Properties of the Speckle of Focused, Phase-Converted Laser
Beams and the Reduction of Time-Averaged Irradiation
Nonuniformity in Laser-Driven Plasmas due to Target Ablation

Highly uniform irradiation and energy absorption at the sur- This article shows that the effects of the speckle in the
face of fuel-filled capsules are among the most importanintensity distribution within a plasma average out in time due
requirements for successful inertial confinement fusion (ICFjo a number of optical and hydrodynamic effects of uniform
implosionst:2In most laser-plasma experiments of interest tablation that cause the irradiation-intensity distribution to
ICF, laser beams are phase converted by being passed througbve relative to the plasma. Any local effect of the irradiation
distributed phase plates (DPP%DPP’s greatly improve the speckle on the plasma that is cumulative, such as the conver-
uniformity of focused beams by reducing large-scale bearsion of laser intensity peaks into thermal energy peaks by
structure, leaving intensity profiles with well-controlled, absorption, will be reduced in proportion to this time averag-
reproducible envelopes modulated by fine spedfiélow-  ing. The most direct measure of irradiation uniformity is that
ever, the nonuniformity remaining in the speckle is still moreof the intensity distribution at a given surface, such as a sur-
than the maximum allowable nonuniformity for ICF. This face fixed in space or a surface of constant electron density
article presents an analytical model of this speckle and uses thisar where laser energy is absorbed. All effects that cause the
model to show how a uniformly ablating plasma atmosphergradiation-intensity distribution to move relative to this sur-
acts to reduce the contribution of the speckle to the effectivéace will contribute to a reduction in the effective irradiation
time-averaged irradiation nonuniformity. nonuniformity by time averaging.

DPP’s are transparent plates divided into a large number of A number of laser-system modifications have been devel-
flat area elements that are all identical, except that each oped that cause the speckle to change rapidly in time so that
them adds a random phase delay to the transmitted light. Thiseir effects on the plasma will average out in time. These
random distribution of phase delays effectively divides thenclude induced spatial incoherence (I9here the temporal
beam into mutually spatially incoherent beamlets. When theoherence of the laser beam is disrupted, and smoothing by
beam is focused onto a surface, the irradiation pattern isspectral dispersion (SSB)where the laser is modulated elec-
superposition of all the beamlets, where the envelope of theo-optically to expand the bandwidth of the laser. With both
total intensity distribution is the same as the envelope of eadBI6-8 and SS¥19significant reduction in the effects of irra-
individual beamlet. The shape and size of this envelope adkation nonuniformity has been obtained, certainly more than
determined by the shape and size of the individual phase-platge reduction that can be attributed to ablation-induced effects
area element. The speckle in the intensity profile is the resudtione. Progress in developing these techniques has been driven
of the mutual interference of the beamlets. The random spatia large part by the need to shorten their averaging times so that
correlation among all beamlet phases results in a speckiee cumulative effects of the irradiation nonuniformity can be
modulation spectrum that is much flatter than would beaveraged away very early in the pulse, before they can be
obtained from a beam without DPP’s, where the strong shorimprinted irreversibly on the targé®:11 Consequently, the
range spatial correlations in the beam phase profile result possibility of additional speckle averaging at early times by all
correspondingly strong long-scale structure in the focusepgossible means remains an important question.
intensity pattern. DPP’s with continuous phase distributions
have been developed recently. They function with the same One source of averaging due to ablation is the continuous
effect as discrete DPP’s, except that their focused intensigccumulation of ablated plasma in the beam path between the
profiles do not have the side lobes characteristic of the didaser and the surface where the uniformity is measured. The
crete area elements of discrete DPP’s, and appreciably moredi§persive effect of the ablated plasma reduces the total phase
the laser energy can be focused onto a spherical farget.  of light propagating through it between any two fixed points,
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and the resulting refraction foreshortens the speckled interfeis that it does not require that an atmosphere be present
ence pattern along the axial direction so that it appears to hairgtially, only that one has begun to form.
receded from the target, back toward the laser. The continuous
feeding of the atmosphere by ablation from the target results in This article first develops an analytical model for the
a continuously increasing phase reduction and refractiomntensity distribution and the spatial spectrum of the speckle
resulting in a steady recession of the intensity distribution pagiattern in the focal region for the case of random DPP’s with
any surface fixed in the plasma at a point of constant electratiscrete phase elements. The paraxial approximation is
density. The hydrodynamic motion of the plasma makes a comnapplied to the beam propagation in a uniform plane-parallel
parably important contribution to the total motion of the inten-atmosphere. In this model, the reduction in the speckle spec-
sity distribution relative to this surface. Both effects have beetrum due to averaging over an interval of time at a given
identified by Dewandret all2 as sources of the frequency absorption surface is equivalent to a spatial average over the
shift of light reflected from the atmosphere of an ablating tareorresponding interval of the propagation axis that repre-
get. These ablation-induced time-averaging effects are intesents the thickness of the portion of the intensity profile that
esting not only because they are potentially beneficial, but alssould have passed through the absorption surface during the
because they are unavoidable consequences of ablation tigaten time interval.
must be considered in interpreting any ICF experiment, past
and future, where the quantitative effects of irradiation non- A simple idealized atmosphere model is used to obtain
uniformity are a matter of concern. estimates of various contributions to this averaging interval.
The plasma contribution is considered separately, and it is seen
For the purposes of this article, irradiation uniformity will that the accumulation of typical ablation plasmas over typical
be considered to be the uniformity of the intensity distributiorhydrodynamic scale times can displace the speckle distribu-
at the absorption surface, which is defined simply as a surfat®n over distances that are significant on the scale of the
of constant electron density,g Where the absorption occurs. speckle structure. The total of the hydrodynamic and plasma
Absorption does occur over a finite distance, however, andffects is calculated in terms of a planar target accelerated by
some degree of additional smoothing of the effects of théhe expansion of an isothermal atmosphere. From this, it is
irradiation nonuniformity can be expected since an appropriseen that the plasma and hydrodynamic effects tend to cancel
ately weighted, instantaneous spatial average of the absorbeach other in a solid target during the beginning of the abla-
intensity distribution over this distance is a better measure dion, which is the crucial period when the atmosphere is most
the true effective nonuniformity. Identifying this weighting susceptible to a permanent imprint of the irradiation nonuni-
would take this article beyond its intended subject of irradiaformity. The rates at which these averaging effects occur are
tion uniformity to the problem of relating the uniformity of calculated using 1-D hydrocode simulations of the ablation
ablative drive to the irradiation uniformity. of a planar target for a range of irradiation intensities. These
numerical results are well fit by the analytical approxima-
Thermal conduction and radiative transport in the atmotions, which verifies that the analytical results are applicable.
sphere of an ablating target are other processes that smooth e averaging rates are the crucial final result because useful
nonuniformities in the thermal-energy distribution that arespeckle averaging requires that the intensity nonuniformities
driven by nonuniform energy depositié#3:14These smooth- must move through the plasma quickly enough to limit their
ing mechanisms can be effective only in the presence of amulative, irreversible effects.
plasma atmosphere where there is a separation between the
absorption region and the ablation region, where the pressure It is found that the averaging times in a solid CH target due
gradient driving the ablation is concentrated. Consequentlyp the plasma and hydrodynamic effects vary with the irradia-
neither of these effects can smooth nonuniformities at th&on intensity and can be as little as a few hundred picosec-
beginning of the laser pulse before an atmosphere has devehds for a beam df7 focal ratio, 0.353#m wavelength, and
oped. It has been suggested that a suitable atmosphere colil®#°W/cnéintensity. This smoothing time is short, compared
be formed by a flash of x rays applied before the laser Bulsewith the hydrodynamic time scales of ICF implosions, but not
or by coating the outside of the target with a thick outer layeshort enough to avoid a permanent imprint of the irradiation
of very light polymer foamt® A crucial advantage of ablation- nonuniformity on the plasma. While the plasma and hydrody-
induced time averaging of speckle over thermal smoothingamic effects counteract each other early in the pulse, the
and instantaneous axial averaging over an absorption interMaydrodynamic effect reverses at later times, as the target
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accelerates, and the two effects add constructively, giving 1(x) :|U(x)|2. (4)
a much larger effect. Even then, the total averaging effect
remains much slower than SSD and ISI smoothing times. The wave vector of the axial wakéz) obeys the dispersion
relation

Many ICF experiments have already shown th&t$aind
sSSP0 significantly reduce the effects of irradiation non- c?k?(2) = w? - w3(2) (5)
uniformity. The results of these experiments imply that any
ablative smoothing effects that might have occurred in theder a plane wave in an unmagnetized plasma. Note thabthe
experiments were dominated by SSD or ISI, but they do natependence af; and thez dependence af, andk will not
rule out that ablative effects were important enough to havalways be written, but they are always understood to apply.
affected the quantitative comparisons between the results of
measurements made with and without ISI or SSD. In the For the present purpose, the paraxial approximation is the
absence of SSD and ISI, it is likely that the ablative effects ar@ssumption that nearly all tt,edependence dE(x) is con-
an important smoothing mechanism, and they should be cotained in the axial phase factor of Eq. (3), rather thas(i),
sidered in interpreting experiments intended to determine thso that
beneficial effects of these laser-system smoothing techniques.
The main conclusion to be drawn from this work is that the for-
mation of an ablated plasma atmosphere does act to reduce the
effects of radiation nonuniformity and that understanding
these effects is essential to a complete quantitative understandising Egs. (3), (5), and (6), the paraxial-wave equation,
ing of the effects of irradiation nonuniformity on these plasmas.
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Beam Speckle Modulation Spectrum in the Focal Region oz 0z

1. Derivation of the Beam Speckle Modulation Spectrum  where
The first task is to solve the electromagnetic wave equation
92 9
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is obtained from the full-wave equation, Eq. (1).
for a monochromatic beam of frequenefocused onto plane-
parallel plasma target whose electron densitfx) = ng(2) The desired solution to Egs. (7) is that of a beam of total
varies in the axial direction, tlzelirection, normal to the target power P, emerging through a planar aperture of akeari-
surface. In what follows, the electron plasma frequengy) ented normal to theaxis. The beam is focused at the aperture

will be expressed as with a device of focal length, so that it converges all the way
from the aperture plane, which intersectszthgis at the point

w(2) = wzne_(z) @ X~ (O, 0,—20), to the focal point at the origin of the coordi-

p nc(w)' nates,x = 0. This solution can be written in the form of an

integral sum of converging waves,
in terms of the critical electron density(w). Using the par-
axial approximation, a solution to Eq. (1) can be obtained in

terms of the reduced field quantltifx), which represents the U(x) = ko k_VEJ' W(q)
electrical fieldE(x) with the axial-wave phase removed, 27y V k A

gz g i
_ () 3 X expriGLq- X +
E(x,t) = U(x)exp%_gk(z )dz' -t 3) 1B

ST (B N
0 2%

+¢(q) [
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The reduced field can be used to calculate the intensity df is assumed that the field at the aperture is uniformly polar-
the irradiation, ized. As a result, the field at the pokit identically polarized
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everywhere, and polarization can be removed from the expresenter point of thégth DPP element. It is assumed that both
sion for the focused field, leaving Eq. (8) as a scalar expre®¥(q) and¢g(q) vary slowly enough within each DPP element
sion. The vector variablg represents a point on the aperture.to be approximated as the constaiysandg, respectively.
The vacuum wave number of a plane wave of frequemisy Thus far no restriction has been placed on the distribution
k, = w/c. The function{(2) is given by W(q), other than that it must vanish figlarge enough to cause
Eqg. (11) to violate the paraxial condition stated by Eq. (6). Itis
ky a7 ) now assumed that/(q’) describes a distribution centered at
k(z') g’ =0sothat Eq. (11), written as shownin termW@ - qo),
represents a beam that originates from an illumination distri-
and is the only-dependent quantity in the phase of the solu-bution on the aperture plane, centered off-axis at a pgint
tion. It is a measure of distance along the beam axis from thend converges to a focal point on #reis. This displacement
focal point that reduces #(z) = z in a vacuum. In all expres- qg corresponds to an angle of incidenge= tan‘l(qo/zo),
sions below, where the distance meagifgeis written as{,  where ¢y = |q0|, or  0Jqgp/zy for small angles within the
its z dependence is understood. The boundary conditions pfraxial approximationgg << zg.
this solution are the functioi(q), the amplitude distribution
in the aperture plane, which is real, positive, and normalized Equation (11) can be simplified by discarding negligible
so that terms. What remains is

Jprasen 00y B

andg(q), which contains all the phase information in the beam N
at the aperture, including the intrinsic phase distribution of the xS W, exp@ i [k, (q- + QO) . X
beam plus the segmented phase profile added by the DPP. i=1 . a— EZ; )

(@)=
0

The integral in Eq. (8) can be written as a sum of integrals + Ky (qu *+24;-do *'q(%)Z ‘o (12)
over theN individual, identical, and identically oriented area 225 !
elements that completely fill the aperture. Mathematically,
this is a useful simplification because the ph@sp varies
randomly and abruptly from element to element. PhysicallyThe transformq - g+ qg has been made from coordinates
this represents the beam as an array of beamlets of mutuatlgntered at the axis to coordinates centered at the center of
spatially incoherent phase. The solution, written in this way, ithe beam on the aperture plane, so that the set of &l

centered about the origin= 0 and so thad, represents the

displacement of the entire beam from normal incidence.
kp, |

-k kP
Uix) = 2mz \ k A

> W(CIj ‘CIo) The restriction of the paraxial approximation on Egs. (8),
! (11), and (12), as stated by Eq. (6), requires that the focal
H. B& ky quZ % convergence of the beam be slow and that the angle of inci-
X exphri =gy - X+ 222 +‘/’(qj) dence be small. This implies that the beam must not be fol-
B Eo e lowed into the plasma too close to what would be the turning

B . k, point of any ray in a geometrical-optics ray-tracing treatment
X J]. eng_' EZ;‘;" X of the same problem. A clearer statement of a condition that is
a; sufficient to satisfy Eq. (6) can be obtained using Egs. (9) and

(12). This is

27
+kV26qj.§+kVEZZD[d25, (11)
i % O 2 2
kv(qj +2q; - do +qo) k,
where each element is of arep=a = A/N. The substitution 22(2) K
q=d; +¢& has been made, where the constpaenotes the

<<k (23)

176 LLE Review, Volume 68



PrROPERTIE®OF THE SPECKLE OF Focusen PHASECONVERTEDLASERBEAMS

for allj. The meaning of this condition is made adequately cleavherely(x) is the intensity profile of a single beamlet,
by considering the case of a circular aperture of raRjus EF
which gives lo(X) = (P7A) Tk [Tk a

“an? OkHz, 0

2 2
(R+ao)” O neO
A ccq--E (14a) 1 0.k &-xU o
272 nd —ﬂ'eXPEH—Ddf , (18)
i g o a 0 % O
a

or, writing this in terms of the angle of incidengellqy /7,
and the focal ratio drnumber of the bearh=7;/2R, and where3(x) is the speckle modulation factor

o1 D2 g nO N N N
+yQ <<2d--2 14b -1 1
b7 t¥H <<?F B (14b) G(x) = N,-le N2, 2 exr)Ern mcp,k
Equations (14) are essentially the same as the condition that Ky ar M A 19
no ray in the laser beam should approach its turning point. This " 7 Adjc- X+ zg (q1k+qo) Aq]k% (19)

turning point can be identified for each component of the
plane-wave decomposition expressed in Eq. (12) as the point
where the wave vector has become purely transverse. Thée factors in Eq. (18), the beam envelope expression, have
transverse componetki;of the wave vectok of each com-  been grouped so that they are all dimensionless, except for the
ponent of the plane-wave decomposition of the reduced fielahtensity P/A.
can be identified in Eq. (12) as
The first term of the modulation factor given by Eq. (19)
K :k—V(q +q ) (15)  represents all the identical noninterfering pairs and is simpli-
D Zy 0/ fied by using the discrete-sum equivalent of Eq. (10),
As the beam propagates deeper into the plagitgincreases
andk? decreases to the point wheke k i, which defines the
turning-point electron density,,,, Combining Egs. (2), (5),
and (15), the turning-point density for the most obliquely
incident ray is The second term in Eq. (19) is the sum of interference terms
that represent the speckle modulation. For each element pair
M _ 1- glzi N wmz (16) (j,l(), there is a phase differenpmik =0~ % amgan position
Ne f E 20 =d; +qy, and a separation = q; —qj.Slnce the set
of the positions of the DPP element cent } forms a
regular lattice, a particular separation vecay, occurs
for the case of a circular aperture. Even though the more naepeatedly. LeN,, then, be the number of distinct separation
mally incident rays penetrate further than this, itis clear that theectors, letAq,, be a particular one among them, and let
paraxial approximation for the treatment of the whole bearrN(Aq m), abbreviated b, when convenient, be the number
has become invalid at, = ny, For the present purposes, of element pairs that have the separation, Any one of the
either the conditiomg < ny,,, Or Egs. (14) can be taken as a N, different pairs of points that share a particdlgy, can be
validity condition. A more thorough validity study will not be distinguished because they all have distpgt each of which
undertaken here. can be denoted af,. The element pairs can now be identified
by the indicesrf,1), as well asj(k), so eachAg;, can also be
Equation (12) can be used in Eq. (4) to obtain the intensitglenoted as\@y,, and similarlyW,W is a particular element

vvj2 =1. (20)

||MZ

1
N

which can be written as the product (m,n of the matrix formed by the outer prodW¢t]W. From
this point on, the analysis will assume uniform illumination of
1(x) = N 1o(x)G(x), (17)  the beam aperture so th&¢= 1. The modulation function can
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now be written as

I 0k 0 (21a)
G(x)=1+ 3 C(Aqm.¢)exprri—Y Ady- X[
m=2 O % O
where
C(Agm.¢)

1 Nm 0 k,
== S expri Dy, +—
anl E D(Pmn Zg

_ NS
On +dg)- Aqmy 0 (21b)
(@n+90) s

From the set of all possiblkq,,,, m=1 is chosen foAq = 0,
which is excluded from the sum in Eq. (21a), sincAglE 0

pairs have already been summed to obtain the first term.

2. Evaluation of the Speckle Modulation Spectrum

This is obtained from Egs. (22) by recognizing that the ampli-
tude of a sum of terms of random phase accumulates as the
guadrature sum of the amplitudes of the terms, just as the total
distance in a random walk accumulates as the square root of
the number of step¥. It should not be forgotten that Eq. (24)
pertains to random-phase DPP’s. The speckle modulation can
be appreciably less than that suggested by Eq. (24) if the DPP
is constructed with a nonrandom pattern whose spatial corre-
lation function is less than random. If the phase imperfec-
tions of the laser beam are small enough, then irradiation
uniformity can be improved simply by choosing the DPP
pattern appropriate}8

According to the estimate stated in Eq. (24), the spectral
density of the modulation pattern at a spatial frequégys
determined byN,, the number of DPP element pairs within
the apertureA that are separated by the vectoy,, One
method of counting all such pairs is illustrated by Fig. 68.18.

Equation (21a) expresses the speckle modulation as Fagure 68.18(a) shows an apertAngith center poin® where
Fourier series whose coefficients, given by Eq. (21b), can alsaine pair of area elements is represented by pdiatsd K.

be expressed as a correlation sum
c(Adm.<)

1 Nm 1 O * 1 O
== = -= 22
N nglf %n + ZAqm’ZDf %n 2AQm’ZD ( a)
of the function

2
f(a.) = expgri E‘V'q;%” + ﬂq)%- (22b)

As was stated earlieg(q) is uniformly random over the inter-

Figure 68.18(b) shows this same aperture along with an exact

duplicateA’, which is obtained by moving every pointArby

the displacemeniq,,, For every poinP in A, there is a point

P’ in A’. Note in particular that this displacement brings point

K toK’, which is congruent td, and that this point is within

An A, the intersection ok andA’. Similarly, any other pair

of points withinA with the same separatidy,,, corresponds,

one-to-one, with a single pointidn A’ . Therefore, the num-

ber of element pairs iA separated by the displaceme,,

is the area ofAn A’ divided bya = A/N, the area of a single

element, or

d?g
pat

(25)

N(Agp) = I

An A

val [0,2r1, from element to element on the DPP, or from termEquation (25) is an exact result. Writing the quanﬂ(ﬁqm)

to term in the sum in Eq. (22a). In this section, the specklas a function ofAq,, facilitates the transition from a function
modulation is being calculated at a single instant or at a fixedhose domain consists of a discrete set of vec{tAqs,n} to
value of¢, so the entire exponentin Eq. (22b) has the statistich(Aq), a function of a continuous vector variallg.
properties of a uniformly random phase. Therefore, at any one

target plane and at one particular spatial frequ&npgywhere

k
KmZ%AQm’ (23)

the contribution to the speckle modulation is given by a

correlation sum of random phases, which gives
2
N2<|C(Aqm)| >= No. (24)

178

The result obtained from Egs. (24) and (25) for a circular
aperture of radiuR is

0 | 0
2\_ 2 o__,0Aq0 OAqD | OAgEf
(leal’) = o e ez @9

whereAq =|Aqg| and
A< 2R. (26b)
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Figure 68.18

The spectral intensity of the speckle pattern at a spatial frequéendg
determined by the number of DPP element pairs within an apéyiarthe
DPP plane that are separated by the ve&my Counting these pairs is
simplified by noting that each pair within an apertArgointsJ andK as
shown here, for example, corresponds, one-to-one, with alpwiithin the
intersection ofA and an identical apertufé obtained fromA by a displace-
mentAgm. This displacement brings any poihto P’. In particular, poind
is congruent to poinK’, both of which are equivalent to the pointThe
measure of the spectral intensity of the speckle at spatial freqgnisythe
area of the intersection éfandA’.
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The argumentAg/2R can be replaced by the equivalent

expression
Ag _ K (29)

2R K,
where the quantities not yet introduced &g =k,/f, the
maximum spatial frequency presentin the speckle modulation,
and f = zy/2R, the focal ratio of number of the incident cir-
cular beam. The modulation spectrum from Eq. (28),

1/2

(lc(aay?) .

is shown plotted in Fig. 68.19(a) as th&{/zg = 0” case. In

this plot, the spectrum is normalized to give a peak value of
unity, and the frequency variable is expressed in unit&,of

so thatAg/2R=1 at full scale. This figure shows other re-
sults modified by axial averaginfA #0), which will be
explained in the following section. The speckle modulation
results shown in Fig. 68.19 and in all subsequent figures are
calculated for the case of the circular aperture.

The quantity<|C(Aq)|2> can be interpreted as the speckle
power within an are#,? a/z,? of the spatial frequency plane.
This also represents the strength of the speckle modulation due
to the interference between all DPP element pairs whose sepa-
rations are given by all displacements within an arean-
tered abouAq on theq plane. The quantitﬂC(Aq)|2> , Which
has beenintegrated azimuthally, isto be interpreted as the spec-
kle power within an intervak, al’2/z, of spatial frequency
ky Ad/z,. This is also the strength of the speckle modulation
due to the interference between all DPP element pairs sepa-
rated by all distances within a rang? of Aq.

Axial Averaging of the Speckle Spectrum
The time-averaged spatial distribution of the irradiation

The symmetry of the circular aperture allows one to obtain thimtensity at a surface within a plasma can be expressed as an
rms contribution of all speckle of the scalar spatial frequencygxial average of the intensity distribution, as stated above. The
corresponding toAq = |Aq| with a simple integral over the results of the previous sections are now applied to the smooth-

direction,
(ctaa) =" (claa)f) Frdo. @)

which gives

(ic(ea)?)

O O
__ 8 _0AqD _1DAqD_DAqD/mD
()7 E2rS™ Rt Herd 0%
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ing of speckle by axial averaging. The axial dependence of
speckle modulation described by Eq. (21b) and ignored in the
previous section is now considered. It will suffice for the
present to consider simple uniform averaging over a raAgge

of {,

_ 1 B2
C(Aqm.Af) = A_Z_AI;Z(A%'Z) dZ. (30)

This is appropriate if both the intensity and the plasma den-
sity are constant over this axial interval, such as when the time
average is performed at a surface of constant electron density.
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1.0

Figure 68.19

The spectral density of the speckle modulation
factor, integrated over all directions Kf is
plotted for various values of the smoothing
distance, given in units of the Rayleigh range
Zr. The spectral and frequency quantities are
scaled to be plotted in units of their respective
maximum values. Figure 68.19(a) shows re-
sults for normal incidenceqy/R= 0. The
unsmoothed spectrum is slightly asymmetric,
and smoothing is only slightly more effective
at higher frequencies. For the cases of non-
normal incidence,gy/R= 0.5, 1.0, and 2.0,
plotted in (b), (c), and (d), respectively, the
smoothing effect is much stronger overall, par-
ticularly at higher frequencies.

0.5

Spectral density (normalized)
RO
[e]e]

0.5

0.0
0.0

TC4371 k/iKq k/Kq

In the case of an observer remaining at a fixed position so thaistead of Eq. (24). Just as Eq. (25) gives
Az =0 and where the local electron density remains constant,
an evolving plasma atmosphere causes the valgeabthat

. . S o i 2\ 1 d<q

fixed point to change in time, resulting in a time average that <|C(Aq)| > =Nz [ — (33)
is equivalent to an average over an interva].dFhis simple Ain @

average can also serve as a first-order estimate of results for

cases where the weighting is not severely skewed due to ads the largeN limit of Eq. (24), one obtains

sorption, intensity variability, or plasma inhomogeneity.

— 2
| . ([claa.a0))
Applying Eqg. (21b) to Eg. (30), the average obtained is
Jiv4 O
= i ZD(VBi g+qp)-A
C(Aqm,AZ) a1 sn DZZ% (q QO) quzd
A 0 —WAHA 0 a0 7 5 (4
N S'”Elié (Gn+do)- AdmO : G > (a+do)- AaQ
:iz 0 z Co=iAGm (31) 0 Zo 0
Nz 8 (G, +q0)- Adp
225 as the largeN limit of Eq. (32) forA{# 0. The same expres-
sion can be written
The expectation value of this sum is
— 2 — 2
([c(aama0)) ([claa.a0)?)
O d q+ O
nZEkv Z( +q0)-Aqu gnZ@M(q QO)_ﬂ
_ 1 0 _1 0% R 2Rpdyq
N2 Z ) (32) N2 If — 7 a (34b)
n=1 Eka 2 (6n + o)+ AdmD A 8¢ (+a0) g
DZZ(Z) n 0 m|:| 0 4=} R ZRD
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for the case of the circular aperture, where the variaplesd Since higher transverse speckle frequencies correspond to
Aqg have been scaled in terms of the aperture radiaed  stronger axial dependence, it would be expected that the
whereAZ has been scaled in terms of the Rayleigh raflge, smoothing for a giveAZ would be strongest at higher speckle
frequencies, but they/R=0 case plotted in Fig. 68.19(a)
_8f2 shows an averaging effect that is surprisingly symmetric about
R W ' (352) the middle speckle frequencies where it is strongest, in con-
trast to the highest and lowest frequencies where it is weakest.
The least smoothing is expected at the lowest frequencies since
This is the axial scale length of the intensity structure of @his modulation is due to the interference of ray pairs that are
focused circular beam of focal rati@and is the appropriate closest in angle and thus produce interference structure with
scale for measuring axial averaging distances. The magrihe weakest axial and transverse dependence. The high-
tude of the oblique offset of the beam from normal incidencerequency components, on the other hand, are dominated by
Jo :|q0|, is related to an angle of incidengewhere interfering wave pairs that cross at the largest angles. This
should lead to strong axial dependence, but the ray pairs with

Y _ 2 f tanuy . (36a) the largest crossing angles all originate from nearly opposite
R positions near the rim of the aperture at nearly opposite angles
from the beam axis. In this limit, the interference patterns lack
For small anglesggy << 2 f R, this gives spatial dependence along the axis of the beam. Consequently,
axial averaging has a vanishing effect at the highest speckle
) (QO/R) frequencies. Away from normal incidence, the symmetry axes
¥ =409 (f/7) ' (36b) of the beam and the plasma profile no longer coincide, and spa-

tial averaging along theaxis does reduce the speckle modu-
lation at the highest frequencies.
which shows that the sizable effects of oblique incidence ex-
pected withgy DR are obtained with small angles of incidence.  The spectral information plotted in Fig. 68.19 is recast in
Fig. 68.20 as sets of curves, each representing the spatial
Figure 68.19 shows several normalized speckle spectra,frequency indicated by its label and each plotted as a function
of the axial averaging distance. As in previous figures, the spa-
_ 012 tial frequency is written in units of the maximum frequency
<|C Aq AZ)| > ' Ko =k, /f, and the averaging distance is expressed in units of
the Rayleigh ranges. The case of normal incidence is shown
plotted as functions of spatial frequenCywritten in units of  in Fig. 68.20(a), and the cases of nonnormal incidence,
Ko =k, /f, the maximum spatial frequency present in theqy/R=0.5,1.0,and 2.0, are shownm Figs. 68.20(b), 68.20(c),
speckle modulation. The quantitigssandAq are related by and 68.20(d), respectively. T(uAZ) scalmg ofthe smooth-
Eqg. (23). These results have been obtalned by evaluatinigg effect is seen clearly for lard& /zg. Figure 68.20(e)
Eq. (34b) numerically to obtalﬂC(Aq AZ)| > whichisthen summarizes these results with a set of curves, each represent-
averaged numerically over all directionsafFigure 68.19(a) ing the rms spectral average of the speckle modulation spec-
shows results for normal incidencgg/R=0. Each curve trum obtained for a given angle of incidence, plotted as func-
represents a different degree of axial averaging and is labelédns of the averaging intervél{/zg. Each curve is labeled
by the smoothing interval\{/zg, expressed in units of the by the assumed value of/R.
Rayleigh rangeg. It is seen that values A of the order of
severalzg are needed for significant smoothing. The cases of The spectral information plotted in Fig. 68.19 is also recast
nonnormal incidencegy/R=0.5, 1.0, and 2.0, are plotted in in Fig. 68.21, where Figs. 68.21(a), 68.21(b), and 68.21(c)
Figs. 68.19(b), 68.19(c), and 68.19(d), respectively. Thesghow sets of curves obtained for axial smoothing distances
results show that the smoothing effect is enhanced signifiA{/zg = 2.0, 4.0, and 8.0, respectively, now plotted as func-
cantly by only a slight tilt of the beam, particularly at highertions of the incidence parameter @f/R. Each curve repre-
spatial frequencies. According to Egs. (36), g R=2.0 sents the spatial frequency indicated by its label, and each
case, for example, represents an angle of incidence of ofily 8.@Qurve is plotted as a function of the angle of incidence,
for a focal ratio of/7. represented in the plot by the oblique offsgi/R. As in
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Figure 68.20

The smoothed spectra plotted in Fig. 68.19 are represented here as
a family of curves, each representing a different spatial frequency,
indicated in units of the maxmum frequené, = k, / f , plotted as
functions of the axial smoothing distance, expressed in units of the
Rayleigh ranger. The case of normal incidence is shown in (a),
and the cases of nonnormal incidengg/R = 0.5, 1.0, and 2.0, are
shown in (b), (c), and (d), respectively. TGel/2 scaling of the
smoothing effect is seen clearly for largg¢zy . Figure 68.20(e) is

a set of curves representing the rms spectral average of the speckle
modulation spectrum plotted as a function of the averaging interval
A /zg forvarious values of the oblique offset, indicated on the plot
as values ofgy/R.
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The smoothing of the spectra plotted in Fig. 68.19 is represented here as a family of curves, each representing a tdfdreqtispay indicated in units
of the maximum frequencyK, =k, /f , plotted as functions of the oblique offset, represented in unitg R, for values of the axial smoothing distance
A{/zg = 2.0, 4.0, and 8.0, in (a), (b), and (c), respectively. The curves are carried out to large valjdsioforder to show more clearly tt((ek)/R)_ll2
scaling of the smoothing effect, even though the paraxial approximation is violated for valygRothat are not small compared to the focal ratio. Fig-
ure 68.21(d) is a set of curves representing the rms spectral average of the speckle modulation spectrum plotted asfaHligetgooffset for various

smoothing distances indicated on the plot as values{yfzy .

previous figures, the spatial frequency is written in units of théor a given reduction in the rms speckle modulation. For the
maximum frequenc¥q =k, /. The curves are carried out to purposes of this discussion, a factor of 2 will be taken as the
large values ofyy /R for the sole purpose of highlighting the nominal desired smoothing factor. At normal incidence, an
(qO/R)_l/2 scaling of the axial-averaging effect. It must beaxial-averaging interval of about 20z is needed for this
remembered that the paraxial approximation is valid only foamount of smoothing. This is about one order of magnitude
values ofqy/R that are small compared to the focal rdtio greater than expected, given that the Rayleigh raggethe
Figure 68.21(d) summarizes these results with a set of curvedjaracteristic length of the axial dependence of the speckle
each representing the rms spectral average of the specklistribution. This surprising result is due to a surprising degree
modulation spectrum obtained for a given axial-averagingf axial independence in the speckle distribution along the
interval, plotted as a function of the oblique offggfR. Each  beam axis. At only a modest angle of incidence, however, the
curve is labeled by the assumed valu\gf/ zg. same amount of smoothing is obtained with a much shorter
axial-averaging interval. Oblique displacementggfR =0.5,
Figures 68.20(e) and 68.21(d) show what size axial1.0, 2.0, and 4.0 reduce the axial-averaging interval to ap-
averaging intervalA{ /zg and oblique offset)y /R are needed proximately A{/zg =10.0, 7.0, 4.0, and 2.0, respectively. An
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approximate scaling relationship for the oblique displace- 0O A, OOofo

ments and averaging intervals needed to obtain a smoothing MED7D

reduction factor can be inferred from the asymptotic behavior ré=p5—"" % — (37b)
seen in Figs. 68.20 and 68.21 and from the aldef/fzr and Oy 00 A7 O

0o/R values found to produce a speckle reduction factor [g.1°L22 pm

of 0.5:

as an estimate of the speckle-reduction facéxpected from
1 -1 an angle of incidencgy and an axial-averaging intervAt.
r2 = 2_5Bﬁ+0_5D tAZ ) (37a) This expression has been simplified by assuming that
OR . Ba% Jo/R>1.0 is amply satisfied as if the speckle smoothing were
in the (go/R)™/2 scaling regime, as seen in Fig. 68.21. An
Since this expression has been fit to results that are not well imaportant conclusion to be drawn from Eq. (37b) is that the
to the scaling regimes @{/zg and, in particulargy /R, this  axial-averaging length{ required to produce a given smooth-
expression must be applied with caution as no more thaniag is proportional to the focal ratibwhen the angle of
guide for the parameter ranges under consideration. incidence is within its scaling regime. This is a more-favorable
focal-ratio scaling than is obtained near normal incidence
For the purposes of the discussion to follow, the range aivhen the smoothing is a function Af /zg alone. In that case,
Al /zg from 2 to 4 will be taken as a guide to what amount ofEgs. (35b) and (37a) show that the requitédscales as the
axial averaging suffices for a significant amount of smoothingsquare of the focal ratiofor a specified value of
This gives a factor-of-0.5 reduction in the rms speckle modu-
lation for oblique displacementgy/R in the approximate The smoothing of speckle by axial averaging and by SSD or
range from 4 to 2. As was mentioned above, this range corrésl ought to have similar asymptotic time dependence since
sponds to very modest angles of incidence, abduatléost both work by the uniform averaging in time of the same
for f/7 irradiance. For multiple-beam experiments, angles ofandom quantity. As long ds{ increases uniformly in time,
incidence of this order cannot be avoided. The absolute minihe A "1/2 scaling of the axial smoothing factor corresponds
mum oblique offset ofy /R = 1 is obtained for the case of two to (Av t)_llz, which is the reduction factor due to SSD and
beams whose focus lenses are touching. For a closely packi&l at late times, wher&v is the bandwidth of the laser out-
cluster of six beams in a hexagonal arrgy/R=2 is the put20 These identical time dependences allow the axial-
absolute minimum. Allowing the beam edges to come naveraging reduction factor to be written in terms of an effec-
closer than one beam diameter doubles thigyitR = 4. tive bandwidth as well. The effectiveness of smoothing by
axial averaging can thus be readily compared with that of SSD
Thus far, all calculations and results have been expressedand ISI by comparing bandwidths.
terms of the oblique offsaty/R and the Rayleigh rangg
because these are the parameters most characteristic of thelhe next two sections consider circumstances under which
speckle structure and the smoothing requirements. In descrilaser ablation of a target can produce an adequate axial-
ing an experimental configuration, the angle of incidence igswveraging interval and how fast this averaging can occur.
more meaningful thargy/R. The Rayleigh range given by

Eq. (35a) written in terms of fundamental units is The Plasma Effect
In this section the plasma effect alone is considered. The
time average of the speckle is calculated at an absorption plane
R = 22umD Ay D]imz. (35b)  thatis keptfixedins lative to the | hile the pl
MBJYD p pace, relative to the laser, while the plasma

profile in the beam path changes in time. The magnitude of this
effect is evaluated below for the case of an expanding plane-
The potential of an atmosphere for smoothing speckle is iparallelatmosphere. The case of a spherically diverging plasma
large part a function of its scale length in unitz@fOne is  is also considered briefly because even in an experiment using
reminded by Eq. (35b) that this figure of merit is a function ofa planar target, the plasma atmosphere does approach a spheri-
the laser wavelength, and the focal rati Equations (35b) cally diverging profile beyond a distance comparable to the
and (36b) inserted into Eq. (37a) give diameter of the illumination spot. This comparison of the
plasma shift of the speckle for both a spherical and a plane-
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parallel case clarifies this limitation of the plane-parallelthe maximum effect obtainable, although the restriction
assumption applied to the irradiation of a planar target. A morenposed omg,s/N. by Egs. (14) must be applied case-by-case
complete analysis of speckle averaging due to both the plasit@ensure consistency with the paraxial approximation. Using
and hydrodynamic effects is done in the following sectiorparameter values typical of ICF, this limit is

entirely in terms of the plane-parallel, isothermally expanding

atmosphere model. Al pmax _ 633 (AL/100 pm)

2R (A, /0.351um)(f/7)*

(42a)
An example of an expanding plane-parallel plasma profile
is the exponential density profile that is obtained for the case
of isothermal rarefactiof2! which is considered in more for the axial-averaging parameter applicable to the time inter-
detail in theDiscussionsection. For the simplest case of full, val during which the atmosphere expandg\hy In this ide-
constant ionization, where the electron and mass densities akzed plasma model, a given increask is equivalent to an

in a fixed ratio, the electron density can be written as increase in the mass per unit area of the atmosphere exterior to
the absorption surface. This mass per unit area is equivalent to
Ne(2) _ e—(z—zabs)/L (38) a certain thickness of target material at its original density. For
Nabs ' a solid CH polymer with a solid density of 1 g&nthe

averaging interval resulting from turning a thicknAsgy of
wherengysis the electron density at the absorption surface, target material into fully ionized atmospheric plasma is
constant-density surface fixed for nowzat z,,s The laser

enters the plasma from the direction, and the scale length A7 A

ey /2 Um
L grows in time as ablation fills the atmosphere with plasma. P — 4, (A /2 m) > (42b)
The on-target intensity uniformity is to be determined at the R (Av/0.3511m)(f/7)

absorption surface. An expression{grthe plasma contribu-
tion to the axial distance parameter obtained from Eq. (9), i§his shows that an ICF plasma can shift the speckle intensity
distribution by a significant amount, but that a substantial

Ve ( ) ® [] 0 thickness of material, roughly the equivalent of a few microns

p Zabs) _ kv 1 , .

7 ~5f2 | T-nn —1Hd2 . (39)  of polymer, must be ablated. Even though an ICF plasma in-
R Zabs e/ Ne troduces enough phase dispersion and refraction to shift the

speckle pattern by amounts needed for significant reduction
Using Eq. (38), this gives by averaging, whether or not this provides a useful averaging
rate depends on how fast the atmosphere grows and on whether
Zp(zabs) kL 0 2 0 pr ngt a L.Jseful degree of averaging occyrs bgfore an irreyers-
. =412 InC3 - 7774 (40)  ible imprint of the instantaneous nonuniformity has had time
R @+(1 nabS/nC) H to develop. The likelihood of this being achieved in planar
ablation experiments is the subject of the following section.

which givesA{y, the change i}, due to the growth of the

atmosphere by an incremehit, The most important consequence of spherical divergence is

that the plasma effect is limited by the flow geometry. The

plasma effect due to a planar atmosphere, on the other hand, is

limited only by the supply of ablated plasma, or from the point

of view of Eq. (40){, grows as long dscontinues to grow. In

the case of a finite illumination spot on a planar target, the

atmosphere approaches spherical divergence with increasing

The quantityA(,, is the averaging interval to be used to calcudistance from the target, and the upper limifgdepends on

late the time averaging that occurs over the interval of time thaany things, including how quickly the transition from planar

the atmosphere grows by an incremgéint to spherical expansion occurs with increasing distance from

the illumination spot, but a finite limit does exist. To show that

The averaging effect described by Eq. (41) grows wittspherical divergence results in a finite limit, even for an infinite

increasingng,s/N. . The limit ny,s — N gives anindication of atmosphere, it suffices to consider the density profile given by

A g g
G _ kAL, 5 2 )1,25 (41)

R 4f2 B+ (1-ngps/n
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Eq. (38), modified for late times by taking the lirhit- 0 and  motion of the absorption surface and the accumulation of
modified for spherical divergence at all radii with appropriateplasma in the propagation path. The essential behavior of these
radial scaling. The result is effects and their relative importance can be described and
understood by applying Eq. (9) to a planar 1-D isothermal rare-
faction model for steady-state ablation of a planar target. At the
beginning of the irradiation, when the target is vulnerable to
being irreversibly imprinted with the laser nonuniformity, the
where the absorption surface is located at the radiusg,,g solid target surface is at rest, and the absorption surface is being
The maximum plasma contribution to the axial distance paranconvected away from the solid target surface by the expanding
eter for this case(, may is obtained by evaluating Eg. (9), atmosphere. At this time, the plasma effect is moving the in-
which gives tensity distribution toward the laser, in the same direction as
the motion of the absorption surface, so the hydrodynamic and
plasma effects tend to cancel each other. The hydrodynamic
’1—(1— nabs/nc)llzl. (44)  effect starts out roughly a factor of 2 faster than the plasma
effect. As the target accelerates away from the laser, the hydro-
dynamic effect begins to reverse, and the plasma and hydro-
This expression resembles Eq. (40) closely, except that tlilynamic effects eventually reinforce each other.
radius of the absorption surfacg,s has replaced the scale
lengthL as the characteristic length of the problem. The depen- In the planar 1-D isothermal rarefaction model, the mass-
dences omg,/n. are qualitatively similar. Equation (44) can density profile is of the form of Eq. (38}.The growth rate of
be written in practical units as scale length is the fluid velocity at the ablation source point
at the target’s surface, which will be identified below as the

Erabs DZ

ne = nabs DTD , (43)

meax(rabs) _ Ky Taps
A=} 8f2

meax(rabs) isothermal sound speeg. Assuming a constant, fixed ioni-
T zation state, this gives
R
0 labs O
F500 um Ne(2) B Cz-z(t)H
00 um e\4) _
=228 pmt 1- (1= o). 5) n  CPHO o (46)
0 Ay DDLDZ
H0.351mH070
where the substitution
The maximum axial-averaging interval that can occur, L=crt (47)

given these nominal parameter values and absorption at the
critical surface(nabS = nc), is 22.8zr. As before, Egs. (14) has been made, wharmgis the electron density of the ablated
restrict ng,s to values consistent with the paraxial approxi-plasma atthe source point, and whef® is the position of the
mation, and smaller intervals are obtained for absorption at lessurce point at the solid surface. It is assumed that the target
than critical density. Equation (44) describes a case where theotion remains much slower thepso that Eq. (46) remains
ablative flow is completely spherical from the absorption suran adequate description of the plasma atmosphere between the
face outward. It does not apply directly to the case where tharget surface and the absorption region, independent of the
ablative flow makes a transition from planar flow near thearget’s motion.
absorption surface to spherical flow at large distances from the
target, but it does show that spherical divergence does preventGiven a mass-density profile of the form of Eq. (46),
the axial-averaging interval from growing without limit. This conservation of mass
means that a planar model must be applied with caution to
. L . dp 0
cases where a significant contributior{f) is due to plasma r + E(pv) =0 (48)
that is diverging from plane-parallel flow.
dictates
The Combined Plasma and Hydrodynamic Effects
The motion of the absorption surface relative to the irradia- _ z-1z(t)
o S e e _ v(zt)=cr + , (49)
tion-intensity distribution is due to both the hydrodynamic
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and the momentum equation This contribution to the motion of the absorption surface is a
constant velocity with respect to the target surface and is the
N +v& +1@ -0 (50) main contribution to the averaging rate at early times. The total
& 0z poz motion of the absorption surface, written as the hydrodynamic
contribution to the rate of increase of the smoothing distance,
is satisfied by the isothermal equation of state A, is
P=cZp, (51) 1dAgy __ O _psertd | Ops O

o & - H Mg B o
where the identification afr with the isothermal sound speed
is now clear. The total effect is obtained by adding to this the plasma
contribution toA{,, given by Eq. (41), which gives
The motion of the solid target is obtained by treating it as a
planar rocket accelerated by the ablating plasma. Its mass per

unit area,M, decreases at a rate determined by the plasmal dA{ _ —InD _ pscrtd
density ps and plasma velocitw(zs,t) = ¢y at the ablation c¢; dt H’ Mo
source point,
i (52) InoPs B o InB 2 El (57)
M = Mg — psCrt. -
0~ PsCr Hpabsg q+(1- ”abs/”c)llZH
The force accelerating the remaining solid target is equal to the
rate at which momentum is imparted to the ablation exhaust,
which gives This expression can be written entirely in terms of the
av absorption density as a fraction of the critical density by
M s =—Ps C% ) (53)  relating the critical electron density to the solid density of the
targetpsoli,
and the solution
O O
V=crind - pSCTt (54) Ps
Pabs
for velocityV of the remaining solid target. This solution gives =38, 8 Psolid Ay DZD 20 Ps i‘ (58)
Hig- cm‘3%0351um5 B.500gyig Nabs

a velocity that accelerates smoothly from rest, so the motion
of the solid target does not contribute to the motion of the
absorption surface at the very beginning of the ablation,
t << Mgp/psCt , when the most significant imprinting of the The quantities in parentheses are chosen to be unity, which
laser nonuniformity occurs. represents fully ionized CH polymer. Equation (57) can now
be written as

In estimating the effects of ablation on uniformity, it is
assumed here that the absorption of laser energy occurs overia dA _ 366
sufficiently short range that one can speak of an absorption SUE: dt '
face at a point of fixed density where the irradiation nonuni-
formity has its effect on the plasma. The absorption surface is Psolid LT Ay D2D Z
identified by the local mass densiiy,s According to Eq. (46), g-cm™3 Ho. 351umE
this absorption surface is positioned ahead of the ablation

source by a distanagsgiven by _|nE1_ pSI\/ICTtD
0
Op J Z(nabs/nc)l/2 O
s =C tln 55 -In—2 +2InD 0 (59)
! El_’ H 59) Hosia A+ (L g /)2 B
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The first two terms contain only parameters that are fixed by The isothermal-expansion rocket model described above
the choice of target and laser, including the density of the coland given by Eq. (59) is fit to the results of the hydrodynamic
target materialps)ig, the laser wavelengthy, and a fixed ioni-  simulations, including those in Fig. 68.22. The fitted model
zation stat&Z. The third term represents the acceleration pantesults are shownin Fig. 68.22 as dashed curves, which accom-
of the hydrodynamic effect, which depends on the initial aregblishes two things: First, itis seen that the fitis reasonably good
mass of the targeé¥ly and vanishes in the early-time=0  over the entire range of intensities, which validates the isother-
limit. The remaining terms depend only pnas a fraction of mal expansion model as a basis for describing and deriving
the solid density and,sas a fraction of the critical density. preliminary general statements about the effects that lead to
axial averaging of speckle over time. Second, the isothermal
Hydrodynamic simulations of the ablation and acceleratiomocket model serves as a template that can be fit to the simu-
of a CH polymer slab by a constant irradiance have been pédation results to obtain appropriate values of model parameters
formed using the 1-D hydrocodél AC. The hydrodynamic and average smoothing rates from the simulations. The sepa-
and plasma contributions tA{/zg and the total effect are rate plasmaand hydrodynamic contributions to the total smooth-
evaluated from these results and plotted as functions of time ing rate at the very beginning of the irradiation pulse, and the
Fig. 68.22. The absorption surface is taken to be the centroidtal smoothing rate at that time, were obtained from these fits
of the energy-absorption rate distribution. The hydrodynamiand plotted as functions of intensity in Fig. 68.23.
and plasma effects are obtained from the geometric and plasma
contributions to the integral in Eq. (9), respectively, which is The results shown in Figs. 68.22 and 68.23 clearly show that
evaluated from the position of the absorption surface and froite initial smoothing effect is greatly diminished by the fact
the electron-density profile given by the simulation. The solidhat the hydrodynamic and plasma effects counteract each
curves in Figs. 68.22(a), 68.22(b), and 68.22(c) are resultther. These results show that the total initial smoothing rate
obtained from simulations of the ablation of a planar targetaries between about 1.5 and 3 Rayleigh lengths per nano-
irradiated by 188, 1014, and 185W/cnm? UV (A,=0.351um),  second over the range of intensities from-31&/cm? to
respectively. The target is a CH polymer foil /@ thick and ~ 10'® W/cn?, where the Rayleigh length is the p& value

1.0 g/cn? in density. obtained for the nominal parameter values from Eq. (35b).
(a) (b) (©)
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Figure 68.22

The hydrodynamic and plasma contributions¥$/zgz and the total effect are plotted as functions of time. Solid curves are results obtained from numerical
simulations of the ablation of a planar target irradiated By, 1014, and 185 W/cm?2 UV (A, = 0.351um) in (a), (b), and (c), respectively. The dashed curves
are fits of a simple rocket model of planar ablation based on the isothermal expansion of the atmosphere. Thg laieéso?22im, which is obtained from

Eq. (35b) for the nominal parameter values.
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the initial smoothing rate/zg dA{/dt and the total initial
effect are plotted as functions of intensity in Fig. 68.24(b). The
isothermal rocket model applied to the homogeneous slab
targets is not applicable to this more complicated target, so
these rates are estimates obtained by eye. The total smoothing
rate is now between about 2.0 and 20.0 Rayleigh lengths per
nanosecond over the range of intensities frof® WYcn? to

105 W/en?, which corresponds to smoothing times of from

Figure 68.23
The plasmaR) and hydrodynamicH) contributions to the smoothing rate
1/zg dA/dt and total effectT) are plotted versus intensity.

Given that the range of requirdsl /zg values varies from 2

to 4, as was stated earlier, the range of smoothing times varies
from 0.67 nsto 2.67 ns. These smoothing times are comparable
to hydrodynamic time scales typical of ICF experiments, but
they are longer than other important scale times, such as the
time during which the initial nonuniformity of the laser beam

is irreversibly imprinted onto the target and the time scale of
self-focusing. Averaging as slow as this clearly would not
suffice as the sole smoothing mechanism in ICF, but this is not
a negligible effect, and it could have an important quantitative
significance on certain experimental results where DPP’s are
used without SSD, such as when measuring the effects of SSD
on the outcome of ICF experiments. Of course, variations in
focus, wavelength, laser configuration, target geometry, target
composition, etc., can give averaging times that vary signifi-
cantly from these estimates.

To create a situation where the hydrodynamic and plasma
effects reinforce each other, a set of numerical simulations was
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done with a target identical to the L@ foil used in the sim-

Figure 68.24

ulations in Figs. 68.22 and 68.23, except that the outermoshe hydrodynamicH) and plasmaR) contributions toA /zg and the total
2.5 um of solid CH polymer has been changed to an equaifect (T) obtained from a numerical simulation are plotted in Fig. 68.24(a)

areal mass of 5pum- -thick foam. The hydrodynamlc and plas- as functions of time for the case of the ablation of a planar target irradiated by

ma contributions taA{/zg and the total effect are plotted in
Fig. 68.24(a) as functions of time for the ablation of this tar-
get under an irradiation intensity of ow/cm? UV (A, =

1014 W/cm2 UV (A, =0.351um). The target is identical to the 10r foil used
in the simulations shown in Fig. 68.22, except that the outermogh®?
solid CH polymer has been changed to an equal mass of foam Hick.
Inthis case, the absorption surface moves away from the laser, and the plasma

0.351um), to compare with Fig. 68.22(b). With the foam layerand hydrodynamic effects reinforce each other. The plasma and hydrody-
in place, the absorption surface moves away from the laseamic contributions to the initial smoothing rafzr dAJ/dt and the total
initially, and the plasma and hydrodynamic effects reinforc&ffect are plotted versus intensity in Fig. 68.24(b). The valag isf22um,

which is obtained from Eq. (35b) for the nominal parameter values.

each other. The plasma and hydrodynamic contributions )
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100 ps to 2.0 ns, up to more than an order of magnitude fasterales of competing effects, such as the time needed to imprint
than is obtained with a solid target. the initial nonuniformity of the laser beam irreversibly into the
target and the time scale of self-focusing of laser light in the

As stated above,tk(ev t asymptotictime dependence atmosphere. The best generalization that can be made at this
of the smoothing effect of SSD and ISI corresponds identicallfime is that ablation-induced time averaging of speckle non-
to the A "2 asymptotic dependence of the speckle reducuniformity is unlikely to be decisive as a means of avoiding
tion on the averaging interval. When the axial-averaging ratthese effects, but it is potentially significant over the time inter-
dA{/dt is a constant, an effective bandwidth,y;, can be  vals during which they occur. Understanding ablation-induced
written for axial averaging and compared with the bandwidtispeckle smoothing is essential to a complete quantitative un-
Avggpspecified for an SSD system. Recalling Eqg. (37a) anderstanding of laser-irradiation nonuniformity and its effects
making the identificatiorr = = Av,,;4 t, one obtains in ICF experiments.

)—1/2

An incidental conclusion to be drawn from this work is the
Aviy =04GHz 0 4 oslE L dACH (60) interesting point of principle that an ablating plasma does act
axial OR EHZ_th : agp princip : ap . es
R in some ways to avoid the detrimental effects of irradiation
nonuniformity. Ablation-induced time averaging is, in fact, an
Recalling thel/zs dAZ/dt values ranginffom 2to 20 nst  unavoidable consequence of ablation. This is contrary to the
that were obtained for the foam-coated targets, this correnore familiar tendency of ICF plasmas to exacerbate irradia-
sponds to a range v,y from 0.4 to 4.0 GHz for near- tion nonuniformities through the self-focusing of irradiation
normalincidence to 3.2t0 32.0 GHz fy/R = 4.0 incidence.  at intensity peaks and to misdirect the laser energy through
The upper end of this range is about a factor of 10 below tHaser-driven parametric instabilities.
bandwidth of state-of-the-art SSD systems now being imple-
mented, which gives an asymptotic speckle-reduction effect A logical continuation of this work would be to repeat the
that is about one third of that obtained with these SSD systensalculations without the paraxial approximation. As was pointed
out earlier, the paraxial approximation becomes invalid as the
Discussion and Conclusions irradiation approaches its turning point because the refractive
The main conclusion of this article is that the optical ancffects become too large. The paraxial approximation also pre-
hydrodynamic effects of uniformly ablating plasma atmo-cludes calculating the irradiation of a spherical target because
spheres in ICF experiments are capable of moving the speckl#te curvature of the target surface creates large angles of inci-
intensity distributions of phase-converted laser beams ovelence near the limb of the irradiated hemisphere. It has been
distances that allow significant speckle reduction by timeshown here that the reduction of speckle by axial averaging
averaging. The rate at which this smoothing occurs variescales favorably with small incident angles in planar geometry,
widely, depending on the composition of the target and theuggesting that relatively strong averaging effects might be
focal convergence, incident angle, wavelength, and intensitgbtained as a result of the broad range of incident angles
of the irradiation. As has been shown above, smoothing timexcurring with a single beam in spherical geometry.
down to 100 ps and smoothing rates well within an order of
magnitude of what is currently attained with SSD and I1SI ardCKNOWLEDGMENT
possible under some circumstances. This is enough to warrant This work was supported by the U.S. Department of Energy Office of
consideration of ablation-induced speckle averaging in a"1ertia| Confinement Fusion under Cooperative Agreement No. DE-FC03-
experiments, past and future, whose interpretations requireQ§SF19460, the University of Rochester, and the New York State Energy
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