the radi

direction to minimi assical b eflocti recise below, to produce a random phase moduf&tidh
rection o minimize nonclassical beam detiection. (RPM) variant of SSD, which is amenable to analytical
For either very small acoustic wave damping, or for a

. . L . analysis.
convenient choice of electric field temporal correlation func-
tion, the determination of beam deflection is reduced to the
evaluation of a two dimensional integral over a finite domainl!l- INTENSITY CORRELATIONS
of fourier space. Aftgr inFroducing.the SSD model, thg inten-  The beam deflection rate may be writtef§ as
sity correlation function is determined in Sec. lll. Using the

% is a unit vector in thex—y plane,x=(x,y), andwy is the
Yaser angular frequency. In the top hat model of intensity

linearized hydrodynamic approximation, the basic expres- dko_ 1 [dxUVn 5)
sion for beam deflection is presented in Sec. IV and in the dz 2n. fdxu
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where the ponderomotive potentlak ||, |20 is a unit vec-  Since the fluctuations of are assumed homogeneous, the
tor in the laser beam direction, amd is the critical plasma ( ) factor only depends ot—t’, and therefore only upon
density. In hydrodynamics linearized about a spatially uni-kx—px. Equation(13) may therefore be re-expressed as
form state,(see Sec. Y, Vn is proportional to the superpo-
sition of U at earlier times and other spatial locations. Since
the fluctuations ofe are spatially homogeneous, the spatial
integrals may be replaced by ensemble average, denoted by
(), provided that the size of the domain is large compared tqvith
the correlation length of the fluctuations |ig2,

C(x,t>:§ Co(@) eI (qy.t), (14)

2
dke 1 (Uvn) 1 (8UVén) Co(q)=k2_ IE(k)IZIE(p)IZ/ (Ek: IE(k)|2> , (19
dz _2n, (U) _ 2n, (U) ° © ‘

where SU(x,t)=U(x,t)—(U) and sn(x,t)=n(x,t)—{n). and

The numerator may be expressed in terms of the two point .

autocorrelation function dfe|? which will now be evaluated. f(ax. 1) =(expil (B~ 1)~ 6(— 1)+ 6(0)

It follows from Egs.(1), (3), and(4) that the fluctuations —6(Ba) ). (16)

of e are spatially homogeneous with
Note that the functiorf has the value unity fot=0, and
(e(x,1)€*(01")) =2, |€(k)|? expi[k-x+ 6(Bky—1) therefore Egs.(9), (14), and (15) imply C(x,0)=Co(x)
K =|B(x)|%/|B(0)|?, and in particularC(0,0)=1.
_ ) A remarkable property of the functioh is that it does
0(Bky—t")]. (7 ; - . :
not decay to zero in the limit of large time separations, even
Let the fluctuations of), as determined by RPM, be tempo- if G does. This can be shown by noting that in this limit the
rally homogeneous with first two terms in the bracket of E416) are independent of

) the second two so that
(expi[6(t) = O(t")])p=G(t—t")=G*(t' ~1), tS)

where( ), means average with respect to the random proces ,t)t—;<exp ILO(Ba— = 0(=1)]),
of the RPM. Now leX ) denote the average over both phases.

It follows from Egs.(7) and(8) that X (expi[ 6(0)— (B 1) s=|G(Bay)|?. (17)
(e(x t)e*(Ot’))=G*(t—t’)2 |e(k,1)|2 expi(k-X) This is a manifestation of the non-Gaussian fluctuations
’ ’ K ’ of € considered as a random variable whose fluctua-

tions arise both from the RPP and the RPM-SS[x Vfere

=B(X)G*(t—t'). ©  Gaussi :
aussian with respect to averages over both phases, then
Now evaluate the normalized ponderomotive autocorrelatioff would follow that (85U (x,t)U(0))~[(e(x,t)€(0))|?
function, =|B(x)G(t)|?, which is incorrect, e.g., correlations are pre-
dicted to decay to zero at a rate which is independent of the
C(x—x,t=t")=(8U(x,t) U (x’,t'))/(U)?. (100 wave number of the fluctuation. Only the fluctuationsein
It follows from Egs.(1), (3), and(4) for arbitrary space time owing to the RPP phases, for given SSD phasare Gauss-
points, 1, 2, 3, and 4, that an. o . .
For finite time separationd, may be related to integral
(e(1)e*(2)e(3)e*(4)) ,=(e(1)€*(2)) ,((3)€* (4)) 4 properties ofG if it is assumed that the random process,
. . defined bydé/dt=u, is stationary and Gaussian with)
+(e(1)€"(4)) 4(e(3)€*(2)) =0. Let(u(t)u(t’))y=®(t—t’). The following well known

(11  basic result,

in the limit when the number of Fourier modes witk| oc
<ko/(2F) is largé’ and therefore Eqg10) and(11) imply <expif n(r)u(r)dr>
that o

’ ! 1 o) [e’s}
(8U(X1)BU(0L")) 4 [(e(x ) e(01)) 42 (12 :exp[_ 5 f J (D(r—1)p(rydrdr’ |, (19
Equation(7) then implies
allows for the evaluation of expectation values of the form

C(x,t—t')oczk, > |e(k)|Y e(p)|2ek—Px given in Eq.(16). As an example, if
p
X (expi[ 0(Bk—1) — 0( Bky—t") (1) =" exp(—t]), (19
—0(Bpx— 1)+ 0(Bpx—t')])g- (13)  then
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G(t)=(expi[6(t)— 6(0)])

‘}’2
=ex;{—7 vt —1+e "), (20
which follows from Eq.(18) with 7(r)=1 for 0<r<t, and
0 otherwise. Ify/v>1, thenG, which is a monotonic de-
creasing function oft

“bandwidth” of the electric field amplitudeg, is large com-
pared to the bandwidth of the phase,
To evaluate Eq(16) note that

Bay—1
6 Bas— 1) — 0 Bly) = f u(rydr

Ax

Ejlmr)u(r)dr,

and

[

mnz(r)u(r)dr.

0(0)—6(—t)= fiu(r)drzf

Setp= 5.+ 5, in Eq. (18) to obtain

f(ax.)=H(wBlay, v|t], ¥/ v), (21)
with
L logH =|7|—1+e I
mog (k,7,p)=|7—1+e
[P PRE
_Ee (e+e )
if |7]<|«]
[ 1
—_|r|—|;<|+§e_(‘7‘_"|)
1 ,
+5e e =) if |7>|«l.
(22)

It can be shown that is a monotonic decreasing function of

t andqgy.

A. The large bandwidth limit

, may decay to a small value while
v|t|<1, G(t)~exp(—4%2). This is the regime where the
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(25

In order thatf decay to a small value befordt| <1 is vio-
lated, it is also required that

Neoy/ve1.

ylvs1. (26)

If Egs. (25) and(26) are satisfied, this will be called the large
bandwidth limit of RPM-SSD. Note that large bandwidth
refers to large bandwidth of the electric field, not the phase
of the electric field, as E426) implies that the bandwidth of
the electric field is large compared to that of the phase. Since
the minimal implementation of SSD is usually envisioned as
having at least one color cycle, E@5) is redundant, given
Eq. (26).

B. The ISI limit

If in place of EqQ.(25), N.:>1 is satisfied, then for most
modes

vBlay>1, (27)

f(qgy,t)~G2(t), andC(x,t) factors into a function of space
times a function of time, just as in the case of ISl for which
the beam deflection analysis has been dbtien addition,
Eq. (26) is satisfied therG?(t) ~exp(—2t2).

IV. LINEARIZED HYDRODYNAMIC APPROXIMATION

In our previous study of beam deflection in the BPP
case, it was found that for small enough values of the aver-
age laser intensity, predictions of the |d€ddeam deflection
rate based on linearized hydrodynamics were in excellent
agreement with those obtained from nonlinear
hydrodynamic$. Near Mach number unity the differences
were the largest, and for strongly damped acoustic waves,
with dimensionless Landau damping coefficient,, of or-
der 0.1, even these differences were small provided that
|(6Nn)|/ng<0.05, wheren, is the background density and
|(én)| is the magnitude of the ponderomotive density re-
sponse based on the average ponderomotive potential in a
quiescent(nonflowing plasma. In practical unit§ dn)|/ng
~0.90% 10~ B¥(\ o/ wm)(cm?(1)/W)(eVIT,), where T, is
the electron temperatura, is the laser wavelength arfd)
the average laser intensity.We provisionally assume that
the domain of validity of the linear hydro response for the
time dependent intensity fluctuations characteristic of RPM-

Some limits of this function are of particular interest. For SSD is at least as great as in the RPP case.

v[t|<1 andt<g|qy|

f(ae ) ~exd — y’t3(1—e P13, (23
In order thatf decay to a small value beforte<|q,| is
violated, it is necessary that

Y Y
7,3|QX|=; Vﬂ|qx|=; Nch|qx|/k0>1- (24

whereN..=vBkqy/F is the number of “color cycles”"—the

number of independent SSD phases across the RPP because _
from Eq.(4), Bko/F is the time it takes the SSD phase to be
swept across the entire phase plate andidthe phase cor-

For convenience, we choose to represent the linear hydro
response of the density fluctuation in the following form

sn(x,t)  [(sn)| A
o =— o fL(x—x,t—t)

><U(x’,t’)
(U)
L is simply represented in Fourier space,

C!)_k'VO 2 2
Csk —zlVig

dx’dt’, (28

—k.
L Yk,w)=1— wc—k\lo)’ (29

relation time. Sincey,=O(ky/F), this inequality is essen- wherec; is the ion acoustic speed and the transform conven-

tially satisfied if

tion is
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1jb(k,w)=f f P(x,t)exp—i(k-x— wt)dxdt.

Vg is the projection in thex,y) plane of the spatially uni-

form background plasma flow in the frame of reference

where the laser electric field is given by E@8)—(4).
Equations(6), (10), and (28) imply?°

dko_ no_[(an)| fc:(x HVL(x t)dxdt (30)
dz 2n, ng ' ' ’
or in Fourier space,
dlzo_ Ny [(sn)| fké K o)l (k dk do
9z 20, n ) KCkiLke) Grm s,
(3D

with C(k, )= Cq(K)f(Ky,w), and in the limit where Fou-
rier sums are replaced by integrals it follows from E@s))
and (15) that C vanishes forx=Fk/ky>1, otherwise

Co(k) 1 2 2
(2m)2 kel (2F) ]2 (1_ P i
= (F/kg)%&(x). (32)

Note thatc is well approximated by a linear functior,
~(0.948-1.04«)4/7 for 0<k<0.948/1.04-0.912, other-
wise zero.

V. BEAM DEFLECTION IN THE LARGE BANDWIDTH
LIMIT

In the large bandwidth limit, it follows from Eq(23)
that

f(Kky,0) =

exp — 12y
y(Ky) 4y°(ky) (33)
y(Ky) = 7\/1_ exp(— V,8|kx|): 7\/1_ exp(— Ncc| Kx|)-

Equations(29), and(31)—(33) and a change of the variables
of integration fromk to xk and w to Q= w/y(k,) imply that

Eﬁ:D(M,wa,g.Ncc), (34)
ko dz
whereg=Kkycs/(Fy), M=vy/cg, and
D(M, via,9,Nco)
o O [ e o i e,
(35

with the argumenti in the integrand of Eq(35) given by

Q K
u:g_K\/l_qu_NccleD_;'M- (36)
We will have occasion below to regaftlas a function ofu,
as given implicitly by Eq(36). Recall that is defined in Eq.
(32). The parameteg may be thought of as the ratio of the

H. A. Rose and S. Ghosal

It follows from Egs. (35 and (36) that D(—M,.)
—D(M,.),  Dy(My,—M,,.)=D,(M,,M,,.)  and
D,(My,—My,.)==D,(My,My,.).

A. The small damping limit

The width of the hydro resonance in E5), is du
=i, OrdQ=grv;y/V1—exp(—N.]x). If gv;,<1,dQ is
larger than unity only for small|x,|, |« |=F|k./Kg
<(gvja)?/N,. Since a minimal requirement for SSD is usu-
ally considered to b&l,.=0O(1), solong asthe small damp-
ing limit

(gvia)?<1 (37)

obtains, the hydrodynamic resonance is narrower than that of
the ponderomotive fluctuatiorighe exp¢Q2%/4) term| for
most modes. If furthermore;;<1, the well known result
1

1-u’—2ieu

i
> [6(u—1)—S(u+1)]

e—0

allows for the simple evaluation of th@ integration in Eq.
(35) to obtain

D(M,09,N¢c)
_ N [(&n)] K KS( ) -
8N o V1—exp(—Ngd ky)) [f]=0%, (38
with
Lo 0*u=-1) Q%(u=+1)
\/—;[f]:—ex —T_ex _T.
(39

Although they component of the integrand does not remain
finite as|«,|—0 since

1 ~ 1
[fl=
\/1_exq_Ncc| Kx|) Necl kx| —0 \/Ncc| le

it remains integrable.
Some particular examples are now considered based
upon the numerical evaluation of E(8). In Fig. 1, thex

0.05

0.04

0.03

0.02

0.01

000 +———7T—"—T——T7—

electric field correlation time to the speckle width ion acous-gig. 1. Normalized deflection rate in thedirection for the case of small

tic transit time.

Landau damping, witly=1 andM,=0.

Downloaded 10 Mar 2009 to 129.105.69.71. Redistribution subject to AIP license or copyright; see http:/pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 5, No. 3, March 1998 H. A. Rose and S. Ghosal 779

0.15 16-01 3
0.10 1e-02 3
_ 1e-03 =
0.05 — E
— 1e-04 —
0.00 T T T T T T T E
0 1 2 3 4 1e_05 T T T T T T 11
M, 1e-01 1e+00

g

FIG. 2. Theg=2 variant of Fig. 1. . . .
9 9 FIG. 4. Normalizedx andy deflection rates in the case of small Landau

damping, withN;.=1, with D, evaluated foM,=0 andM,=1.0, andD,,
evaluated foM,=0 andM,=1.0.
component of the normalized deflection rate,

n.D(M,09,Nc)/[(6n)| is shown forg=1 andM,=0 as a

function of My and N, The curve labeled "RPP™ is the intensity fluctuations are more slowly varying, leading to

rate for %le. C;S(: %f bezmhsmoothlr;gbb?/ gr; SITI.DP 3'00‘9' dargrger deflection rates. For smajlsimple scaling estimates
presentett in Ref. 8, and the curve labele IS obtaine presented in the next paragraph show thatD,~g. For

bgsr%placing thevrll—e;](p(— N°°|K.X|) factolrs _in E?S(&Q’) _and h larger values oN.., the ISI regime is approached and the
(38) by unity, so that the intensity correlations factor into the .0\ < become nearly circular.

product of a function of space and a function of time, as To determine the scaling @ with g asg— 0, schemati-
discussed in Sec. Il B. Similar ISI results have been pre'cally rewrite Eq.(38) as
sented in Ref. 9. Note that the RPM-SSD rate exceeds the ISI
rate, which is approached from above for moderate values of P

Nec. If My<1, the RPP deflection vanishes for zero acoustic D~gf I oxel —Ndil) [f]=d®x, (40)
damping and for these Mach numbers the effect of temporal camx

beam smoothing is to increase the deflection rate, as notegince «C(«) is order unity for most modes. The component
previously? The results shown in Fig. 2 are as in Fig. 1, of deflection in the %" direction, D,, may be estimated by
except thag=2. In Fig. 3 contours of the magnitude of the

normalized deflection rate are shown as a functioMofor  p g

9%/N¢ Ky

dk
g=1 andN..=1. For this cas® is approximately parallel g 0 JI—exp—Nedrd)
to M. The anisotropy of this figure, with the deflection rate . 2
peaking along the axis, the direction perpendicular to the 3 Kx dr.~ad 41
s ] e ; ; + — — 32 Ak ~07, (41
optic dispersive direction, the axis, may be explained by 02N [1—exp(—Ned k)]

noting that the rate in thg direction involves arx deriva-
tive, as shown in EQq(30), which is dominated by more
rapidly decaying intensity fluctuations, as shown in E38)
for large|k,|, while the rate in they direction weights larger
[ky| fluctuations, buik,| may be small, and the associated

where the estimatéf];zO(l) was used in the first inte-
grand [ f]=~g%kx-M/[1—exp(—N«,)] was used in the

0.005
] 0.040. >~ i
] N
1.5 0-050\ 0.003 —
£ 1.0 m 0.002 -
] ———0.050—_ 7
0.5 0.001 |
] x 0.040 -
J0.010. g
O . 0 I T T 1T I TT |0;0|3|0| TT | T T 1T | 0'000 T I T I T I T I T I
0.0 0.5 1.0 1.5 2.0 00 02 04 06 08 10
Mx N cc

FIG. 3. Contours of the magnitude of the normalized deflection rate aréd-IG. 5. Normalizedy deflection rate is shown as a function Nf., for g
shown as a function d¥1 for g=1 andN..=1 and small Landau damping. =0.2,M,=0 andM,=1.0.
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0.6 A numerical study of thegg— 0 limit is shown in Fig. 4

for Ncc=1, with D, evaluated foM,=0 andM,=1.0, and
D, evaluated foM,=0 andM,=1.0. Based upon the data
points forg=0.1 andg=0.2, the following power law fits to
the data are obtainedto two significant figures D,
=0.0443° andD,=0.11g%°, consistent with the above es-
timates. Inspection of the figure shows that this fit is good up
to g~0.5. These results imply that for a plasma flow not
nearly aligned along either theor y axes, the beam deflec-
tion will almost be perpendicular to the dispersive direction
for small values oN.. In Fig. 5D, is shown as a function
of N, forg=0.2,M,=0 andM=1.0. The numerical data
is consistent with the predictedN/, behavior.

0.5

0.4

0.3

0.2

0.1

0.0

B. Finite Landau damping model

In order that the frequency integral allow for a simple
evaluation for finitev;, , as a model the phase decorrelation
function will now be chosen as expgit|) instead of

second. Equatiori4l) is dominated by large, because of €XP( ¥t?), and then in place of E¢33) one has

FIG. 6. Normalizedk deflection rate foM,=0, »;,=0.05, andN.=1.

the factors ofk, in the numerator. Similarly, - 2
e, 1 M) = T+ (ol (k) ET “3
Dngjo V1—exp(—Nedlxy) o and in place of Eq(35),
. 3jl 1 G~ g?IN D(M,7vi5,9,Ncc) A
?Nge [1—exp( =Nl i) 132 775 ce no |(on)| 2 i k(i)
(42) ~ 4w, no f 1+0Q2 1-u?—2iy,u dred(2. (44)

and the last relation follows because both integrals are conthe integral over() may be evaluated by residues where

trolled by smallx,. Deflection in the k" direction appar- ~ only the pole at)=i is needed,

e_ntly cannot take advantage of the relatively Iarge correlation Ny |(on)| i 1 1)

times available at long wavelengtfemall ,), while deflec- D(M,v;5,9,N¢o) = n n j 102 =2iv0 d«,

tion in the “y” direction can, with the result that for short c 0 a (45)

correlation times, deflection along the spectrally dispersed, *

x,” direction vanishes more quickly than in the orthogonal Where the term u” is obtained from Eq.(36) by replacing

direction?? In other words, by orienting the dispersion along 2 by i.

the direction of the flow, beam deflection is minimiZéd. In Fig. 6 the normalized deflection rate in thelirection
The smallg limit of D, is different than that reported in is shown forM=0, »;=0.05, andN..=1, and in Fig. 7 it is

Ref. 9 because in that work the model of laser incoherenc8hown forNg.=10. IncreasindN.. does not lead to a signifi-

hadf(w)—l |w|, while here this limit goes likéw|?2 cant decrease iD unlessg is of order unity or less because
©0—0 ' ' otherwise all phases are nearly static and the dynamic com-

ponent of the SSD phases are nearly static phase shifts added

0.6 to an already random component induced by the RPP.
05 7 VI. RELATION TO OTHER WORK
0.4 — It has been observed in simulations of FM-SSD that self-
. focusing as well as beam deflection by flow is reddc¢éd
03 — compared to the static RPP case. Further comparison with
— that work is not possible because the results of only one case
0.2 - were published. It is not clear to what extent the RPM-SSD
— and FM-SSD models considered here should have similar
0.1 — beam deflection properties.
- The fact that the approach to ISl like behavior for beam
00 —rsis e I‘, — deflectior is seen with only a modest number of color cycles
0.0 05 10 15 20 is an important simplification since then the deflection is
M strictly parallel to the flow, and is a function of only three
X parametersM, v;, andg, instead of a vector function of five
FIG. 7. Same as Fig. 6 but witR..=10. parameters.
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